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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 methods 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 being 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, UsS. Nuclear Regulatory Commission (NRC) under the ASME Code
Sects II1 = Technical A4ssistance Project. D. J. Guzy was the NRC
project manager, We extend our gratitude to him for his enthusiastic
support. We also thank the revieweis of the report, especlally those
who otfered suggestions and/or constructive criticisms.
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REVIEW AND oUALUATION OF DESIGN ANALYSIS METHODS
FOR CALCULAT..” FLEXIBILITY OF NOZZLES
AND BRANCH L INNECTIONS

S« Es NMoore K. Mokhtarian
Es Cs Rodabaugh Re C. Gwaltney
ABSTRACT

Modern piping system design generally includes an ana-
lytical determination of displacements, rotations, moments,
and reaction forces at various positions along the piping
system by means of a flexibility analysis. The analytical
model is 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 plping systea branch connections and nozzles.
Recommendations are given for developing needed improvements.

l. INTRODUCTLON

Flexibility factors have been used in plping systen desijn for many
years in the analytical deteramination of displacements, woments, and
forces at various positions along the piping systen, as well as the
deterainatlon of reaction forces at the supports and anchors. The ana-
lytical model used in the design calculations {s normally based on a
strength=of-materials description of the piplng system as an intercon~
nected set of straight and curved beams with uniformally round cross
sections, Flexibility factors ara introduced into the analytical model
to currect, in a gross sense, for 'he differences im structural behavior
between the strength-of-materials modzl and the piping system components
that make up a c=al plping systen, The current 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
design practice that {s seen by many as beiay less safe and considerably
aore costly.

Flexinility factors under consideration in this report are for noz-
2les and branch ccnnections within the piping system itself and for noz-
zles in cylindrical vessels that interact with connected piping systems.
An adejquate characterization of the flexibility factors for both types
of nozzles i{s lmportant to the development of improved design criteria
for flexible piping systems, The latter, however, may have the greater




{mpact on improving overall design practice. The traditional practice
has been to ignore nozzle flexibility at the piping-vessel interrtace and
to model the piping system termination as rigid. The resulting calcula-
tion produces higher reaction loads that must then be supported by addi-
tioral pipe supports and 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) and 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 recom~
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 UF NOZZLE FLEXIBILITY FACTORS

The most commonly accepted definition of a flexibility factor was
expressed by Markl in his discussion of piping flexibility analylin 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 nonminal size and
schedule or weight produced by the same wnoment.

Figure l(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 (8P); an elbow (CP); a branch connection {(BC); and three
anchors at points A, B, and C. The analytical model consists of three
tound beams to represent the straight pipe segments; a curved bar to
represent the elbow; a rigid tee=joint at 1 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. For 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
moments Ml(L) M (L). and M.(L) at end B, The rotation of end B with
respect to end A in the direction of My that would he caused by the
moment M, (L) is given by the strength-of-materials foruula

(9)nn * 1

L
[0 ax (0
0

X

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

Ky = e,/(el)non s (2)
where (8,) is given by the normalized form of Eq. (1), that is, L = |
or y = x} 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 0 must tc deterained by experiment
or by a rigorous theoretical lnnlysis. Numerous experimental and theo=
retical studies of beam bending, however, confirm that the actual rota-
tion of the end of a cantilevered beam {s adequately described by Ea. (1)
if the length is greater than several times the depth (or diameter) of

the beams Thus, the flexibility factor Ky assoclated with M; and 8, for
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a straight pipe segment is
V.l - Ol/(ﬂl)noﬂ = 1,0 & (3)

The other two flexibllity factors k, and ky, associated with M,, 8, and
My, 83, respectively, are given by

Ky = 8,708) om = 140

and

Ky = (04/(04) om = 10 (4)
where (8;) ~ 1s given by Eq. (1) with ¥, T,

(83) o for the torsional moment M, is given by

replaced by M,, ly and

L L
1 143
(63)“0m = Z7 I(; M,(X) dx o L H,(x) dx (5)

Figure 1(e) shows the strength-of -materials beam model of an elbow
or curved pipe anchored at end A and loaded with a set of orthogonal
wonents M (uo), Mq(ao). and M (uo) at end B, Both experimental and
theoretlcll studifs of curved pipe or elbows show that the in-plane
rotation 8, at end B with respect to end A assoclated with an in-plane

bending moment Hz(uo) at end B is given by the rather simple expression

Ky a,
o =57 [ MR, (6)

where R is the bend radlus of the elbow centerline, k, is the iu-plane
bending flexibility factor defined by ky = 8,/(85),,,, and (83)pon 18 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-13686,2
of the ASME Code* (Ref. 2) givas k, = 1,65/h, where h = t R/r2,

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

For branch connections and tees, flexibility factors have been pre~
scribded in industrial pilping codes s’ .ce 1935; for Classes 2 and 3

*The terms "Code" or "ASME Code," as used herwin, refer to Sect.
[11 of the ASME Boiler and Pmeraure Veessel Code, Nuclear Power Plant
Conponcnts.2
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nuclear power plant piping, flexibility factors have been included in the
ASME Code since 1971« In those documents, the flexibilitvy factor is
given as k = 1, However, they do not define a strength-of-waterials
component mode! for which a nominal rotation @ can be determined for
use with the flexibility factor definitton, Eq?°TZ). As a consequence
the intent of those codes has never been clear. Apparently, most piping
system analysts have interpreted the codes to mean simply th&t the junc=
tion between the branch and run centerlines is to be modeled as a rigid
joint, as indlicated at Point 1 in Fig. 1(@a)s This interpretation, how=
ever, is cowpletely inadequate to describe 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
mode led in present day nuclear Class | piping systew analyses. This
model has a rigid junction between the branch and run centerlines at
point P and a rigid linkage between points P and § equal (n 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 Fige 1(d) because there is no well=
defined "length of straight pipe" for which OnQ. can be determined. To
accommodate this model, as well as the other piping system component
models, Markl's definition of a flexibility factor needs to e broadened
to sonething like the following:

A flexibility factor far piping system analysis is the ratio of
the angular rotation 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 mowent or thrust load.

with this definition, enom can be determined preclsely by analyeing the

one~dimensional strength-of-<materials beam model of a branch cennection
that s actually used in the piping system flexibility analysis; also,
the flexibility factor k as detined by Eq. (2) can be deteramined from a
knowledge of the real behavior of the structure,

Theoretically, there would be a 6 % 6 matrix of moment-rotation
flexibility factors associated with the braanch connectlion wodel shown I[n
Fige 1(d)s Because the matrix is syametric, there would be 21 indepan-
dent flexibility factors, & identically 0 from symaetry arguments, leav=
ing 17 non=zero flexibility factors to be determined from experimental or
theoretical studies., The limited avallahle data, however, indicate that
only two of these, k, for in-plane and k  for out=of=plane moment loads
on the branch, are s‘gnitlcnnt.

For Class | nuclear piping, the ASME Code now contains a precise
definition of the component model, as well as the two flaxibility factors
k; and k  to be used for the analysis oi branch connections. The
strength-of =materials model shown in Filg, NB-3686,5~1 of the Code and in-
cluded here as Figs 2 includes a "point spring" at § of negligible length
with a rotational characteristic equal to k 8o Where 8, given by

) « M(4/E1.) ., (1)
nom b
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' Figs 2. Definition of flexibility factors for branch connections,
from Fig. NB=3686,.5-1, Sect. I[I1, ASME Code (Ref. 2).

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

ko ® 0u1 (0, 1)3/2 [(T/t,) (@/D)1V/2 (e/1) , (8
ki = 002 (D/T) [(T/ty) (4/D)1V2 (e/T) , (9)
|
. where d,0 and t,T are the outside diawmeters and wall thicknesses of the

V branch and run pipes, respectively; t_ is the nozzle reinforcement thick=

! ness (shown In Figs 3) for four commonly used nozzle designs. ﬁ

' The preceding discussion has been framed in terms of flexibility
tactors because since 1955 the piping codes have given design guidance
for flexibility factors. Many current computer programs for piping sys~
tenm analysis, however, use a stiffness formulation rather than the flex=-
ibility furmulation used ia the earlier analysis methods. A stiffness
foraulation involves the iaverse of the flexioility (e.g., moment per f
unit rotation rather than rotation per unit moment), When the design |
guidance is given in terms of flexibility factors, as for elvows, for
example, these computer programs first evaluate the flexibility matrix
and then forw its Inverse to obtain the stitfness matrixe The stiffness

; matrix for branch connections is formed in the same manner as for elbows.

[ 2,2 SIGNIFICANCE OF NOZZLE FLEXIBILLITY

! The definitlon of flexibllity factors for branch connections based
on the analytical nodel of Fig. 2,

8=k (Hdﬁitb) " (10)
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glves the angular rotation of *he 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 connection flexibility factors in
a piping system analysis will be different for different piping systems.
If k is small (esgs, 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
{nfluence on the calculated forces, moments, and displacements. Con=-
versely, of course, if k for the branch counnection 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
caleulated forces, moments, and resulting stresses at the branch connec-
tion. 1f pipe supports were located nearby or if the terminal end of the
piping 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 dynamic snubbers, massive pipe sup-
ports, or special shell reinforcements. The fnfluence would be smaller
at more~distant locations 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 run pipes with large D/T ratios can be to
reduce the calculated moments and stresses by several orders of magnitude
and (2) it is not possible to define a flexibility factor that is coneenr-
vative for elther static or dynamic loadings.

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 fnomease with an increase in a given
flexibility factor rather than decrease as one might expect, Accord~
ingly, even for a static loading, one cannot define a conservative flex-
ibility factor, For dynamic loadings, a change in flexibility will also
change the response frequencies of the piping systems If the forcing
functions (e«is, 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 reascnable accuracy with a small amount
of uncertainty.

2+3 DIMENSIONAL PARAMETERS OF INTEREST

Various studies of nozzle flexibility indicate that reasonably
accurate design equations can be developed in terms of dimensionless
ratlos of the characteristic dimensions of the nozzle and vessel or run
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pipe. These include the diameter and wall thickness of the vessel or run
pipe (D,T); the diameter and wall thickazss of the branch pipe (d,t); the
diaweter, thickness, and length of the nozzle reinforcement (dn. o Lb)‘
and a characteristic axial length L for the vessel or run pipe.

To get a better understanding of the t,pes and sizes of branch con=
nections and vessel noszles that are actuslly used in nuclear power plant
construction, we asked 4 number of utilities, architect engineers, and
nuclear steam system supply (NSSS) vendors to provide actual design data
trom one or two typical nuclear plants of thelr own choosing. Seven
organizations responded with a substantial amount of dimensional and
design practice data.® ! In alphabetical order, they were Duke Power
Company; FRAMATOHME of Paris, France; General Electric Company; Sargent
and Lundy Engineers; Stone and Webster Lngineering Corporation; Tennessce
Valley Authority; and Westinghouse Electric Corporation. Duke Power
Company also provided a complete listiug of the nozzles in the auxiliary
tanks and vessels for one of thelr wodern 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 {n. nominal
pipe size (NPS) and wall thicknesses that range frouw sched, 40 to
sched, 160, The range of dlameter-to=thickness ratios for the run pipes
ls ~5 € D/T &« 115, Branch sizes cover the couplete parameter range
0,02 € 4/D € 1.0 with most of the smaller-size branch connectlons
d € 2 ins made from welded-on Amecrican National Standards Institute
(ANS1) standard half-couplings or welding bosses. The wall thickness for
half=coupling or welding bosses (s considerably greater than [or the
corresponding noninal pipe size.

Branch connectlons larger than 2 ia. in dlameter are usually made
with ANSD standard or Manufacturers Standardizatlon Soclety (MSS) stan-
dard butt welding ters; speclialty product contoured (ittings, such as WFI
International Vesselets or Bonney Forge Sweepolets; or speclalty product
reinforced fittings, such as WFL Plpettes or Boaney Forge Weldolets. The
ANST and MSS standard butt welding tees range in size up to the maximum
run plpe sizes but are restricted to branch=~to=run dianeter ratios i{n the
range of ~1/3 € d4/D € 1.0, The speclalty product fittings ave normally
used with run pipe aizes larger than & in. (N"$) for branch connections
with d/D less than ~0).8,

Diameter-to=thickness ratlios for the branch d/t, including nozzle
reinforceaent, cover aboul the sawe range as for the run pipe with, how=
ever, more usage (n the smaller values d/t < 5 because of the greater
wall thickness of half=couplings and weldlng bosses (2 € 4/t < 100),
Branch thilckness=to-run thickness ratios t/T seem to be fairly evenly
distributed over the raage 0,2 € t/T € 2,0,

For nozzles 1n reactor pressure vessels and steam generators, the
utility data indicate that the dinensional ratios fall within the same
parametur ranges as for branch connectlons. For nozzles 1a the nuclear
plant auxiliary tanks, however, the parameter ranges are somewhat dif-
fersnt, The one nuclear plant for which we have data has ten ASHE Code
Class 2 or 3 auxillary tanks ranging in dlameter from 2 to 40 ft (24~ to
480=1in. OD) witn wall thicknesses ranglog from 7/32 to 5/8 in., The
dlameter=to=thickness ratios D/T are fairly eveanly distributed between
~75 and 2000, The minimum and maximun nozzle diameters range between 1/2
and 30 in., essentially independent of the tank dlaseter, so that the

3. e
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ratios (d/D)m < and (d/D)uin decrease with increasing D/T (Fig. 4). The
range of nozzte diameter-to-thickness ratios d/t is fairly evenly dis-
tributed between ~5 and 100 over the full range of D/T (Fig. 5)¢ The
range of nozzle thickness~to-vessel thickness t/T is shown in Figs. 6 and
7 as a function of D/T and d4/D, respectively. In 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 thinoer walled thun the vessels
(fe€s, ¢t/T < 14U), reflecting the need for structural stability in the
tank wall rather than internal pressure resistance as a major design
criterion,

Another dimeansional parameter is of primary interest to both branch
connections in piping and nozzles in vessels; that is, the axial distance
along the rum 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 connection or
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other piping conponent, 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 i{s {mportant because the amount of con~=
straint provided at the pipe/vessel "ends" will have some influence on
the local flexibility at the branch/nozzle-pipe/vessel intersection., 1f
L is long enough, it should be possible to separate the local and global
bending effects and, thus, treat the nozzle as "isolated," 1f L is not
long enough, then some consideration must be glven 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 rules The
larger~dlaneter auxilliary tanks discussed above, for exanple, were gener-
ally less than twice as tall as their diameter:. In many cases, the
nozzles are located very close to either the top or bottom heads. Thus,
L/R may not be a significant parameter for piping; for wvessel nozzles,
however, it probadly will be.
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3. METHODS FOR ESTIMATING NOZZLE FLEXIBILITY FACTORS

Analytical wmethods for calculating piping design flexibility lactors
have beon developed in the past from three basic sources! thin=shell
theory, finite~element analysis, and experimental load-displacement data.
The purpose of this section s to introduce thise methods that, ia the
authors' opinion, are wost useful for design purposes, Later in this
report, we will compare the various wthods with available benchmark data
as a basils for further development work. The methods discussed here are
(1) . ASME Code equations,? (2) Bijlaard's theory,'? and (3) Steeles'
theorye ' 1o 1%  Two tudies on the flexibility of nozzles in spherical
shells are also discus. od Lriefly.

3.1  ASME COUE EQUATLONS

As noted earlier, subsubparagraph NB-3hb £ the ASME Code gives
equations for caleculating branch connection fl.ogiblliity factors for ia-
plane and out=of -plane mowent loads, The basls for those equations
[Eqs. (B) and (9) in Sect. 2] was glven by Rodabaugh and Moore!® in
1979, Briefly, they are "best={{t" equations based on finite-element
analyses of 25 noszle~reinforced models (see Table 12 of Pefs :5)s The
types of reiaforceqent considered were those shown earlier in Fig. 3,

The Code equations are limited to {solated radial nozzles with
0/T € 100 and 4/D € 0,5, They were vallidated by comparison with {nde~
pendent finfte-element analyses of flve other models and with experimen=
tal data {rom ten test models with dimenstional ratios D/T < 100 and
4/0 € 0,64 (see Table 15 of Ref, 15)¢ Becaose the equations were emplri=-
cally developed from a limited data base, extrapolation to nozzles with
d/D » 045 ar D/T > 100 (s pro.nibited by the Code (NB=3686,53). [Note:
The paragraph reflerence given in N3~3686,% should be NE=3683,8(a) rather
than NB=31314, )

3.2 BLILAARD'S THEORY

In the mid=195%0s, Profs Bijlaard of Cornell University published a
series of papers oa the stresses and displacements in & thin=-walled
cylindrical shell, simply supported at the ends and loaded with eitier a
radial point load or a distributed load on a small, rectangular region
centered midway between the ends. The loading on the rectangular reglon
could be distributed (n an arbltrary manner, but he discussed in devall
only those three cases that represent a thrust load and in=plane and out=
of=plane moment loadings on the rectangle (Fig, 8)¢ His theoretical
solution,}? based on the equations of shallow-shell theary, was glven in
terms of iInfinite double Fourier series that are conditionally coavergent
with the mumber of terws required for a stable solutlion dependent mainly
on the length~to~radius ratio a = L/'R and tne diaweter=to-thlickness ratlo
D/T of the cylindrical shells Bijlaard was avare of the limitations of
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his theory but essentially dismissed the matter by pointing out (cor-
rectly) that for engineering structures of common incerest, his solution
was relatively easy to use and gave results of acceptable accuracy. (See
the discussion In Ref. 12.) In later publicationsls"’9 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 both flexibility factors
and maxinum stresses in nozzle-cylindrical vessel structures. In 1967
Rodabaugh und Atterbury (R&A)20 used Bijlaard's theory, along with other
thin-shell theory solutions and available experimental data, as reference
material for developing flexibility design guidance for the ASME Code.
That guidance was extended in 1977 (Ref. 21) and again in 1979 (Ref. 15)
to the present Code ejquations.

In 1965 the Welding Research Council (WRC) published Builetin
No. 107 (Ref. 22), which includes a detailed methodology for calculating
stresses caused Ly out=-of-plane moments, in-plane mowents, and radial
loads on nozzles in cylindrical shells. The design data given in 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, It is, therefore, not correct to state or
to imply that Bijlaard's theory and WRC~107 are equivalent. It is only
correct (o state that Bijlaard's theory was used as a guide in developing
the desizn method. As additional experimental data have becume avail=-
able, WRC~107 has been revised several times since 1965 with the latest
revision publishecd in 1979, It is still limited, however, to parameter
values of 4/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 flexibillty factors, WKC-107 does not glve auy flex-
i{bility data or flexibility desizn guldance. In 1984 MiS23 evaluated
Bijlaard's displacenent equations to obtain design curves for radial
thrust and for in=plane and out=of=-plane monents over the range of
jianeter-to-thickness ratios 20 € D/T < 300 and d/D ratios from 0.05 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 {aternal pressure case are {ncluded here as Figs. 9=ll.

The parameters used by Y68 in Figs. 9 and 10 for the moment load-
ings can be converted to flexibility factors consistent with th2 Code
definition by the following:

k= (a3/R) nE (4/D)2 (e/TY/(V/T) , (1)

where a’/K = R3/KC or ad/k = R3/KL and 8 = d/D.

e —————
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3,2.2 LUGS Computer Prograam

Because sijlaard's theory does not consider the
opening in the cylindrical shell,

of

existence of an

it is more appropriate for the design
sclid attachments than for the design of nozzles. 1In 1974 Dodgez“

and Rodabaugh, Dodge, and Moore?® evaluated Bijlaard's equations, in-
*luding certain modifications suggested by the reviewars 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,?® written by Dodge, calcu-
lates the displacements, as well as the stresses, in the cylindrical
shell so that flexibility factors, couparable to those obtained from
M&S's design charts, can be obtaineds The computer program LUGS also
considers the length parameter L/R as an Independent variable so that
l&s influence on the flexibility can be studied. The flexibillity factor
8 = B8/(M/ER?) given in the program output can be converted to the Code
definition by

* "
k=78 (4/D)2 (¢/T)/(D/T) . (12)

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

Table 1. Comparisons of flexibility factors based
on Bijlaard's theory (t/T = 1, L/R = 4)

Out=of-plane moment In=plane nmonent
D/T 1/D " ki
P B Al . )
R&A M&S LUGS R&A M&S LUGS
20 0405 1ol 0.9 1.0 <1.0 0462 D467
Oe 10 3.3 2.6 3.0 2.0 19 1.8
0420 BaeS 745 Bal 4.0 3.8 3.8
0.30 14:0 11.8 13.0 540 5.0 5.1
D450 2040 17.8 23.4 4,9 5.4 5417
50 005 . T el 4.9 344 2.9 3.2
0410 16,0 13,0 14,0 8.4 7,0 7.6
0620 36 i3 34 13 12 12.7
)e 30 50 45 ) IF 13 13 13.8
0. 50 57 57 7% 10 1157
100 0,05 20 16 17 11 9.3 10,2
)o 1O 50 43 49 o3 0 2046
)s 29 100 94 94 27 27 27.4
0430 135 120 137 22 23 25,3
D¢ 50 130 139 |68 15 17.4

A rom desiyn chares, R&EAZD with Bijlaard's
parameters B8 = 7/8 d/D, a = L/R = 4§,

hFrum desizn charts, M88%3 with Bq. (11) of text,
Bijlaard's parameters 8 = 7/8 d/0, a = L/R = &,

. - . - »
“From LUGS computer prqﬂram.?ﬁ with Eqe (12) of text,
Bijlaard's parameter B = 7/8 d/D, a = L/R = &,
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LUGS — for the parameter ranges 20 € D/T <100 and 0.05 <€ d/b < 0.5 for
t/T = | 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
nuuber 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 gziven in Table 2, The calculdted flexibili~-
ties are obviously influenced by L/R, apparently much more for k_ than
k, and for the larger vzlues of D/T and ¢ D. This suggests that any de-
sign 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 flexibiiity factors
based on Bijlaard's theory and LUGS program

—_—— —— ot - ———— - ———

Out-of-plane moment In-plane moment
p/T d/D -
L/R Kq L/R Ky L/R Ky L/R kg

20 0.05 4 1.0 7.4 1l 4 0.67 7.4 0.67
0.10 3.0 3.3 1.78 1.7%9

+ 20 8.1 9.4 3.8 3.8

0.30 13.6 16.6 - | 5.1

0.50 23.4 3t.2 3.7 5.8

50 0,05 4 4.9 10.4 3 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

0.59 74 127 11,7 13.2

100 0,05 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 2%.3 25.5

0,50 158 355 17.4 18,6

3«3 BSTEELES' THEORY

Because of the inherent limitations of Bijlaard's theory and the
need for nore=-accurate design tools for cylinder-cylinder intersections,
especially for large-diameter, thin-walled vessels, the WRC Pressure
Vessel Research Commictee (PVRC) has been sponsoring both theoretical
and experimental worx on the problem for a number of years. One of
those efforis resulted In the development by Steele and Steelel?» 1% of

P R R
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Stanford University and Shelltech Associates of a new and novel solution
to the thin-shell theory equations for intersecting right circular cyl-
inders (nozzles in cylindrical vessels)., Although their theoretical
solution is currently limited to d/D ratios of 0.5 or less, it overcomes
many of the shortconings of Bijlaard's theory. Whereas Bijlaard's
theory is for a rectangular surface area load'ng 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 FAST2 Computer Program

Steele and Steele wrote a coaputer program for calculating the
stresses and deformations in the nozzle and in the vessel for internal
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 computer program is marketed
through Shelltech Associates under the acronym FAST. The program is
extremely fast (2= to 3-CPU s per case on an IBM 4381 Model Z computer)
and is well suited for conducting paranmeter studies, as well as individ-
ual analyses. The FAST2 computer program used in this study and owned
by C81 Na-Con, Inc., is an improved and proprietary version of
Shelltach's program. All of the FASTZ2 data given in this report were
obtained by C81 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 desizn method-
ology of WRC-107 in a wore compact format and includes nmetnods for cal-
culating stresses in the nozzle, as well as {a the vessel, The design
stress curves given in WRC-297 are applicadle 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 nuwerical
values calculated with the FAST computer program, as well as on a meager
amount of experimental data for large 0/T vessels,

Although the bulk of WKC=297 is concerned with calculating stresses
for nozzle intersections (55 design charts), 3 limited amount of flex~-
ibility design guidance is given ia Figs. 59 and 60, included here as
Figs. 12 and 13, Boith figures give stiffness values as a function of
three dimensionless parameters: A = (d /D) Y0/T, A = (L/D) /D/T, and
T/ts The stiffness parameters given 1a%these figures, "a" for radial
thrust load (Fig., 12) and [M/(ET38)) for moment loadings (Fig. 13), can
be converted to ASME Code compatible flexibility factors (as discussed
in Sects 2.1) in the following manner. For radial load W, we define the
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flexibility factor k, by

§ = k (WA/EBA ) , (13)
w n

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,

Ziven by An = ndt. Then Qw for radial loads is given by

kg = (1/a) (n/4,95) (D/T) (t/T) AY/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 1, = (n/8) DT, are given by

Ky o " (ET38/M) (n/8) (0/T)2 (d/D)2 (t/T) , (15)

wnere (ET38/M) is obtained from Fig. 13 for either in-plane moments
M= or out-of-plane moments M = Moo

?igure 12, for radial thrust loading, gives stiffness values as a
function of the two dimersionle<s narameters A and A, said to be valid
for "stlff" nozzles with thickness ratios t/T 2 1.0. Accordingly, no
design guidance {s given for nozzles with t/T < 1, which is probably more
coamon in design (see Fig. 7). Indeed, Figs 12 is based on the results
siven by Steele for a rigid nozzle (i.e., solid rod) in an early progress
report?® to PVRC $/C ROEL (<ee Fig. S of that report). Unfortunately,
WRC=297 does not discuss the significance of the parameter T/t on the
radial stiffness. We, therefore, question whether i{ts significance has
been adequately investizated.

Figure 13 gives stiffness curves for both in-plane moment (M,) and
out-of-plane moment (%C) 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 iancreasing 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 uacertainty of 50%. 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 WRC=297 data.

For out=of-plane moments, Fig. 13 gives the choice of either using
the two A » 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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Figse 13 {ndicates that decreasing values of t gives decreasing flex-
ibility for out-of=plane moments (HC). This trend is opposite to that
for in-plane moments and intuitively appears questionable.*

There is another problem that i{s potentially more serious with both
figures: the number of independent parameters appears to ove deficient.
In these figures, the stiffness values are given as a function of three
independent dimensfonless parameters: )\ = (dO/D) /D/T, A = (L/D) /D/T,
and T/t, involving the five dimensional variables D, T, d, t, and L. An
important theorem in dimensional analysiszg states that the number of
dimensionless parameters in a coaplete set is equal to the total nuaber
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: X, T/t, d/t, and A. Only in the extreme cases when
T/t >> 1 or T/t << 1 will the specific value of d/t 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, {t might be unwise to use the stiffness
curves for design until the question is resolved.

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

4.1 EXPERIMENTAL AND ANALYTICAL DATA

Benchmark data, considered 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-
ipility 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-
{nforcements, solid attachments, forged piping tees and drawn outlets,
and specialty product nozzle ur branch connection fittings. The data
that were available before 1978 (Refs. 30—39) were used by Rodabaugh and
Moore!® in the development of the present (1986) ASME Code flexibility
equations for Class | branch connections.

Most recently, Moffat and Kirkwood"? provided experimental flex-
ibility factors for each of the three branch noment loadings Hib’ Hob'
and Mtb and for each of the three run moment loadings M ¢ Mor' and M
for four unreinforced full outlet models (d/4 = 1.0; t/T = 1.,0) with
1144 € D/T € 4144,

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 programs

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 displacenment data given in WRC-297 (Ref. 27), even
though they were not properly benchmarked, because they provide the only
reference information [or vessels with D/T > 2500,

4

4.2 FLEXIBILITY FACTORS FROM TEST DATA

44241 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 long with the nozzle at midlength., The branch pipe is ~&d
long. These lengths are intended to be long enocugh that the influences
of the end restraints on the local deformations at and near the branch
intersection are negligible (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 d/D < 1/3, it probably is not significant
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whether one end or both ends were restrained., The loading in Fig. l4(a)
is for an in-plane moment; the loading in Fig., 14(d) is for an out-of~-
plane moment test.

1f properly deterwined, the deflection at point P in the direction
of the load will provide the data needed to determine the flexibility
factor. One major problem in obtaining flexibility displacement data is
to ensure that the measured model displacenents are isolated from the
displacements of the loading frawe because they are very likely to be of
the same order of magnitude. If the loading frame is significantly wore
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 assembdly.

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

Having apprupriately installed deflection or rotation measuring
devices, the next step is to load the model over a range where the loads
and displacewents are linearly related. Figure 15 shows the load-dis-
placement data obtained by Khan“® from one of the WF1 test models. Those
data may then be used in conjunction with the nominal displacement/
rotation calculated from the "point spring" strength-of-materials model
to determine a numerical value for the test specimen flexibility factor.

For the in-plane bendinz test illustrated in Fig., l4(a), the nominal
deflection of the strength-of-materials model without a point spring is
Ziven by

2 3
§ /¥ = [4,0,/Q210) + £,/ (31) + L3 0g/1 1/E , (16)

where I). 1. are the mowents of inertia of the branch, and run and ll—is
are the dimensions shown in the figures The difference between the mea=
sured deflection Sm and the noainal deflection 6n' which we will call the
excess deflection

8 ,/F = (6, 8,)/F , (17)

i3 the deflection due to the poiat spring. The point spring rotation is
then

|
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8/F = (8, = 8,)/(FL,) (18)

For bending moment evaluation, the rotation with respect to the moment
acting on the point spring O/M' is needed to be consistent with the ASME
Code (see Fig. 2). In this case, M. = Flg. Accordingly,

8/Mg = (8, = 8,)/(Fiyty) , (19)

and 4_ is the value of the branch moment at the outside surface of the
run p?pe. 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 hv Eq. (10) in Sect. 9+ Thus,

ko= [(8, = 8 )/(FLytg)]/(d /EL,) (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 ]0
psi)s In addition, of course, the test data report must describe the
test specimen in sufficient detail so that the lengths !l—ls can be
deternined.

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

40 & 4).

44242 Tests for Hodels 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
Cos*1=43 The fifth model, identified as LPV2, was tested at the Uni-
versity of Waterluo by Schroeder.*“ The nominal dimensions and dimen-
sionless parameters of these aodels 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
CBLl-4 used the same curved panel but with a larger nozzle, The panel for
models CBI-1 and =2 was 134 by 134 ins The LPV2 test model also used a
curved panel, 80 ins, in the longitudinal direction and semicircular
(120 = 377 in.) in the circumferential direction,



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

Model Ref. (] (0, G2y (ia) Tt M o e A

CBI-1 51 310.5 0.296 3.5 0.187 134 0.346 13.99 L3283 17.72
c31-2 41 310.5 0.296 8.63 0.322 134 0.867 13.99 0.919 25.80
cCBI-3 42 251 n.0993 2.51 0.0523 60 0.492 12.02 1.899 56.99
CB1-4 43 251 0.0993 12.55 0.0523 60 2.503 12.02 1.8399 238.96
LePv2 A 240 0.25 1.00 0.25 80 0.097 10.33 1.000 3.00

2 = 4 /0/D/T, A = L/o/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. high by 85 in. wide and 68 in. deep + . « Straln 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 (transducers) {s not appar=-
ent, but considering the seeming rigidity of the frawe relative to the
center of the panel, deflections of the support poiats for the deflectior
transducers are probably not significant., Presumably, similar test appa-
ratus was used for CBI-1 and =2,

Figures 17 and 13 show the test arrangement used for LPV2, The dial
gages were supported from the concrete floor (Fig. i8).

Figure 19 shows measured deflections and rotations for CBI-3 frouw
Ref. 42, The displacement/load relationships are reasonably linear for
M, and M, but not for radial load. Results for CBI-4 from Ref, 43 are
sfmilar. Figure 20 shows the radial load plot. Steele!d includes a
tabulation of the displacement=-rotation parameters for all four CBI
models, We have checked the original references, and approximately agree
with Steele's monent 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 displacewents were
measured at the end of an ll.5-in. length of nozzle, the nominal dis-
placements must be subtracted frum the measured displacements to obtain
the etfect of local displacements; this, along with a reduction to
Steeles' stiftness parameters and to k-factors, has been done in Table 4.

for radial loads, Schvoeder's load=-displacement curves for outward
loading and inward .oading, respectively, both give a displaceament of
§ = 0,106 ins for a forze of 1330 1lb. Steeles' parameters are then

(W/8) (4495 ET2)/DA%S) = 1,043 . (21)

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

For the application of the twisting couple an attachment was
screwed to the threaded end of the nozzle and the twisting
couple was applied at a distance 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 direectly related to the angle of twist at the end of
the nozzle, which is only 11.5 iaches long.
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Load-displacement plots for CBI test model CBI-3.

(a) Radial load, (¥) longitudinal monment, (e) circumferential moment.
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Test data summary for nozzle moment
loads on Schroeder's model LPV2

54
1

M ema enb ee e

3 4l :

}ig. el Load (ino‘lb) (rado) (rada) (rﬂdc) d %
24 +MD 1880 0.,0395 0.,0157 0,0238 0.169 [ %
25 —Ho 1850 0.0409 0.0154 0,0255 04157 19.0
32 +H1 2100 0.0359 0,0175 00134 0.243 1241
33 -Mi 2060 0.0360 0.,0172 0.,0188 0.234 12.6
“em = measured rocation.
be

q = nominal rotation HL/Eln with L = 11.5 in.,

E = 3 x 107 psi, I, = (n/64)(1,0% = 0,5%) = 0.04602 in.

(o]
SR LA

e

A
“Steeles' stiffness parameter, M/(ET30e). with T = 0,25 in.

€ .0 / -
k 9e (!dofhln).
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5. BRANCH MOMENT FLEXIBILITY FACTORS COMPARED WITH TEST DATA

The various methods discussed earlier in Sect. J} for calculating
piping desizn 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 moment
loadings on the branch, for unreinforced and reinforced branch connec=-
tions, for branch connections with d/D < 0.5 and those with d/D > 0.5,
and for branch connections made with ANSI standard tees and those made
with specialty fabricated reinforcements. This breakdown oI 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/D € 0.5

The available test data, along with dimensional parameters and flex~-
ibility factors calculated by the various methods, are summarized in
Tables 57. We have also included data from three drawn outlet models
because the nozzles are essentially unreinforced [see Fig. 23(a)].
Superscripts | or 2 on the values given for L/D indicate whether one or
beth ends of the run were restrained (fixed) during the test. I1f both
ends were restrained, as indicated by a superscript 2, the FAST2 analysis
nsed L/D as given. 1f, 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 tc 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 applicaole to all of
the test models, The design methods based on these theories (M&S and
LUGS) and (WRC-297 and FAST2), however, have certain limitations, as dis-
cussed earliers This fact is reflected by the absence of an entry in the
tables; there are no entries for M&S i{n Table 7 because the design charts
are limited to branch connections with D/T < 300.

At first glance ic is apparent that all five design methods give
flexibility factors that differ frum the test data by various and seem~-
ingly random amounts. Because the amount of data is clearly insufficient
to do a meaningful statistical analysis, we have used . "ratio-of-sums"
method to calculate a goodness-of-fit value for comparisons The calcu-
lated~to-test ratios (CTRs) of the sums are deemed to be wore 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
(kt’ Table 6); CTR = 1,04 and 0,71, respectively. In fact, all five



Table 5. Out-of-plane moment flexibility factors for unreinforced
branch connections (4/D < 0.5, D/T < 100) — conparisoans
with test data

Ref. Model parameters ko
i0. . . 7 ,
ad D/T 4/D t/T L/0%  Test Code’ MES® LuGs”™ WRC-297%  FASI2
30 75 0.18 0.76 9.12 31 25.0 34 59.0 ? 37.6
34 78 0.13  0.45 2.1% i1 17.9 15 15.9 24 14.6
33 93 J.12  0.42 1.42 10 20.5 15 19.6 26 19.6
33 93 0.i8 0.75 1.42 27 33.5 4 54.2 79 38.1
15 99 Ue50 0.50 3.91 60 50.0 52 33.0 160 T4.4
15 49 0.13 0.32 3.9! hed o2 S.4 hal 7.6 7.0
r
3o, 19 0.33 0.43 7.02 2.3 3.4 e b 6.2 7.4 5.1
3‘f. 31 0.41  9.56 5.3 i1.8 4.7 14.0 15.8 27.0 13.1 &
35 15 .42 0.23  5.32 1.7 2.2 3.0 G.4 3.4
Sums 161.2 1867.5 181.0 265.9 392.4 212.9
cred 1.04 1.13 1.54 Z.43 1.32

Tsuperscripts 1| or 2 indicate whether one or both ends of the run were restrained

(fixed) during the test. Sce text {or use of L/D in the analyses.

quuation (8) of text.

®Equation (11) of text and &S charts;?3 see Fig. 9.
dSee Secte 3.2.2 and Eq. (12).

eEqu&tion {15) and Fig. 13 of text.

ffhese models were Jdrawn ourlets; see Fige. 23.

JcrR is the ratio of the sum of the calculited values to the sum of the test

values.




Table 6. Ia—plane wneat flexibility factors for unreinforced
branch coanections (4/D € 0.5, D/T < 100) -- comparisons
with test data

Ref . Model parawmeters ki

— /T 4/d t/T /0% Test Code? M&s® Lues? 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 B.0 8.1 6.6

33 93 0.12  0.42 1.42 4.9 4.2 6.5 8.9 % | 8.8

33 93 D18  0.75  1.42 8.0 5.9 12.0 18.7 17.0 13.0

15 99 0.50 0.50 3.9}  11.2 10.0 4oh 3.8 10.7 9.6

15 49 0.13 0,32 3.9 3.3 2.0 2.6 3.0 1.3 3.4

;b; 19 0.33 0.43 7.02 1.1 1.5 1.5 2.2 2.2 1.9

15 3l 0.41 0.5 5.32 2.7 3.1 3.4 4.7 3.5

3] 15 0.42 0.28 5.32 1.1 1.0 1.2 1.1 1.2

Suns 53.8 38.2 49.8 70.9 67.5 58.6

e 0,71 0.94 1.32 i.32 1.09

Aguperscripts | or 2 indicate whether one or both eads of the run were restrained
(fixed) during the test. Soe text for use of L/D in the analyses.

bﬁquatlon (9) of text.

cEquat.;n (11) of text and M&S charts;2? see Fig. 10.
dgee Sect. 3.2.2 and Eq. {(12).

“Equation (15) and Fig. 13 of text.

ffhese models were drawn outlets; see Fig. 23,

gCTR is the ratio of the sum of the calculated values to the sua of the
test values.

£y



Table 7. Flexibility factors f{or unreinforced braach connections
(d/p < 0.5, D/T » 900)

Model Hode] parameters L for out-of-plane moment ki for in-plane wowment
Wt) D/T 4/ /T L/n® Test Code WRC-297 FAST2 SIvvlrb Test Code WRC-297 FAST2 Stecleb
Lev2 960 0.0042 1.06 0.332 18 193 20 15.1 12 12.5 14 12.4
(44)
cBl-1 10%0 0.011 0.63 0.437 52 184 75 56.7 25.4 32 17.5 “ 39.9 kL]
(41)
cBi-2 1050 0.028 1.0% 0.432 310 595 58O 278.3 296 140 6.7 200 142.8 150
(s1)
c8l-3 2530 0.M0 0.52 0.247 130 927 250 176.2 is 57 36.8 150 121.9 120
(42)
CBI-4 2530 2.05%0 0.53 0.242 810 2070 2200 712.3 750 250 Bl.4 330 269.8 280
(43)
Sums 1320 4065 3125 1238.6 1275.4 481 185.9 738 586.8 588
CTR 3.08 2.37 0.9 0.98 0.39 1.53 1.22 +25

‘Suporscrlpts 1 or
L/D in the analyses.

use of

bealeulated from stiffness factors given in Steele and Steele.!

i{ndicate whether one or both ends of the run were restrained (fixed) during the test.

3

See text for

vy
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methods appear to give reasonable agreement with the test data for in=
plane moment k,, and only the WRC-297 method appears not to correlate
with the test éaca for out-of=plane momer.. k o 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 = &, whereas the LUCS
re..lts 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 (CTR =
3.98 for ko 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 noor job because of convergence problems for large /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 (FASTI) appear to give excellent
results (CTR = 0.94),

5.2 NOZZLE~RELNFURCED SRANCH CONNECTLIONS WITH d4/D <€ 0,52

The available test data, ‘long with flexibility factors calculated
by the various desizn wethods, are summarized in Table 8. The model
pirameters are summarized in Table 9. Note that all of the hranch con-
neetions for which we have data are speclalty product {tems sold commer-
clally by either Boaney Forge or WFL International. The WFI data only
became avallable recently., All of the models were fully relnforced by
{acreased nozzle wall thlckness to meet the ASME Code requirements
(NB=3643), except for the three items 45-15, =23, and =24, which were
experinental models with only 50% reinforcement, Table 8 includes three
pairs of nominally identical “est models: &45-5 and -0, 45~7 and -8, and
45-17 and =18, For each pair, the k_ values are reasonably close, in-
dicating the reproducibility of the ?est results.

Because of the nozzle wall reinforcement, many of the test wodels
had wean diameter ratios d/D and outslde nozzle dismeter ratios 4 /D that
are greater than the stated applicability of the Code equations [qu. (8)
and (9)]. Nevertheless, the Code equations gave reasonably good agrec-
ment with the test data ({.e., CTR = 2,94 for k_and 1.07 for %, ).

The values of k, and k; given ia Table 8 for Bijlaard's theory (M&S;
LUGS) are based on using d }D rather than d_/D to calculate the parameter
#, although extrapolation of the M&S desizn carves was necessary for some
of the models; M&S curves extead to B = 9,55, Using 4 /D reduced the
calculated values for k signiffcantly and brings them ?nto better agree-
ment wlth the test data, although for this limited set of data, the Code
equations still seem to correlate someJhat better.

The values of k, given in Table 8 under WKC=297 obviously do aot
correlate well with the test data (CTR = 5,58). This may be bdecause the
curves ln the bulletin were not intended to apply to nozzle-wall-raln-
forced branch connections. The bulletin curves are based on unifora wall
thieckness branch connections that are effectively infinite in length,
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! Table 8. Flexibility factors for nozzle-reinforced branch connections
i (4/D € 0.52, D/T < 100)
Ref. Braach ko for out-of-plane moment k‘ for in-plane moment
' i type Test Code 65 LUGS  WRC-297 FASTZ Test Code 165  LUGS  FAST2
‘ 39 1 2%6W7 7.9 5.9 1n 17.6 42 9.6 1.2 2.0 ot 5.2 2.2
. 40 1ax61 10.2 8.1 15 12.2 44 14.4 2.5 2.6 .8 3.9 3.0
|
- 45-5 Bx3e” 5.6 4.3 13 4.2 21 7.5
456 gx3p 4.3 4.3 13 7.5 21 1.5 ’
45-7 BX4P 5.9 5.3 10 4.2 32 8.2
. 45-8 BXLWP 6.5 5.3 10 8.8 32 Ba2
45-15  8X4P — 500 8.1 6.0 i bob 377 8.9
;
| §5-17  12x6v2 5.5 a3 14 2.1 &7 7.8
| 45-18  12X6V 4.9 7.2 14 6.9 &7 7.8
65“23 ‘2!67_‘30» 2-‘) 2.8 2.7 2.. 2.‘
4526  12X6V — 50% 6.2 Al 16 Bl 50 9.2
37 12X4W 5.6 35 6.2 12.1 16 8.3 2.6 1.3 i.3 2.1 2.0
Sums 69.2  65.2 133.2 B8.1 386 97.4 8.1 8.7 B.4 13.3 9.6
CTR 0.94 1.92 1.27 5.58 1.41 1.04 1.64

1.07

1.19

% indicates Boaney Forge Weldolet; see Fig. 3(&) for generic shape.
blw indicates Bonney Forge welded imsert; see Fig. 3(a) for genmeric shape.

®p indicates Wk: Pipette, fillet welded in place; see Fig. 3(a) for generic shape.
dv indicates WFl Vesselot, insert welded in place; see Fig. 3(a) for generic shape.
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Ref.
No.

%
&0

&5-5
456
&5-7
45-8
#5-15

&5-17
45-18
45-23
45-26

37

TR CHEEESRRTTERER, BT TSR

)
Ly snd L; are the distances from the branch comnection ceaterline ta the ends of the run during the test. ALl

Branch
type

1 2%6w
1AXATW

sxie
sx e
|x4p
LAl
BXsP — 500

b L1
12XV
12%6V — 50T
12x6¥ — 50T

L2xae

Table 9,

B a
tin.)  (tn.)
12.75  6.62%
15,00  7.625
8.625  4.250
8.625  4.250
5,625  5.2%0
".625 5.2%0
A K25 5. 000
12,75 7.7%0
12.7% 1,750
12,75 7,378
12.7% 7.37%
12.75  6.514

“See Table 8 for nomenclature,

T
(in.)

0.37%

{4/D % 0.52, O/T < 100)

t
{in.)

0.280
0.2%0

9.21%6
0.2i%
0.237
9.2%
0.237

0.280
0.28%0
0.280
0.280

0.267

1 4
N
(in.)

1.19
0.78

0.%9%1
0.591
0.612
0.612
0.487

0.825
0.825
0.638
0.638

0.882

L
(4n.)

2,125

Lgb

{in.)

“8
445

i8.7s
18.75
18.75
18.75
18.75

18,75
18,75
18,75
18,75

8

these tests were conducted with end | restrained and end 2 unrestrained.

R

"a /0 = 4/D ¢ (2 /T ~ /THHT).

L;b
(in.)

9%
B

31.25%
31.2%
31.25
31.25%
31.25

32:1
32.1
32.1
32.1

58

0T

33.0
36.3

33%.0
33.0
33.0
33.0

28.7

Dimensional parameters for nozzle-reinforced branch connections

4/

0.%13
0.466

0.39%
0. 39
9.513
0.513
0.5%13

0.513
0.513
0.513
0.513

0,346

/T

0.747
0,747

0.671
0.671
0.736
0.736
9.736

0.767
g.747
0. 757
0.747

0.552

4
t‘.f

3.173
2,080

1.835
1.835
1.901
1.901
i.512

1.200
1.200
i.701
1.701

2.30

e
4./v

0.633
0.560

0.513
0.513
0.632
0.632
0.602

0.624
0.624
0.593
2.593

0.487

8%
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The values given in the table are based on using d4./D rather than d,/D to
calculate the parameter A; that is, ) = (d,/D) , and T/t rather
than T/t to interpolate between the Bulletin curves (see Fig., 13). Uring
dn/D rather than GO/D reduces the calculated k_'s significantly and
brings them into better agreement with the tca? data, but using an in-
creased nozzle wall thickness t _ decreases the stiffress parameter M/ET?®
and, thus, increases ko‘ This ?I opposite to what one would expect.*

On the other hand, the flexibility factors k, and k, obtained
directly from Steeles' theory (FAST2) agree remarkably well with the test
data (CTR = 1,41 for k, and 1.19 for ki)' These results were obtained by
including the length of the nozzle wall reinforcement , as well as the
other model dimensions in the analyses. From this, we conclude that Ln
may also be an fmportant model parameter, and its influence should be
studied further.

S.3 UNREINFURCED BRANCH CONNECTLONS WITH d4/D > 0.5

Table 10 summarizes the avallable test data for unreinforced branch
connections with large-diameter branches (d/D » 0.5). None of the ana=
lytical design methods for calculating flexibility factors is applicadle
for these models, including the Code equations. Nevertheless, we have
used the Code equations and 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 daii gave a
signlficantly swaller out-of-plane flexibllity factor than the Code
equations, If this one data point is neglected, CTR = 1,08 for k_.

The experimental out=of=-plane f{lexibility factor k,  for the two
other full outlet models, 47=1 and 47-1, agreed very well with the Code
equatlon, For in=-plane bending, the Code equation agreed reasonably well
with the experimental data over the full range of d4/D; CRT = 1,00 for k.

Although there are only ten data points, the general trend is for &
to Increase with increasing 4/D and then to decrease at or near 4/D = 1.8.
Although this may reflect a testing or test evaluation error, we think it
may be a real phenonmenons 1f one considers a transverse section of a
branch connectlion with 4/D = 1.0, the branch pipe is tangent to the run
pipe, giving a menbrane-like transfer of dbranch load to the run pipe in
the transverse plane. When d4/D is <l.0, however, the branch is not tan-
gent to the run pipe, and mure shell bending is involved. It is possible
that x_ increases up to some value of d/D around 0.8 and then decreases
slgnlf?cantly between d/D = U8 and 4/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 bdbranch connections
(d4/D > 0.5, D/T < 100)

" K -
Ref, Nominal odel parassters 0 i
e “ite D/T /D /T  Test Code Test Code
30-1 24 x 12 16 0. 953 0.80 44 44,0 B.4 10.0
30=2 24 % 264 16 1.00 1.00 16 6746 17 15.4
“5'1 B x 6 20 0470 0:87 J.s “o“
45=2 s x b 8 U786 U.87 11,3 1144

45-) 12 x 10 33 Us B4 0.97 13.1 179
45-4 12 = |0 33 0.84 0.97 12.8 179

I6=1 20 2 19 006“ 0.69 1.2 2n5
o=2 20 x 122 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
47=2 10 = 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)®

IModel 36-2 was a drawn outlet; see Fig. 23.
PotR 1f model 30-2 {s neglected,

¢4 NOLZLE~REINFORCED BRANCH CUNNECTLONS W1TH d/0 > 0.5

Table il summarizes the avalladle test data for nozale-reinforced
branch connections with large-diameter branches (4/0 > 0.5). All of
these data are [or speclalty product items sold by HFI.“S Pipettes indi-
cated by a "P" in the second column and Vesselets indicated by a "V."
Four ol the items, 45<16, =22, =25, and =26, were experiogental wodels
intended to test the {nfluence of nozzle wall relaforcesent; 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 moments
with enly two data points for in=plane moments,

None of the analytical design methods are applicatle 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 desiygn gutdance for d4/D ratios up te about
0+75. The two data polats, 4513 and =14, for d/D = 1,00 from two nomi=
nally identical test models are so different that conclusions are not
possible for 4/D » 0,75, The other three pairs of nominally {dentical
models (45-9, =10); (4511, =12); and (45-20, =21) gave test results that
are In reasonably guod agreement,
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Table 11, Flexibility factors for nozzle-reinforced branch connections
(d4/0 > 0.5, D/T < 100)

| . ' k
Ref. —— Model parameters ko N
No. e D/T d4/D t/T t,/T Test Code® Test Code®
45-9  8X3P 26 0.64 0,80 2,45 7.2 5.1
45-10  8XS5p 26 0,64 0,80 2,45 6.3 5.1
45-13  8X8P 26 1,00 1,00 2,75 14.3 8.5
45-14  BXS8P 26 1.00 1,00 2,75 5.3 8,5
45-16  BX6P — 50% 26 U, 76 0.87 1.94 6,1 1.6
45-19 1 2X8V i3 Q.67 0.86 2,86 2.2 2.8
45-21 12X8v 33 0.67 0,86 2,86 6.0 8.3
45-22 12X8V - 100% 33 0.67 0,86 31.19 4.3 1,8
45-26 12X8V ~ 502 33 0.67 0.8 2,03 6.0 9.8
Sums ’60’ 02.6 4,8 ‘.2
LIR 1.07 1,29

. ———— e ————— ——— ———— — - — " —— - — - —— - ——— - ———

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

b!quutian (8) of text,
“Bquation (9) of text,

5.5 SADNLE=, PAD=-, AND SLEEVE~REINFORCED BRANCH CONNECTIONS

The avallable experimental data for saddle-, pad=, and sleeve-rein~
forced branch connections are summarized in Tabvle 12; the dimensional
parameters are given in Table 13, Figure 23 shows the major design fea-
tures. Note that all the data are fur branch connectlons with d/0 < 100
that were obtained prior to 1962, Perhaps this reflects a lack of
interest in these types of branch connections, and indeed our survey of
design practice in the nuclear industry indicated that the specialty
product relniorced branch connections were preferred. However, the
potential exists for using pad-relaforced vessel nozzles at the vessel-
pipe Interface for the design of wore-~flexible nuclear piping.“®

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 11 Table 12, The FAST2 analys.s
were made on integnal reinforced models as shown in Fig. 24, The re-
sults, shown i1 Table 12, tend to agree quite well with the test data.

e il R — R R R— S, R R R LR R = TR O =N ==
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Table 12, Flexibility factors !or saddle~, pad-~, and sleeve~
reinforced branch coanections® (d/0 < 0,92, D/T < 100)

— . ——— . ————— - - - S —

%, for cut-oi-plane k; for in=plane

Ref., Nominal

e G W e T e -

No.  #l2¢  peat  Code FAST2 Test Code FPAST2
Saddlee
3! 12 = & 18 3.8 6.0 4,5 7.66 2.13
32 24 x 4 13 250 12:5 1.9 5. 10 2,68
32 24 x 8 22 35.8 138 2.1 8,15 1.29
32 24 x 12 12 44,0 16,5 2.8 10,00 3.50
35 16 = & 3 8.7 2.4 143 3,07 0,99
Suns 70 ‘&503 “s.q 12.2 3“. s‘ 12.59
CTR 2,08 0,70 2,83 1.03
Pade
32 24 x 4 20 25,0 14.9 4,7 5.70 4,23
32 24 « 38 28 35.8 220‘ 3.6 8.15 5100
32 24 = 12 18 44,90 18,1 5.6 19,00 5,12
35 15 = 6 8,4 8,7 3. 7 I3 3,07 1,66
34 48 = 6 10 17,0 8.0 1.% 3.32 311
sumﬂ 86.‘ 110.5 67.5 l’ao 30. 7‘ 1’.'2
CTR L33 0.80 1.81 ¥sld
Sleeve
1N 24 = |2 22 b 5.6 10,00
Overall sums 176, 4 319.8 116, 4 34,8 7534 3121
Ovarall CTR 1.81 0,75 2,16 1.09

- ——— e ——— ] ——— - ——— " S - - o - — - - ————

%5ee Fig, 23 and Table 13 for dimensional parameters,

The Code equations tended to overestimate the flexibllity by about a
factor of 2,

A frequent concern is how to adjust design guidance for {atagral
refnforced branch connections to app.y to nonlnteyral reinforcenents,
Some speculation is therefore appropriate. We might, for example,
attempt to find an equivalent pipe wall thickness, T et that could be used
In the Code equations t> give a better estimate of tne flexibility
factors,

First. note from Table 12 that the overall CTRs give the ratlos

,k 1+41 and k“/k1 .16 for out=of=plane and in-plane woments,
wﬁer~ the added subscripts lndt»ate "Code" and “experinment," respec-
tivelys Then note that the Code equations [herein, Eqs, (8) and (9)),
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Ref.
No.

3
3”2
32
32
35

RS,

32
12
32
15
34

Dimensional parameters for saddle-, pad-, and sleeve-reinforced branch connections

Table 13,

Nominal Do )
size (in.) (in.)
12 = & 12,75 0.187%
26 = & 24,00 0.312
24 = 8 24,00 0.312
26 = 1 24.00 .32
1h =« & 16,00 0,500
26 = & 26,00 0.2
24 = 3 26,00 0.312
24 = 1 26.00 0.312
16 = & 16,00 0.500
48 = & 49.25 0.625
26 » 12 26,00 0312

do
(in.)

4.500
4.500
B.625
12,750
6.625

4.500
8.625
12.750
6.625
6.625

12,750

(4/D < 0,52, D/T < 100)

t
(in.)

0.165
0.23%7
0.250
0.250
0.280

0,237
0.250
0.250
0.280
0.280

0.250

L up » : D/T 4/ oT 04, T
(in.)  Gin) (R (R P p

Saddles :
26 24 7.313  0.368 67.0 0.345 0.88 1.625 1.96
75 150 9.625 0.344 75.9 0.180 0.76 2.139 1.10 |
180 a8 17.250 0.438 75.9 0.35% 0.80 2.000 1.40
109.5  109.5 23,750 0.438 75.9 0.526 0.80 1.863 .40 I
n 21 11.625  0.500 31.0 0.409 9.5 1.755 1.00 :

Pade s ;
36 192 7.750  0.375 75.9 0.180 0.7 1.722 1.20
78 150 15.750  0.375 75.9 0.35% 0.80 1.826 1.20
109.5 109.5 25.000 0.375 75.9 0.528 0.80 1.960 1.20 |
21 21 12.125  0.500 31.0 0.409 0.56 1.830 1.00 ,
4l 73 10.500 0.625 77.8 0.130 0.45 1.585 1.00

Sieeve
109.5  109.5 e 0.375  75.9 0.528 0.80 e 1.20

2See Fig. 23 for identification of dimenslons.
blll of these tests were for nozzles in headers with both ends more or less restraired.

——

tances from the nozzle centerline to the ends of the header.

“he axial leagth of reinforcement for this model, L = 25.0 fn.; L /d = 1.96.

Ly and L, are the dis-

e e i
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Fig. 24, Saddle- and pad-reinforc~d models used for FAST2 analysis,

can be written as

% P kg, = T¥M2 g, (22)

C

where G and G, contain all the terus except T, Simlilar expressions can
be written for koe and k1 in teras of the equivulent pipe wall re:

e
- -2 A - 5/2 ¢

koc Te GD : kte ™ S (23)

s0 that the CTR ratios give
; , " 12 o .

(‘oL’kae) (fc T) 1.81 ,
and (24)

(kyo/ky,) = (T /T2 = 2006 o

{c' "le
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The equivalent wall thicknesses are then
T, = (1821w 1351 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 the models in Table 13. ’

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 k‘
of
reinforcing CTR T,/T CTR T./T
Saddles 2.08 1.44 2,83 2,20
Pads 1.55 1.24 1.81 1.49

As wight be expected, these data indicate that saddles are more effective
than pads in reducing flexibility. Corversely, 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_/d_ shown in Table 13 prubably both
influence this saddlc-v.-ggd rolatignogtp as well.,

If 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 FAST? 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 Bi6,9 TEES ANLD SWEEPOLETS

ANSI Bl16.9 tees are a class of commercially available, butt-welding
tees fabricated in accordance with either the ANSI B16.9 or MSS-SP48
manufacturing standard.*%,%% These standards include overall dimensional
and basic pressure strength requirements, as well as controls for certain
manufacturing variables. In the design rules for nuclear piping, ANSI
Bl6.9 tees are recognized as a class of piping products distinct from
other types of branch connecti{ons. By common usage, the term includes
only those tees that are characterized by a smooth transition region
between the branch «nd run outlets and are forged from a segment of
stralght plpe using an exterral-surface die and some means for extruding
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6. BRANCH MOMENT FLEXIBILITY FACTORS COMPARED

WITH ANALYTICAL DATA

6s! FINITE-ELEMENT DATA

The available benchmark finire-element data and corresponding flex=
_ ibility factors are summarized in Tables 15-19, The finite-element
. analysis (FEA) data listed in Tables 1518 for nozezles 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 Taples 15
' and 16 for the unreinforced branch conaections and in Table 17 for the
nozzle=reinforced branch connections. Table 18 gives the dimensional
patameters [or the wodels listed in Table 17, The overall CFR values for
the out=of=plane flexibility factor L from Tables 15 and 17 are shown
below.

overali CFR? values for ko

Code M&S LUGCS WRC=297 FARL2

UBC models 0,98 1,08  1.67 2,96 0,99
(Table 15)

| $1 models 0.86 1,55  2.84 6456 0,97
(Table 17)

1,28 2,88 4,36 7.81 182
(Table 17)

TCFR s the ratio of the sun of the calculated

|
i P30 models
I
]
i values to the sum of the finite-element values,

M&S design charts and the LUGS computer program, representing

I Bijlaard's theory, both show good couparisons for the standard noszle~-

reinforced 31 models. wnelther mathod I8 strictly applicable for the P30

models, however, because of the shape of the reinforcenents This shows

up as an extreae overestimate for the PIOA model, as well as a general

l overestimate for the other P30 models.

z Steeles' theory, FAST2, shows very good comparisons for both the

- UBC and Sl mydels, even though the diwensional parameters for a number

of the models were outside the theoretical thin-shell theory range, The

comparison for the P30 models {s not so good, again because of the reln~

forcement shape, The Code equations do a better job for these models,
The WRC=297 method, based on Stecle's theory, overestimated k, by »

considerable amount for all three sets of models. The values shown in

Table 15 for the UNC models are based on the A » 100 pair of lines from

)
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Table 15. Out-of-plane wwaent flexibility facteors lor unreinforced
branch comnections (3/D < 0.5, O/T < 100) — comparisons with
finite-element data®

b
Model Model paraweters K,

e /T 4 /b, /T FEA Code M85 LGS  WRC-297  FAST2
UA 192 0.50 0.50 47.0 51.5 51 84.1 170 44,7
U8 42 0450 0.50 37.2 37.1 36 65.3 120 36.3
uc 42 0. 50 0.50 16.2 13.6 17 28.3 46 18.3
uD 22 0.50 0.50 65.92 5.16 8 12.04 17 B.57
VE 12 0.50 0.50 2.84 2,08 4.89 1o 3.99
UF 12 6,08 0.08 1.96 0.33 0.36 0.06 0.07
Sums 112.12  109.77 194.99  369.1 111.93
CFR® 0.98 1.04 1.74 3.29 1.00
i 59.5 0.115 .238 5.92 7.59 5.1 5.37 6.4 5.96
322 20.0 9.020 0.020 0.00 0.18 0.0 0 0 0
133 20,6 0.080 0.47% 0.96 1.74 0.94 0.98 1.0 0.02
Jok 20,0 0.320  1.000 7.75 5. 06 12.0 14.5% 16.0 7.34
13 £9,0 0.114 0.840 10.10 10.60 13.0 13.72 15.0 10,08
Sums 25.73 25.17 31.04 34.61 38.40 23.90
cFR® 0.98 1.21 1.35 1.49 0.93
Overall sums 137.85  134.94 143,06  229.6 407,46 135.83
Overall CFR® 0.98 1.08 1.67 2.96 09.99

X411 the finite-element data ia this table are from Refs. 15 and 21. The
models were analyzed with one end of the run fixed and the other end free.

bLID = 4.0 and 2.0 for the U modzls and the J models, respectively.

CCFR is the ratio of the sum of the caleulated values to the sum of the finite-
elenent values.

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

> -b

pighad. | WL GRRARORE- . - . b e oAU ok e iR
o o /T 4/, /T FEA Gode &S LUGS  WRC-297 FAST?
UA 102 0,50 0.50 8.89 10.2 4.3 8.73 8.79
R 42 0. 50 0. 50 7.68 8.2 5.2 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
3 12 0,08 0.08 1.91 0.2 0.24 0.05 0.06
Suns 27.21 25.0 26,37 24,49
CFR” 0.92 0.57 0.97 0.90 o
J 59.5 0.115 0.238 3.99 1.97 2.4 2.64 2.8 3.22
322 20,0 0,020 0,020 0 0.08 0 0 0 0

133 20,0 0,080 0,474 0.75 0.78 0.6 0.63 0.61 0.60
154 20,0 0,320 1.000 2.81 2.26 4.2 5.24 4.8 3.21
13 49.0 0.11%4 0.840 5.26 3.03 6.7 7.05 6.6 5. 35
Sums 12,31 8.12 13.9 15.5% 14.81 12,438
cFR® 0.63 1.09 1.21 1.16 0.97
Overall suas 40,02 33,12 41.93 16.97
Overall CFR” 0.83 0.75 1.05 1.01 0.92

511 the finite-element data in this table are from Refs. 15 and 21. The
models wers 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.

PCFR is the ratio of the sum of the calculated values to the sum of the finite-
element values.




Table 17. Flexibility factors for nozzle-reinforced, finite-element models
{4/D < 0.5, D/T < 100)

R oL o T G i R N
No. FEA Code MLS LUGS WRC 297 FAST2 FEA Code M&S LUGS WRC 297 FAST2
S1A 17.8 17.5 1% 62.1 160 18.04 2.70 3,46 ; 2% | 5. 36 3.2
s18 14.5 13.1 26 47.3 115 14.84 2.62 2.90 5 4.63 2.62
sicC 6.32 5.43 10 19.3 41 6. 56 1.46 1.68 i3 2.62 1.43
S1D 2.9 2.1 8.0 14 3.10 0.72 0.99 1.31 0.82
S1E 0.69 1.06 2:% 4.6 1. 687 0.26 0.61 0.46 0.57a
SIF §.07 3.08 5.8 9.11 15.0 4.38 1.09 0.95 1.2 1.86 0.99
S16 1.41 1.32 2.1 3.3 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 0.3% 0.32 0.28 0.27%
si1 2.11 1.27 1.6 2.1 3.2 1.42% .14 0.9 0.6 0.72 0.58 0.45%
s1J 0.95 0.55% 0.5 0.69 0.89 0.50% 0.71 0.24 0.2 0.26 0.28 0.20%
sIK 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 0.1 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 $5.12 47.37 156,41 361,49 53.68 15.36 i2.61 18.71 11.37
CFR 0.86 1.55 2.84 6.56 0.97 0.82 0.64 1.22 0.74
P30A 6.91 10.46 264 35. 84 73.0 15.46 1.89 2.07 3.1 5.0% 2.68
PI0B 3.20 3,38 6.3 14.29 18.0 4.73 1.07 1.04 1.4 3.06 1.11
P30 1.20 1.48 2.5 3.61 5.7 1.93 0.5 0.49 0.6 0.94 0.81 0.58
P30D 0.3 0.68 1.31 1.9 0.867% 0.17 0.39 0.38  0.35 0.33*
PIOE 0.99 0.13 0.04 0.05 0.06% C.98 0.07 0.02 .02 0.03%
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
Suas 67.75  63.48 211.50  460.14 76.70 20.01  16.67 28.:6 16.10
cFR 0.9 1.79 3.12 6.79 1.13 0.83 0.81 1.41 0.80

“Mode]! parameters are outside Steele's theoretical limits.

£9
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Table 18. Dimensional parameters for nozzle-reinforced, finite-element models?

Model D Q T t t L
| No.?  (m.) (A.) (ia.) (e (m)  (moy VTR T e JT 40
sia 10,0 5.0 0.098  0.049  0.3763  0.651 191 0.50 ©.50 4.3& 0.581
Sis 10,0 5.0 0.122 0,061 0.4282 0.7123 81 0.50 0.50 4.01 0.593
s1cC 10.0 5.0  0,2331 0.1191 0.6285 0.9487 41 0.50 0.56 3.14 0,641
Sin 10.0 5.0  0.4545 0.2273 0.8862 1.283 21 0.50 0.50 2,45 0.710
s12 10.0 5.0 0.8333 0.4167 1.1832 1.7658 11 0.50 0.50 1.92 0.804 |
| Si¥ 10.0 3.2  0.2381 0.0762 0.5333 0.7143 &1 0.32 0.32 2.56 0.437
| $1G 10.0 3.2 0.4545 0.1454 0.7565 0.9662 21 0.32 0.32 1.98 0.493
I s1y 10,0 3.2  0.8*33 0.2667 1.0000 1.9324 11 0.32 0.32 1.52 0.567
s
v sit 10.0 1.6  0.2331 0.0331 0.4095 0.4658 41 0.16 0.16 1.88 0.248 e
s S1J 1.0 1.6  0.4545 0.0727 0.5772 0.6321 21 0.16 0.16 1.43 0.289
| 51% 10.0 1.6  0.8333 0.1333 0.7667 0.8707 i1 0,16 0.16 1.08 0.342 .
)
; SiL 1.0 0.8  0.2381 3.1091 2.3096 0.3081 41 0,08 0.08 1.38 0.142
| SiM 10.0 0.8  0.4545 0.0364 0.4317 0.4203 21 0,08 0.08 1.03 0.17%
: SiN 10.0 0.8 0.8333 0.0667 9.5333 0.6213 11 0.08 0,08 0.72 0.206
E P304 10.0 3.2 0,098  0.0314 0.2812 0.744% 101 0.32 0.32 3.19 0.380
! P30 10,0 3.2 0.2381 0.0762 0.4310 1.1771 41 0.32 0.32 2.13 0.416
| ?30C 10,0 3.2  0.4565 0.1454 0.5318 1.6646 21 0.32 0.32 1.60 0.457
_ £300 10.0 3.2 0.8333 0.2667 0.7583 2.3543 il 0.32 0.32 1.23 0.515
: P308 10.0 0.8  0.8333 0.0667 0.3749 1.1771 11 0.08 0.08 0.53 0.169
t “The 51 models look like Fig. 3(a); the P30 models look like Fig. 3(s). See Ref. 15.
; L/D = & 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

el Model parameters k, for out-of-plane moment kg for in-plane moment
e /T do/D t/T L/ o? FEA Code WRC-297  FAST2 FEA Code WRC-297  FAST2
Bl 400  0.0255 0.2 T.26 13 57 21 18 12 6 9 I
B2 2,500 0.0102 0.5 2.91 210 893 260 200 122 36 13 119
B3 10,000 0.0051 1.0 1.46 1,400 7,140 2,000 1,250 746 101 1,000 182 o
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 .84 0.11 1.45 1.06
‘ ZTaken from Appendix B, WRC Bulletin 297.27

bloth ends of the vessel were restrained.
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WRC=297 Figs 60 (Figs 13 herein)s 1f we had used the A = 14 line, even
though it (s not applicable because T/t > 1.0, the estimated ka values
would have been about 30% lower and would have agieed a llttle better
with the FEA results. The reduction would need to be on the order of
J00%, however, to agree as well as the Code equations.

The values shown in Table 17 for the locally reinforced S1 and P30
models were based on redefining the nozzle-diameter-to-shell diameter
ratio (d/D) and th: wall thickness ratio (T/t) to account for the reln=
furcement; that is, we used T/t  and A = (d,/D) /07T, where

d, = (4/D) + (2 t, /T = ¢/T)/(D/T) . (26)

As noted previously, however, using t, instead of t appears to be golay
La the wrong direction.* Both 4 and t, were also ased in the M&S and
LUGS calculations,

Comparisons. between the finite-element data and the various design
methods for the in-plane monent flexibility factor k, are shown in Table
I6 for the unrelaforced UBC mndeis and in T.ble 17 for the nozzle-rein=
forced S1 and P30 modelss [he overall CFR values are shown below,

Overall CFR values for k‘

Code M&S LUGS  WRC-297 FAST2

UsC models U.83 0,75 1.05 092
(Table 16)

§1 models 0.82 e hé 1022 U."O
(Tadble 17)

P10 models 0.87 liab 2.03 1,02
(Table 17)

No CFR values are given for the WRC-297 method because the parameter
Aw (d,/0) /I7T {s outside the rengs of the WRC figure for most of the
modelss The few aodels 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 rather uvil with
the values calculated with FAST2, The desiyn methods, in general,
appear to give reasonably good estimates for k1 for the parswetcr rangs
D/T €< 100, d4/0 € 0.5,

Table 19 summarizes the finite~element data and comparisons for
nogzles In very large thin-walled vessels (tanks) from Appendix 8 of WRC

*ire discussion {1 the “Sumaary" section.
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Bulletin 287, The two smaller D/T models, Bl with D/T + 400 and B2 with
D/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
errors Bijlaard's theory is 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 k, jus: like the earlier comparisons with test data.

Both FASI2 and WRC=297 are in reasonably gouod agreement with the FEA
data, This {s a definite encouragenment 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 dbetween the model
parameter A = |45 and thie Bulletin curves for A = 10U,

6.2 HANSBERRY AND JONES THEORY FOR ki

In 1969 Hansberry and Jones®? (H&J) prescuted a theoretical solu=
tion, based on thin=-shell theory, for a small uareinforced branch con-
nection, 4/0 = 0,10, t/T = 1,0, with an {n-plane moment acting on the
brouch and equilibrium reactlon noments on both ends of the run (vessel).
They did not {ndicate 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 ins; that (s, L/D = 10, Several trial calcaulations
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 fron thelr paper for D/T
values ranging from 200 to 1000, are listed in Table 20, along with
values from the Code equation and FA3T2., If we assume that the FAST2
values are more nearly correct, it is apparent that the H&J solution
underestimates &, by 20 to 5S0%. As before, the Code equation does a poor
job for this range of D/T, being even 1 ter than H&J by about S0%.




o8

Table 20. In-plane moment flexibility
factors from Hansberry and Jones
theory for unreinforced

branch connections 5
(d/D = 0,10; t/t = 1,05 L/D = 10%)

L for {n-plane moment
D/T H/F ratio®
H6J%  Code  FAST?

200 16 13 12 0450
300 35 19 49 0.71
400 52 23 66 0.79
600 82 38 99 0.83
800 103 51 130 079
1000 117 63 161 0.73
Sums 405 209 537
CHJR 0.52 1,33 Av 0475
Sec Ref. 52,

b‘l‘hc length of the run L wus not
4iven in Ref. 52. For the FAST2 caleula=
tions, L/D = 10 was used.

“H/F ratio is kg (HEJ)/ky (PAST2),
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7. FLEXIBILITY FACTORS FOR TORSIONAL BRANCH MOMENTS

i Experimental data on the angular rotation of a branch connection or
- nozzle due to a torsional moment on the branch are very sparse. Mills,
Rodabaugh, and Atterbury?’ and Moore, Hayes, and Weed“® provided test
data for eight ANSI B16,9 tees, In most cases, the measured torsional
rotation 8 was of the same order of magnitude as the nominal rotation
en' so that (8, = 8,) << 6,. Thus, an accurate determination of the
"point spring" model flexibility factor could not be made for the Bl6.9
tees.

Moffat and Kitkuood.“’ however, obtained experimental torsional

flexidility factors k., for four full outlet unreinforced branch connec=- ,
' tion models (4/D = t/§ = |.,0) that were of the same order of magnitude as :
the in-plane and out=of=plane flexibility factors noted below:

| Mode | 1 2 3 4
| D/T 424 2507 1642 1244
Ry 15,23 8,06 3,90  3.8]
Mok 28,04 13,12
. 8,25  7.67

Trey also analyzed Model 2 by the finite-elewent method with essentially
the same results, These data indlcate that torsional flexibility may be :
significant in design for the larger d/D branch connections,

Although Steeles' theory and the FASTZ computer code have the capa~
bility tor caleulating torsional flexivility factors k., the numerical
parameter studies have not been dones For nozzles with very swall 4/0,

TR,

i however, an upper=bound solution might be appropriately developed by
: modeling the cylindrical shell a: an infinite fla* plate with & round
hole of 4lameter d = 2r, at the origin and a torsion moment load M, uni=
E formly distributed around the inside edge of the hole. Equilibrium con=
: ditions would then require that
b
i L
M, = S,(erzr) for r = t; to =, (27)

where 5. {8 the shear stress and T is the thickness of the flat plate
(cylindrical shell)s For a differential element in cylindrical coordi~
nates, the shear stress is related to shear strain by

: S * (d8)rC/(dr) , (28)
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where

de

dr

ich way

wWiias

=

G is the

10
(27) and (28) leads to the

shear moduluss Coumbining Eys.
simple differential equation
4t
— (2
nGTr?
be solved by integrarion over the range r Cr s that is,
"l = |r M 1
o SR [ (30)
2nGT g, ¥ anGT r?
i {
Additional test data and more-refined analyses are needed to ade-
the question of the design significance of torsional
(D > 049

flrl\,‘f.J“-.'l

flexibility,

INSwet
;Jll_v f)l‘ H

28 P
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8. FLEXIBILITY FACTORS FOR RADIAL LOADS

Axial stresses are not routinely evaluated in a piping system
design, prisarily becauss they are generally <3000 psi in a properly
supported piping systems This value is not significant with respect to
either the allowable stiesses or to the stre.ses caused by internal pres-
sure or moment loads. Axial loads, however, are routinely calculated in
the piping system analysis (f{lexibility analysis) and used in the design
of the supports. In addition, yressure vessels and tanks usuall' hLave
design allowable radial loads for the nozzles that {wpose limits un the
axial loads frem the attached piping. Recent reports on damage to pipling
systems during earthquakes also suggest that the axial forces within the
piping may be important fur 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
straightaess and length of the pipe between supports, the rotational
rigidity of the supports, and lateral loads on the pipe from dead-weight,
etcs A first approximation can be obtained from Euler's buckling equa-
tion for a hinged=end column:

W/A = w"‘E/(Lc/rg)z . (31)

where W/A is the axial coupressive stress in the pipe, Lc is the criciecal
buckling length, and

£, = (4 AT d (32)

{s the radius of gyration of the pipe. For the partlcular case of W/A =
3000 psti, the assoclated critical pipe length, In feet, Is given by

L, = (#32/3000)1/2 ve/i2 o (33
For sched. 40 pipe, Eqs (33) zives

Size (NPS) 2 4 8 ) 24

Les It 21 4u 17 143 216

Considering that "straiznt" pipe is not very stralght and that a lateral
deadweight load exists (or horizontal pipe runs, L, from Euler's equation
will probabl; be larger than the actual critical buckling length of the
attached pipe. This potential nonlinearity should be resembered in the
following discussion,

R I = NI, — e e e e B T S e
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Table 21 summarizes the available experimental data for thrust loads
W in terms of the flexibility factor k defined as [see Eq. (13) Sect.
3-302]

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

where & is the inward radial displacement of the shell, d is the midwall
diameter of the attached pipe, and A, is the cross-sectional area of the
attached pipe:

A, = /4 (42 = d}) . (35)

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

Table 21, Thrust-lioad flexibility factors — experimental data’
and analytical cowparisons

Nodel Model parameters LW

(type) /T 4,/0 /T L/D  Test  Theory® LUGS WRC=297 FAST2
Attacheent 1 77,8  0.136 0,448 2,143 77 84 92 40 81
(Trunlon)
Attachment 2 77,8 0,136 0.448 2,143 ) #i 92 40 84
(UBC)
Attachment 3 77.86 0,138 0,448  2.143 120° 70 92 40 63
(Pad)
Attacheent 5 77,8 0,072 Solid  2.14) 450 310 36 210 295
(Bar) bar
Sums 757 550 592 330 523
CTR 0s727 04782 0,436 0.691
cBl-1 1050  0.0113 0.6%2 0,632 1200 1400 1200 1223
(1 1/8 inJ)
cB1-2 1050  0.D278 1.088  0.432 1300 2100 1300 1475
(UBC)
cB1-) 3530 0.0100 0.527 0.23 2100 1700 2100 2327
(5:'8 in.)

4

CBLl~4 2530  0,0%00 0,527 0.239 130u™ 3500 <3 882
(‘ ‘ﬂl)
LPV2 960 0,00417 1,000 0,332 1400 1500 1696
(Usc)
Sums 7800 8300 1603
CTR 1428 0482 0,98

le!l for the flrst four models are froa Craﬁch." data for tne C81 models 4are fros
Whipple et al,,*'*"? and data for model LPV2 are from Schroeder.,“"

UThoory is Bijlaard's cited by Cranch?™ for the first four models, and Steeles'!? for tne
CB1 sodels.

QQucsttonable data.

dNonlinel! data; see Figs. 19 and 20,
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The pressure load of 193 psi that was used gives a nominal hoop stress of
PR/T = 7500 psi, which i{s well within the range of allowable design
stress. As may be seen, the internal pressure reduced by 5 to 60%.
Bijlaard's theory, as expressed under the "theory" and LUGS 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
(M) and out=of-plane (M ) flexibility, as well as on the thrust load (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

——— . et —— —— ——— - ——

(6/M or 8/w) = 108

Mgt e g D EE T e e
s P Bijlaard LUGS
2 38,9 0.136 M 0 0,113 0,124

193 0,103 0.112
Reduction 8,8% 9.7%
My 0 0,043 0,046
193 0,041 0,045
Reductlion 4, 7% 2.2%
W 0 3.40 3.42
193 2,76 3,05
5 38.9 0,072 My 0 0,176 0.193
193 0,167 0,180
Reduction 5.1% 6.7%
M 0 0,090 0,102
193 0,087 0,101
Reduction 3.5% 1.0%
W 0 3,80 3.83
193 3. 11 3,39
Reduction 18,2% 11.5%

e e e e A R S RS Y,

“Tests conducted by Cranch,?* See text and Fig. 28 for model
dimens{ions,
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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 te 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 lcads 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 irtluence of internal pressure cannot be ignored. Addi-
tional study is needed to provide approprlate design guidance.
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10,  FLEXIBILITY FACTORS FOR RUN MOMENTS

So far we have been discussing flexibility factors assocfated with
applied branch moments tnat are reacted by moments at either one or both
ends of the run., There are also conditions in real piping systewns where
the branch moments are so low that the monents 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 tne 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 i{s, 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-spriog.

For small d/0 branch connections, it seems apparent that the only
run moment flexibility factor that might be different from zero would be
K,y @ssociated with {n-plane bending, M, in Fig. 1(e)s Even k__, how-
ever, would be close to zero. For lacgec d/D branch connections, all
three flexibility factors might be different from zero as evidenced by
the experimental data of Motfat and Kirkwood“? for full outlet (d/D =
1+0) unreinforced models:

Yodel 1 2 3 4

D/T 42,4 257 1642 12.4 .
va 7:.03 2454 1.57 1,05

kyv 0.39 0.4l 1.88 .
- 3200 323 L8 1,38

References 35 and 46 contaln run-woment rotation data for ANS1 816.9
tees and for a WFI Weldolet. Both types of branch connections are fully
reinforced; consequently, the decived experimental tlexibility factors
are quite small and subject to large experimental errors,

If significant~for-design run moment flexibllity factors do exist,
they are probabdbly assoclated with unreinforced branch connections with
larye D/T and 4/0 ratios, for exawple, a 24 x lo std, wt. fabricated
branch connections Our survey o: industrial design practice discussed in
Sects 2.3 indicated that these types of braunch connections are not used
in nuclear power plant construction, We, therefore, coanclude that
developnent of run-moment flexibility factors fur 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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Table 26, Comparison between flexibility
factors for radlal loads on a nozzle
in a spherical shell

K
D/T 470 t/T R
reA? R4S
250 0,08 0.5 45 i1
0,064 0,5 53 4%
0,02 0.5 70 b
250 0,03 0.25 18 30
0,02 0,25 42 16
0,01 0.25 & 4l
100 0,03 0,10 b9 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,

R&A refers to Rodabaugh and
Atterbury®? flexibility factors,

hus refers to Batra and Sun flex-

ibillty factors as defined by Eas, (37) and
(38) of the text and the curves of Ref, 56,

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

The solutions of R6A®? and B&S®® are oaly applicable to isolated
radial nozzles in spherical shells and not to a cluster of closely spaced
nozzles or to a nozzle nedr to or in the knuckle reglon 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 geonetry of isolated radial nozzles {a spherical shells
is axisymmetric, the theury Ils relatively simple., Further, results from
3ijlaard's theory can be casily checked agalast results from general=-
purpose thin-shell theory computer prograns, Our study of nozzle flex-
ibility for cylindrical shells, however, suygests that {nternal pressure
may have a significant and nonlinear influence on the flexibillty fac-
tors, especially for large D/T vessels. There is no reason to {ndicate
that the same type of influence will not exist for nozzles in spherical
shells. Unfortunately, Bijlaard's theory for spherical shells®“ does not
include the internal pressure term, and most thin-shell theory computer
programs assume that linear superposition is valid for combined loads.
Thus, if the influence of internal pressure on the flexibility of nozzles
in heads {s to be studied further, some basic wodifications need to be
made in the analytical tnols, 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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sense that 102 ; rad intersection region contained
han needed t« internal pressure membrane stress
Dally' therefore, gave some clues on the
inforcel Dally also compared his measured displace=-

ilculated by Bijlaard's theory with reasonable agree-










85

Table 25. Goodness-of=fit relative to benchmark data for
L out-of-plane moment design flexibility methods

Goodness-of ~fit values?

. Table Nozzle N:'::::"“

in data e ne Code Bijlaard's theory Steeles' theory
text b (NB=-1686)

s /v, o/t M3 LGS WRC-297  FAST2
TIS UBC-FEA <045 <100 0.98 1,08 167 2.96 0.99
T8 RBC-EXP <0.52 <100 0.94 1.92 1.27 5.58 fe4l
T1? RBC-FEA <0,5 <l 0.86 1.55 2.84 6.56 0.97
T RP3JO-FEA  <0.5 <100 1.28 2,88 4,30 781 1.82
Ti2 RSPS-EXP €0.52 <100 1.81 0.75
T LOT-EXP <0.05 2900 3.08 2.3 0.94
Ti9 LOT-FEA <0.03 2400 5.16 1.45 0.82
TiO UBC~-EXP 2045 <100 1,08
Ti! RBC~EXP 2045 <100 1.07
T4 B16,9T 20,4 £100 6.94

%5ee text for explanation of goodness-of-fit determination.

bthc first set of letters stands for nozzle type: UBC = unreinforced branch
connection; RBC = reinforced branch connection; RP30 = reinforced PI0 models;
HRSPS = reinforced, saddle, pad, or sleeve; LDT = large diameter thin walled, The
second set stands for type of data: EXP = experimental; FEA = fin{te-element

analysis,
Table 26. Goodness-of~fit relative to benchmatk data for
in-plane moment design flexibllity methods
Coodness=-of =f{t values? |
Table Nozele D:::::::‘l :
in data P . Code Bijlaard's theory Steeles' theory |
text b 7 (NB=1b86) |
set /D
‘ o3 &S LUGS  WRC-297  FAST2 |
6 UBC-EXP 0.9 <100 0.71 0.94 1632 132 1«09 |
TI6  UBC-FEA  €0.5 <100 0.83 0,78 1,05 501% 0,92
T8 RBC-EXP <0.52 <100 1.07 104 L.64 1.19
T1? RBC-FEA <05 <100 0.82 0,64 1.22 0.74
Ti? RPIO-FEA  €0.5 C1uo 0.87 1,48 2,03 1:02 ‘
Ti2 RSPS-EXP <0,52 <100 2,16 1.09
17 LOT-EXP <0.05 2900 2,38 2,0 1.01
Ti0 UBC-EXP 20.5 <100 1.00
Til RBC~EXP 2045 <100 129
Tlé Bl6,9T 2.14

Psee Table 25 for nymenclature; HI stands for Hansberry and Jones®? theory.

®this value 1s 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 {nformation,

A3ee text for goodness~-of-f{t determination, ‘
|
1
\
|
|
|
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method for evaluating goodness-of-fit {s explained in more detail in
Sect:s 5:l.

The nunbers in Tables 25 and 26 indicate that the Code equations do
a good job of estimating ko, and k; for both unreinforced (UBC) and lnte-
grally reinforced (RBC and RP30) nozzles with dimensional parameters in
the range d/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 surprisingly good job for
nozzles with d4/D > 0.5 and D/T < 100 (data sets TIO and Til). Those noz~-
zles are outside the dimensional parameter range previously validated.
The Code equations do a poor job for nonintegral! reinforced nozzles
(RSPS), for nozzles in large-diameter thin-walled vessels (LDT), and for
ANSL Bl6.9 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 Tl7 RP30U~FEA reinforced
models. Bijlaard's theory is not appliicable for nonintegral reinforced
nozzles (T12 RSFS-EXP) or for nozzles with d/D > 0.5 or D/T > ~300. For
out-of-plane woments (Table 25) both methods gave good results for unre-
inforced nozzles (T5 and T15) but poor results for the reinforced nozzles
(T8, T17 RBC, and T17 RP30), We thus conclude that Bijlaard's theory is
not dimeetly 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 {s 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 relnforcenent,

The WRC-297 method, based on Steeles' theory and design curves pub=
lished in Retf. 27, is completely inadequate for calculating out=of=-plane
moment flexibility factors as shown by the large CITR values in Table 25,
None of the experimental data and oaly one set of analytical data (T19)
gave CIR values <2,00, That data saet, however, was not benchmarked
against experimental data (it consists of four somewhat unrealistic
wodels with D/T values that range frow 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 {an-plane monent loads, Table 26 indicates
that WRC-297 does a reasonably good job for in-plane moment loads for
unreinforced nozzles with d/D < U¢5 and D/T < 100 but {s not applicable
for reinforced nozzles.

Recent correspondence from Dr. Steele®® and additional calcula-
tions®? using FAST2 confirmed our suspiclons concerning WRC-297 Fig, 60
(Fige 13 hereln). 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 not repeat our comparison calculations even
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though they are, admittedly, incorrect. Our overall conclusions and
recommendations for further work are ur-iltered.

Flexibility factors for radial loads on the nozzle are discussed in
Sect. 8, Althougii the ASME Code does not include radial-load flexibility
guidance for either piping or vessel design, radial-load flexibility (or
stiffness) is expected to be as important as in-plane or out-of-plane
moment flexibility for the design of less rigid nuclear piping systems.
Both Bijlaard's theory and Steele's theory are applicable. However, we
were able to find only three sets of experimental data and no analytical
benchmark data for use 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.® =43 and
Shroeder““ from tests on iarge-diameter thin-walled tank models with
dimensional parameter ' i1lues in the range d/D < 0.U5 and 960 < D/T < 2530.

The CTR values frow 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 FAST2
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 k, for Cranch's data (D/T = 77.8). Steeles' theory (WRC-297, FAST2)
also zoes a good job for the large-diameter thin-walled tank (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 <l.0,
the extremely small amount of test data and its relatively poor quality
(see Sect. 8% and Table 21) wake it impossible to draw more definitive
conclusions.

The influence of internal pressure on the nczzle 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 {n the text.
Steeles' theory is not applicable. Indications 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 interdaction 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
monents 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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Flexivility 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 moment loads. The theory dves not include the internal
pressure term, however, and there is reason to believe that its i{nfluence
could be significant In design.

1242 CUNCLUSIONS

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

ls The ASME Code Class 1 piping flexibility factors for in-plane and
out=of-plane moment loadings on the brdanch are the best available
design guidance for both reinforced and unreinforced branch connec~-
tions and vessel nozzles within the parameter range d4/D € 0.5, D/T <
100, The ASME Code equations are not adequate for nozzles with D/T >
100, The Code does not faclude 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 moment, out-of-plane nmouwent, and
thrust loads on the nozzle appears to be adequate for unrelnforced
nozzles but not f[or reinforced nozzles, Bijlaard's theory is not
applicable for nozzles with d4/D > 0.5 or D/T > ~600,

3. Steeles' basic theory appears to be adequate fur calculacing flex~
ibility factors for in-plane moment, out-of=plane mowment, and thr st
loads for unreinforced and for some types of Integrally reinforced
nozzlee within the paraaeter range d/D < 0.5 and D/T < ~2500. N n=
fntogral reinforcement and some {ntegral reinforcement designs ace
problem areas. The flexibility gulidance, based on Steele's theccy
glven in WRT Bulletin 207, (s totally {nadequate.

4, Flexibility factors for torsional moment on the branch way be stall
and not significant for design, except poss'bly for large d/D. Addi-
tional experimeatal data and/or theoretical studies are needed to
explore the significance of torsional flexibility over a wider range
of parameliers.

5. Flexibility factors for moment loading on the run are probably not
significant for design purposes, except possibly for large d4/D. Sowme
additional study {s 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 thinner walled vessels and auxiliary tanks that
are used in a nuclear power plant, Bijlaard's theory Includes the
nonlinear internal pressure effect, but Steecle's theory does not.

7. Flexibvility factors for isolated radial nozzles in spherical and
torosplierical heads developed from Bijlaard's theory appear te be
adequate for thrust and moment loads. Additional theoretical work is
needed, however, to irclude the effects of {nternal 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:

Le

24

3.

4

Use Steeles' theory, FASTZ, to conduct two separate parameter

studies designed to cover the rangus 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 < d /D < 0.5,
2 <d /<100,
L/D > 4 ,

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

(b) . second study designed specifically for nozzles in thianer-
walled vessels and auxillary tanks. The dimensionless parame-
ters and ranges are:

75 € D/T < 2500,
2 ¢ do/t < 100,
0.2 € t/T < 2.0,
0s2 € 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.

Using the results from item 1, develop simple design guidance equa-
tions similar in format to the ASME Code Class | piping flexibility
factor equatinns, 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.
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 (b) to characterize
the influence of vessel pad reinforcement, Using the results from
those studies attempt to modify the formulas developed under item 2
in as simple a fashion as possible to characterize reinforcement
effects, Some suggestions are given in the text.

Conduct corollary parameter studies to identify the influence of
torsional moments on the branchs
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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 i{s 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.

Modify Bijlaard's theory for spherical shells to include the in-
fluence of internal pressure and proceed as discussed under

ftem (5).

Develop criteria for defining an "isolated" nozzle in a spherical or
torospherical vessel head.
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to compensate for inaccuracigl in the mod behavior., This report gives
an in-depth evaluation of Jhe varlous aWRalytical descriptions of the
flexibility factors associglfed with piping¥ystem branch connections and

\ nozzles, Recommendations affe given for devel@ping needed improvements.
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