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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 t

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 discourne 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 inf ormation will help designers to avoid potentially
costly mistakes. A follow-on report, which is currently being written, [
wil.1 include specific recommendations for the design of piping systems. ,

Until that report is available, we recommend that designers exercise du.
caution in the use of the currently available flexibility analysis
methods.

.

|
This report was prepared for the Of fice of Nuclear Regulatory |

Research, U.S. Nuclear Regulatory Commission (NRC) under the ASME Code !
Sect. III -- Technical Assistance Project. D. J. Guzy was the NRC
project manager. We extend our dratitude to him for his enthusiastic '

,

support. We also thank the reviewers of the report, especially those
who offered suggestions and/or constructive criticisms.
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REVIEW AND ClMUATION OF DESIGN ANALYSIS ffETHODS
FOR CALCULA163 FLEXIBILITY OF N0ZZLES*

AND BRANCH C NNECTIONS

.

S. E. Moore K. Mokhtarian
E. C. Rodabaugh R. 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 neans of a flexibility analysis. The analytical
nodel 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 inaccuracles in the model
behavior. This report gives an in-depth evaluation of the
various analytical descriptions of the flexibility f actors
associsted with piping system branch connections and nozzles.
Recommendations are given for developing needed improvements.

,

.

1. INTRODUCriON

.

Flexibility factor 5 have been used in piping systeu design for many
years in the analytical determination of displacements, coments, and
forces at various positions alang the piping systeu, as wall as the i

determination of reaction forces at the supports and anchors. The ana-
lytical model used in the design calculations is normally based on a
strength-of-materials description of the piping system as an intercon-
occted set of straight and curved beams with unif ormally round cross
sections. Flexibility factors ara introduced into the analytical model
to correct, in a gross sense, for :he dif ferences in structural behavior
between the strendth-of-materials model and the piping system components
that make up a real piping systen. The current interest in flexibility
factors f or nozzles and branch connections comes most directly from
recent ef f orts to develop design criteria that will permit the cons truc-
tion of more-flexible nuclear piping systens and, thereby, reverse a
design practice that is seen by many as belad less saf e and considerably
aore costly.

Flexibility factors unde r consideration in this report are for noz-*

zles and branch connections within the piping system itself and f or noz-
zles in cylindrical vessels that interact with connected piping systems.
An adequate characterization of the flexibility factors for both types,

of nozzles is important to the development of improved design criteria
for flexible pip;ng systems. The latter, however, may have the greater

|
,
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impact on improving overall design practice. The traditional practice
has been to ignore nozzle flexibility at the piping-vessel interrace and *

to model the piping system termination as rigid. The resulting calcula-
tion produces higher reaction loads that must then be supported by addi-

~

tional pipe supports and restraints or by stiffening the vessel shell.
The primary objectives of this report are to (1) summarize avail-

able data on flexibility f actors f or 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.

.
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2. BACKGROUND
.

2.1 DEFINITION OF N0ZZLE FLEXIBILITY FACTORS
.

The most commonly accepted definition of a flexibility factor was
lexpressed by Markt in his discussion of piping flexibility analysis as

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

Figure 1(a) shows a simple one-dimensional model of a piping system
that can be used to illustrate the concepts and use of flexibility f ac-
tors in a piping system analysis. This piping system consists of three
straight pipes (SP); an elbow (CP); a branch connection (BC); and three
anchors at points A, B, and C. The analytical model consists of three
round beams to represent the straight pipe segments; a curved bar to
represent the cibow; 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(b) 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 M (L), M (L), and M (L) at end B. The rotation of end B with

3 p 3respect to end A in the direction of M that would be caused by theg

moment M (L) is given by the strength-of-materials foruulag,

(0 ) nom " ci f0 M (x) dx , (1)g3

where E and l are the elastic modulus and the moment of inertia about |x
the x axis, respectively. A flexibility factor k for a given piping i

component is then defined, according to Markl, as

g = O /(O ) nom , (2)k g g

!

(O ) nom is given by the normalized form of Eq. (1), that is, L = 1where g

is the actual rotation of the com-or y = x/L evaluated at y = 1, and Og
ponent per unit length caused by the coment M (L). [g

In general, the actual rotation og must be determined by experiment
*

or by a rigorous theoretical analysis. Numerous experimental and theo- ;

retical studies of beam bending, however, confirm that the actual rota- -

tion of the end of a cantilevered beam is adequately described by Eo. (1)
,

if the length is dreater than several times the depth (or diameter) of
associated with Mg and et fort he bea.n. Thus, the flexibility factor kg ;

i

i
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a straight pipe segment is
.

g = O /(o ) nom = 1.0 . (3)k g g

.
|

The other two flexibility factors k and k , associated with M , 02 and |
2 3 2

!
Sf , 0 , respectively, are given by3 3

2 " 0 /(0 ) nom = 1.0 ,k
2 2

and

3 = (0 /(0 ) nom = 1.0 , (4)k
3 3

where (0 ), is given by Eq. (1) with !!g, I replaced by M ' I and2 x 2 y
(0 ) nom f r the torsional moment M is given by3 3

(0 ) nom " 3 1 0
'

3 3
0

Figure 1(c) shows the strength-of-materials beam model of an elbow
or curved pipe anchored at end A and loaded with a set of orthogonal
moments M (a ), M,(o ), and .kl (a ) at end B. Both experimental and

g g 3 g

.
theoret tedl studies of curved pipe or elbows snow that the in plane
rotation 02 at end B with respect to end A associated with an in-plane
bending moment M (a ) at end B is given by the rather simple expression2 g

.

k2 o g
M R da , (6)Op=g 2

1where R is the bend radias of the elbow centerline, k 18 Eh* ih"P 8"8
2

2 " 0 /(0 ) nom, and (0 )nou is thebending flexibility f actor defined by k 2 2 2
end rotation of a strength-of-catrials model of a curved bar. For an

elbow or curved pipe with zero internal pressure, subparddraph NS-3686.2
2of the AS?tE Code * (Ref. 2) givas k2= 1.65/h, where h = t R/r ,

Complete expressions for out-of-plane and torsional rotations for
and k3 are somewhatelbows in terms of flexibility factors kg more com-

plicaced because an out-of-plane moment M3 at the loaded end of a 90'
elbow must be balanced by a torsional coment at the referonce end, and
vice versa. For a more in-depth discussion of flexibility f actors tor

cibows and curved pipe, see Ref. 3.
For branch connections and tees, flexibt2ity factors have been pre-*

scribed in industrial piping codes s'..ce 1955; f or Classes 2 and 3
.

*The terms "Code" or "AStiE Code " as used herein, ref er to Sect.
III of the AS'E Boiler and PNeauru Vassal Code, Nuclear Power Plant
Components.2
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i nuclear power plant piping, flexibility factors have been included in the
'

.

ASME Code since 1971. In those documents, the flexibility factor is |
given as k = 1. However, they do not detine a strength-of-materials
component model for which a nominal rotation O can be determined for -

nom
use with the flexibility factor definition, Eq. (2). As a consequence

,

the intent of those codes has never been clear. Apparently, most piping,

system analysts have interpreted the codes to mean simply that the junc-
tion between the branch and run centerlines is to be modeled as a rigid
joint, as indicated at Point 1 in Fig. 1(a). This interpretation, how-
ever, is completely inadequate to describe the actual behavior of branch t

connections and tees in a real piping systen. '

Figure 1(d) shows a schematic diagram of a branch connection as
modeled in present day nuclear Class 1 piping systeo analyses. This i

model has a rigid junction between the branch and run centerlines at
point P and a rigid linkage between points P and S equal in length to the
run pipe radius. Additional nozzle flexibility can be introduced into

,

the model by including a point spring at S.
tiarkl's definition of a flexibility f actor is not entirely adequate '

ior a branch connection nodeled like Fid. 1(d) because the re is no well- '

defined "length of straight pipe" for which O can be determined. Tonom
accommodate this model, as well as the other piping system component ;

models, !!arkl's definition of a flexibility f actor needs to be broadened
to something like the f ollowin3;:

A flexibility f actor for piping system analysis is the ratto of
the angular rotation or linear displacement of the point in -

'

question produced by a monent or thrust load to the angular
rotation or linear displacement of the strength-of-materials
model of the part produced by the same mouent or thrunt load.

'

,

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

Theoretically, the re would be a6x 6 mtrix of mment-rotation ;
flexibility factors associated with the branch connection mdel shown in i

'

| Fig. |(d). Because the matrix is symmetric, there would be 21 indepen-
dent flexibility factors, 4 identically 0 f rou symaetry arguments, leav- |

: Ing 17 non-tero flexibility f actors to be determined from experimental or
I

theoretical studies. The limited available data, however, indicate that

I only two of these, k for in-plane and k f or out-of-plane moment loads
1 on the branch, are skgnificant. g

|

| For Clai.s 1 nuclear piping, the AS!!E Code now contains a precise !

I definition of the component model, as well as the two flaxibility factors )*
!

] k and k to be used f or the analysis or branch cinnections. Theg g
j strength-of-materials nodel shown in Fig. NB-3686.5-1 of the Code and in- 1

i cluded here as Fid. 2 includes a "point spring" at S of negligible length ,

with a rotational characteristic equal to k 6 , where Onom, given by j

|

(7) jj 0 = M(d/EIb) ,
< nom

|

i i

!i

1
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Fig. 2. Definition of flexibility factors for branch connections,
from Fig. 58-3686.5-1, Sect. Ill, ASME Code (Ref. 2).

is the simple beam equivalent rotat ion f or a or.e-diameter length of
branch pipe. The two flexibility factors k and k are given in sub-g g
paragraph NB-3636.5 of the Code as

ko = 0.1 ( D,'T ) 3 / 2 [(T/tn) (d/D)]1/2 (t/T) (8),

ki = 0.2 (D/T) [(T/t n) (d/D)]1/2 (t/T) (9),
,

where d,0 and t.T are the outside diameters and wall thicknesses of the
,

branch and run pipes, respectively; L is the nozzle reinforcement thick-
nness (shown in Fig. 3) for four commonly used nozzle designs.

The preceding discussion has been f ramed in teras of flexibility
tactors because since 1955 the piping codes have given design guidance
f or flexibility f actors. 'tany current computer prograns for pipind sys-
teu analysis, however, use a stiffness formulation rather than the flex-
ibility tornalation used in the earlier analysis methods. A stiffness
f or au14 tion involves the laverse of the flexiallity (e.g., nocent pe r
unit rotation rather than rotation per unit moment). When the design
guidance is given in terms of flexibility factors, as for elbows, for
example, these computer programs first evaluate the flexibility matrix
and then f oria its inverse to obtain the stitfness matrix. The stiffness
matrix for branch connections is formed in the same manner as for elbows.

2.2 SIGNI/ICASCE OF N0ZZLE FLEXIBILITY
.

The definition of flexibility factors for branch connections based

.
on the analytical model of Fig. 2,

0 = k ('id/EI b) (10),

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



. _.

!

,

i
?

8 I
1

i

!

.

ORNL-DWG 87 4620 ETO I.

!

h A |
+ i + - t -

. ,I . ,nf2 -,
a r, + f /2r m 1nN 7 Ir* r

)= I

a 'r ar

io n |

Li-L L aLn
, i n

r, ; r, ;

't
,, j's ,,

g'1 |,T g/ ' t f||T
(8) (b)

+ +-t .+ 4 ,t.i n

A i * I + (2/3|X *n
~O r *Il * I /2 Fm n O

g + 1/2g F *t

I !r, ; *
, ;

I, f
| % .

' ' !Q'"
i | [ r, " j i/2 GF

|
I i

h ['1 ||T rj. ,

*
I: :

k) tm

Fig. 3. Sozzle configurations associated with Code definition of |

t*n

.

9



_ . . _

9 5

i

gives the angular rotation of the branch caused by local distortion of
the intersecting shells in terms of the k f actor and the nominal rotation-

of a one-diameter length of branch pipe.
The influence of including branch connection flexibility f actors in

' ~ a piping system analysis will be dif f erent for different piping systems.
If k is small (e.g. , 2 or 3) relative to the overall flexibility of the
branch pipe or if k is small relative to the flexibility provided by
other nearby piping components, such as elbows, then including k for the
branch connections in the piping system analysis will have only a minor
influence on the calculated f orces, coments, and displacements. Con-

versely, of course, if k for the branch connection is large relative to
the other piping system flexibilities, then it would have a major influ-
ence. The largest influence would be to reduce the magnitude of the
calculated forces, moments, and resulting stresses at the branch connec-
tion. If pipe supports were located nearby or if the terminal end of the
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,

1 might permit the elimination of some dynamic snubbers, massive pipe sup-
ports, or special shell reinforcements. The influence would be smaller
at mo re-di s tant locations and would depend, as well, on how other flex-
ibilities (e.g., f rom elbows) were distributed in the piping system.

A recent sensitivity study on the influence of various factors that
4 showed that (1) themight affect the accuracy of piping system analyses

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 mouents and stresses by several orders of magnitude*

i and (2) it is not possible to define a flexibility factor that is conscrw
9atf9e for either 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
I 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- i

tions of the piping will actually incrocod 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 system. If the forcing
functions (e.g., from an earthquake) vary with frequency, then an in-

!

accurate flexibility factor may indicate that the piping response is off-
,

! the peak of the forcing functions; with an accurate flexibility factor,
; however, the calculated piping response may be on-the-peak. Accordingly,

,

i the best that can be hoped for is reasonable accuracy with a small amount j

i of uncertainty.

I
' *

2.3 DIMENSIONAL PARAMETERS OF INTEREST

l
;
' ~

Various studies of nozzle flexibility indicate that reasonably
i accurate design equations can be developed in terms of dimensionless

ratios of the characteristic dimensions of the nozzle and vessel or run
3

i

!

,

+

. . _ _ . _ . . ___ . _ - . - - .
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| pipe. These include the diameter and wall thickness of the vessel or run
| pipe (0,T); the diameter and wall thickness of the branch pipe (d t); the -

( diameter, thickness, and length of the nozzle reinforcement (d In' b )
( and a characteristic axial length L for the vessel or run pipe.'n n

i

! To get a better understanding of the types and sizes of branch con-
{

'

l nections an! vessel nozzles that are actur.11y used in nuclear power plant j
construction, we asked a number of utilities, architect engineers, and !

| nuclear steam system supply (NSSS) vendors to provide actual design data !
'

from one or two typical nuclear plants of their own choosing. Seven
organizations responded with a substantial amount of dimensional and I

design practice data.5-li in alphabetical order, they were Duke Power
Company; FRAMATOME of Paris, France; General Electric Company; Sargent
and Lundy Engineers; Stone and Webster Engineering Corporation; Tennessee

,

Valley Authority; and Westinghouse Electric Corporation. Duke Power !

Company also provided a complete listing of the nozzles in the auxiliary
tanks and vessels for one of their modern nuclear power plants, i

Analysis of the survey data indicates that branch connections are |
used in straight pipe that ranges in diameter from 1 to 42 in. nominal

'

pipe size (NPS) and wall thicknesses that range frou oched. 40 to ;

sched. 160. The range of diameter-to-thickness ratios for the run pipes
is ~5 ( D/T ( 115. Branch sizes cover the couplete parameter range *

0.02 ( d/D ( l .0 wi t h cos t of the smaller-size branch connections
d( 2 in. mde f rom welded-on American National Standards institute
( ANSI) standard half-couplings or welding bosses. The wall thickness for fhalf-coupling or welding bosses is con 9tderably greater than f or the r

corresponding nominal pipe size. |
Branch connections larger than 2 in. in diameter are usually rude i

*

witn ANSI standard or Manuf acturers Standardization Society (MSS) stan- !
dard butt welding tees; specialty product contoured fittings, such as WFI :

International Vesselets or Bonney l'orge Swecpolets; or specialty product (
'

reinforced fittings, such as WF1 Pipettes or Bonney Forge Weldolets. The |

ANSI and MSS standard butt welding tees range in size up to the ma stmun |

run pipe sizes but are restricted to branch-to-run dianeter ratios in the
range of ~1/3 ( d/D ( l.0. The specialty product f ittings are normally
used with run pipe sizes large r than 4 in. (NPS) for branch connections
with d/D less than ~0.8.

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

For nozzles in reactor pressure vessels and steam generators, the |
utility data indicate that the dimensional ratios fall within the same
parameter ranges as for branch connections. For nozzles in the nuclear
plant auxiliary tanks, however, the parameter ranges are somewhat dif-

1*
ferent. The one nuclear plant for which we have data has ten ASME Code i

Class 2 or 3 auxiliary tanks ranging in diameter from 2 to 40 ft (24- to !

480-in. 00) witn wall thicknesses ranging f rom 7/32 to 5/8 in. The j,

diameter-to-thickness ratios D/T are f airly evenly distributed betwoon j
~75 and 2000. The minimum and mutmum nocale diameters range between 1/2

1

and 30 in., essentially independent of the tank dianeter, so that the I

l

;

I

_ _ _ - - _ _ _ _ _ _ - _ _ _ _ _ _ _ - _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __ _ _ - _. . - _ _ - _ . _ - _ _ _ _ - - -
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ratios (d/D), x and (d/D)uin decrease with increasing D/T (Fig. 4). The
range of nozzie 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 d/D, respectively. In both figures, t/T is
somewhat randomly distributed between 0.2 and 1.5, about the saae range
as noted for branch connections in pipe. Figure 7 also shows that most
of the nozzles in the auxiliary tanks are thinner walled than the vessels
(i.e., t/T < l.0), reflecting the need for structural stability in the
tank wall rather than internal pressure resistance as a major design
criterion.

Another dimensional parameter is of primary interest to both branch
connections in piping and nozzles in vessels; that is, the axial distance
along the run or vessel f rom the branch / nozzle to the first major discon-
tinuity. In piping, this distance L/2 might be the distance from the
branch centerline to the nearest support or the next branch connection or
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,

other piping cooponent. In vessels, L/2 might be the axial distance from
the nozzle centerline to the vessel head (s), shell stiffner, or major
discontinuity. This distance is important because the amount of con-
straint provided at the pipe / vessel "ends" will have some influence on
the local flexibility at the branch / nozzle-pipe / vessel intersection. If

L is long enough, it should be possible to separate the local and global
bending effects and, thus, treat the nozzle as "isolated." If L is not
long enough, then some consideration must be given to the pipe / vessel
"end" boundary conditions. For example, Bijlaard's theory (discussed
later) puts a practicable limit on L/R of 4.

For branch connections in pipe, the axial distance to the first I

major discontinuity will of ten be 4R or greater. For nozzles in vessels,
however, L/R > 4 will be the exception rather than the gene ral rule. The
1arger-diameter ,iuxiliary tanks discussed above, f or example, we re gener-

*

ally less than twice as tall as their diameter. In may cases, the ;

nozzles are located very close to either the top or bottom heads. Thus,
,

L/R nuy not be a significant parameter for piping; for vessel nozzles,
however, it probably will be. |

J
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3. METHODS FOR EST1 HATING N0ZZLE FLEX 1BILITY FACTORS
.

Analytical methods for calculating piping design flexibility factors
have been developed in the past from three basic sources: thin shell

*

theory, finite-element analysis, and experimental load-displacement data.
The purpose of this section is to introduce those methods that, in the
authors' opinion, are most useful for design purposes. Later in this
report, we will compare the various wthods with availabic benchmark data
as a basis f or f urther development work. The nethods discussed here are
(1) .ae ASSIE Codo equations,2 (2) Bijlaard's theory,12 and (3) Steeles'
theory.13*l" Two ,tudies on the flexibility of nozzles in spherical
shells are also discuss ed briefly.

3.1 ASFE CouE EQUAr10NS

As noted ea rlier, subsubparagraph NB-366 sf the ASME Code gives
equations for calculating branch connection floxibility factors for in-
plane and out-of plane mment loads. The basis for those equations
(Eqs. (8) and (9) in Sect. 2] was given by Rodabaugh and Itoore l5 in
1979. Briefly, they are "best-fit" equations based on finite-elenent
analyses of 25 nozzle-reinforced models (see Table 12 of Pef. 15). The
types of re i af orc e ae nt considered were those shown earlier in Fig. 3.

The Code equations are limited to isolated radlal nozzles with
0/T C 100 and d/D C 0.5. They were validated by comparison with inde-

,

pendent finite-element analyses of five other mdels and with experimen-
tal data f rom ten test nodels with dimensional ratios D/T < 100 and
d/D 5 0.64 (see Table 16 of Ref. 15). Because the equations were empirl- .

cally developed f rom a limited data hue, extrapolation to nozzles with
d/D > 0.5 or D/T > 100 is pro..lbited by the Code ( N B-3686. 5 ) . [Notet
The pardgraph ref erence given in N3-3686.5 should be NH-3683.8(a) rather

than NB-3338.]

3.2 BlJLAARD'S THEORY

In the mid-19 50s, Prof. Bijlaard of Cornell University published a
series ot' papers na the stresses and dispbacements in a thin-walled
cylindrical shell, simply supported at the ends and loaded with either a
radial point load or a distributed load on a small, rectan>;ular region
centered midway between the ends. The loading on the rectangular region
could be dist ributed in an arbitrary manner, but he discussed in detail
only those three cases that re p re s e nt a thrust load and in plane and out-
of plane monent loadings on t he rectangle (Fig. 8). ills theoretical
solution 12 based on the equations of shallow-shell theory. was given in '

terms of infinite double Fourter series that are conditionally convergent
with the number of terms required for a stable solution dependent minly

on t he le n:I t h-t o- r a d i us ratio a = L/R an<i t ne diamet er-to-thickness ratio
D/T of the cylindrical shell. Bijlaard was aware of the liuttations 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

16-19the discussion in Ref. 12.) In later publications Bijlaard gave -

extensive nanerical results obtained using L/R = 4 and D/T < 100.
Although Bij laard '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 and Atterbury (R6A)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 ASMC Code.
That guidance was extended in 1977 (Ref. 21) and again in 1979 (Ref. 15)
to the present Code equat ions.

In 1965 the Weiding Research Council (WRC) published Bulletin
No. 107 (Ref. 22), which includes a detailed methodology for calculating
stresses caused by out-of-plane moments , in plane mooents, 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 Bij iaard 's theory and WRC-107 are equivalent. It is only

correct to state that Bij la a rd 's theory was used as a guide in developing
the design method. As additional experimental data have become avall- .

!

able, WRC-107 has been revised several times since 1965 with the latest
revision published in 1979. It is still limited, however, to parameter

values of d/D < 0.5 and D/T < 600. .

3. 2.1 Murid and Sun ('i&S) Design Cha rts
1

1

Although BijlaarJ 's theory gives displacements that are readily I

translated into flexibility factors, WRC-107 does not give any flex-
ibility data or flexibility design guidance. In 1984 M&S23 evaluated
Bijlaard's displacement equations to obt. tin design curves for radial
thrust and for in plane and out-of plane manents over the range of
diameter-to-thickness ratios 20 < D/T < 300 and d/D ratios f rom 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 f or
the zero internal pressure case are lacluded here as Figs. 9-11.

The parameters used by M&S in r' ids. 9 and 10 for the moment load-
ings can be converted to flexibility f actors consistent with tha Code ,

definition by the following: !

.

3 Ik = (a /K) nE (d/D)2 (t/T)/(D/T) (11),

.

3 33 3 or a /K = R /K and 8 = d/D.a /K = R /Kwhere gc

-, _ _ _ _ ._. -
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3.2.2 LUGS Computer Program

~

Because Bijlaard's theory does not consider the existence of an

opening in the cylindrical shell, it is core appropriate for the design
of solid attachments than for the design of nozzles. In 1974 Dodge :24,

and Rodabaugh, Dodge, and Moore 25 evaluated Bijlaard's equations, in-
cluding certain codifications suggested by the reviewers of Bijlaard's 1

original paper, and developed guidance for the design of lug attachments i
i

l

I

|
, . - , - . - - . . .- - .. , . - . . - . - , , - , .-- ----,----.:
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to straight pipe. The couputer program LUGS,26 written by Dodge, calcu- j
lates the displacements, as well as the stresses, in the cylindrical

'

-

shell so that flexibility factors, couparable to those obtained f rom
M&S's design charts, can be obtained. The computer program LUCS also
considers the length parameter L/R as an independent variable so that *

Lgs influence on the flexibility can be ..tudied. The flexibility f actor
3= 0/(M/ER ) given in the program output can be converted to the Code0

definition by

k=n 0 (d/D)2 (t/T)/(D/T) (12).

Flexibility f actors based on Bij laard 's theory are conpared in

Table 1 as calculated by each of the three methods - R6A, M6S, and

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

Out-of plane noment In plane moment

D/T d/D k kg g

# b UR6A tthS LUCS R&A M6S LUGS

.

20 0.05 1.1 0.9 1.0 (1.0 0.62 0.67
0.10 3.3 2.6 3.0 2.0 1.9 1.8
0.20 8.5 7.5 8.1 4.0 3.8 3.8 -

0.30 14.0 11.8 13.6 5.0 5.0 5.1
0.50 20.0 17.8 23.4 4.9 5.4 5.7

50 0.05 5.7 4.7 4.9 3.4 2.9 3.2
0.10 16.0 13.0 14.0 8.4 7.0 7.6
0.20 36 33 34 13 12 12.7
0.30 50 45 52 13 13 13.8
0.50 57 57 74 9 10 11.7

100 0.05 20 16 17 11 9.3 10.2
0.10 50 43 45 23 20 20.6
0.23 100 94 99 27 27 27.4
0.30 135 120 137 22 23 25.3
0. 50 130 130 168 15 17.4

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

b From design charts, M6S23 with Eq. (11) of text,
Bijlaard 's parameters 8 = 7/3 d/D, a= L/R = 4. .

#From LUGS computer program,26 with Eq. (12) of text ,
Bij laa rd 's parameter S = 1/8 d/D, a = L/R = 4.
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LUGS - for the parameter ranges 20 < D/T <100 and 0.05 < d/D < 0.5 for
t/T = 1 and L/R = 4. Each of the methods gives essentially the same re--

sults for d/D < 0.3; the differences for d/D = 0.5 are attributed to the
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 given in Table 2. The calculated flexibili-
ties are obviously influenced by L/R, apparently much more for k thang
k and for the larger values of D/T and ( D. This suggests that any de-
skgn method based on Bijlaard's theory should be tempered by comparison
with experimental data over the full range of intended application.

Table 2. Influence of L/R on computed flexibility f actors
based on Bijlaard's theory and LUCS pecgram

__

Out-of plane moment In plane moment
D/T d/D

L/R k L/R k L/R k L/R k
g g g i

20 0.05 4 1.0 7.4 1.1 4 0.67 7.4 0.67
0.10 3.0 3.3 1.78 1.79
0.20 8.1 9.4 3. 8 3.8 ,

~
0.30 13.6 16.6 5.1 5.1
0.50 23.4 31.2 5. 7 5.8

50 0.05 4 4.9 10.4 5.5 4 3.2 10.4 3.2
.

0.10 14.0 16.3 7. 6 7. 6
0.20 34.2 43.3 12.7 12.9
0.30 52 72 13.8 14.0
0.50 74 127 11.7 12.2

100 0.05 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 25.3 25.5
0.50 168 355 17.4 18.6

3.3 STEELES' THEORY

Because of the inherent limitations of Bijlaard's theory and the-

need for core-accurate design tools for cylinder-cylinder intersections,
especially for large-diameter, thia-walled ve ssels , the WRC Pressure

~ Vessel Research Committee (PVRC) has been sponsoring both theoretical
and experimental work on the probleu for a nunber of years. One of
those ef forts resulted in the development by Steele and Steelel 3.1" of i

1
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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 shortcocings of Bijlaard's theory. Whereas Bijlaard's *

theory is for a rectangular surf ace 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 dif ferent and more compact formula-
tion of the thin-shell theory and a better-behaved series representation
for the solution.

3.3.1 FAST 2 Computer Program

Steele and Steele wrote a computer 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 18t! 4381 Model Z computer)
and is well suited f or conducting parameter studies, as well as individ-
ual analyses. The FAST 2 computer program used in this study and owned
by Cdl Na-Con, Inc., is an improved and proprietary version of
Shelltech's program. All of the FAST 2 data given in this report were
obtained by CBl under subcontract to Oak Ridge National Laboratory .

(ORNL).

*

3.3.2 WRC Bulletin No. 297

VRC Bulletin No. 297 (Ref. 27), published in August 1984, is an
extension of WRC-107, developed by the PVRC Subcommittee on Reinf orced
Openings and External Openinge (S/C ROEL) to cover large-diameter thin-
walled vessels, D/T < 2500, as well as the vessels covered in WRC-107,

D/T < 600. This new bulletin (WRC-297) incorporates the design method-
ology of WRC-107 in a more compact format and includes metnods for cal-
culating stresses in the nozzle, as well as la the vessel. The design
stress curves given in WRC-297 are applicable to unif oru 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 numeri"al
values calculated with the FAST computer progran, as well as on a meader
amount of experimental data for large 0/T vessels.

Althoudh the bulk of WRC-297 is concerned with calculating stresses
f or nozzle intersections (55 design charts), a limited amount of flex-

ibility design guidance is given in Fi s. 59 and 60, included here asd
*

Figs. 12 and 13. BOLh figures give stiffness values as a function of
three dimensionless parameters: A = (d /D) /0/T, A = (L/D) /D/T, and

T/t. Tne stiffness parameters given in these figures, "a" for radial
,

312) and [M/(ET 0)] for moment loadings (Fig. 13), canthrust load (Fig.
be converted to ASME Code compatible flexibility factors (as discussed
in Sect. 2.1) in the following manner. For radial load W, we define the

_-
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flexibility factor k byy
.

6 = k (Wd/EA ) (13)
,

w n,

where 6 is the radial shell displacement in the longitudinal plane at the
nozzle intersection and A is the cross-sectional area of the nozzle,
given by A = ndt. Then O for radial loads is d ven byi

n g

kw = (1/a) (n/4.95) (D/T) (t/T) A /2 (14)1
,

where a is obtained f rom Fig. 12. For in plane and out-of plano moment
loadings, the flexibility factors, as defined by Eq. (10) (Sect. 2.2) and

3with Ib = (n/8) D T, are given by

k = (ET 0/tt) (n/8) (D/T)2 (d/D)2 (t/T) (15)3
,

g

3wnere (ET 0/M) is obtained from Fig. 13 for either in-plane mments
M=M or out-of-plane noments M = M 'g C

d )Fi ure 12, for radial thrust loading, gives stif fness values as a
function of the two dimensionlev parameters A and A, said to be valid

' f or "stif f" nozzles with thickness ratios t/T > 1.0. Accordingly, no
,

design guidance is given for nozzles with t/T < 1, which is probably more !
co.amon in design (see Fig. 7). Indeed, Fig. 12 is based on the results I

,

given by Steele for a rigid nozzle (i.e., solid rod) in an early progress ;

report to PVRC S/C ROEL (see Fig. 5 of that report). Unfortunately, !28

WRC-29 7 does not discuss the significance of the parameter T/t on the
radial stiffness. We, therefore, question whether its significance has
been adequately investigated.

Figure 13 gives stif f ness curves f or both it. plane moment (M ) andg i

out-of plane moment (M ) 1 adings. For in plane moment, the guidance is j
C

fairly broad, provided, of course, that the user is satisfied that A > 20 l

is appropriate for his application. The trend of decreasing flexibility |
with increasing branch wall thickness t appears reasonable. There is a l

problen, however, with this figure. Because it gives only two curves,
0.2 and for T/tfor 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- ,

I
ness value obtained f rom the figure probably lies in the range of 2 *
0.5; that, however, is an uncertainty of 50%. In subsequent comparisons
with test data, it will be necessary to interpolate between these lines,
and it shoald be understood that such comparisons involve large uncer-,

tainties in the 'JRC-29 7 da ta.
For out-of plane coments, 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 = l'+ , provided that t > T. For A > 100,
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Fig. 13 indicates that decreasing values of t gives decreasing flex-
ibility for out-of plane moments (M ). This t rend is opposite to that '

c
for in plane moments and intuitively appears questionable.*

There is another problem that is potentially more serious with both .

figures: the number of independent parameters appears to be deficient.
In these figures, the stif f ness values are given as a function of three

independent dimensionless parameters: A = (d,/D) /D/T, A = (L/D) /0/T,
and T/t, involving the five dimensional variables D, T, d, t, and L. An

29 states that the number ofimportant theorem in dimensional analysis
dimensionless parameters in a complete set is equal to the total number I

of variables minus the rank of their dimensional matrix. Because all ,

five variables involve only the dimension of length (mass and time are I

not included), the rank of their dimensional matrix equals one. Hence,
f or every set of vessel end boundary conditions, four independent pa ra me-
ters are needed to compose a complete set. I

l |In their 1983 paper, Steele and Steele " stated that four parameters
are significant: A, T/t, d/t, and A. Only in t he e xt re n3 cases when
T/t >> 1 or T/t << 1 will the specific value of d/t becoue insignificant.
Ilowe ve r , because both Figs. 12 and 13 claim to be valid for T/t = 1, the
curves are not unique for dif f erent values of d/t. Because WRC-297 does
not recognize this problem, it might be unwise to use the stif f ness

for desi n until the question is resolved. )dcurves

|

*See discussion in "SUtifiARY" Sect. 12.1. . |

'
,

.

9
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4. BENCHMARK DATA
.

4.l 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 stiff ness. 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 inf ormation.

Existing experimental data that we consider appropriate for flex-
ibility studies are contained in Refs. 30-47. These 18 reports span the
time f rom 1953 to 1986 and include studies on the behavior of unrein-
forced branch connections, branch connections with various types of re-

P P ng tees and drawn outlets,inforcements, solid attachments, forded ii
and specialty product nozzle or branch connection fittings. The data
that were available bef ore 1978 (Refs. 30-39) were used by Rodabaugh and
Moore 15 in the development of the present (1986) ASME Code flexibility
equations for Class I branch connections.

Most recently, Mof f at and KirKwood47 provided experimental flex-

ibility f actors for each of the three branch moment loadings Mib,tiob'
and M and for each of the three run moment loadings M H and M

tb ir' or, tr
for four unreinforced full outlet models (d/ A = 1.0; t/T = 1.0) with

11.4 < D/T < 41.4.-

Three of the models , reported in Ref s. 41-44, with five dif f erent

nozzles had diameter-to-thickness ratios (D/T) large enough to be classed
as thin-walled tanks. Steele and Steelel4 used data from Ref. 41 in*

their experimental validation of the FAST computer program.
Finite-element displacement data that have been adequately bench-

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

4.2 FLEX 181LITY FACTORS FROM TEST DATA

4.2.1 Tests for Models with D/T < 100

Figure 14 shows a schematic arrandement 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 ~4d.

long. These lengths are intended to be long enough that the influences
of the end restraints on the local deformations at and near the branch
intersection are negligible (i.e., infinite effective length). In some
of the tests on small d/D branch connections, both ends of the run pipe
were re s t ra i ned . 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. 14(a)
is for an in-plane moment; the loading in Fig. 14(b) is for an out-of-'

plane moment test.
If properly determined, 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 displaceaents are isolated from the
displacements of the loading f raue because they are very likely to be of
the same order of magnitude. If the loading frame is significantly uore
rigid than the test assembly, the displacement measuring device [ dial
gage or linear variable dif ferential transformer (LVDT)} can be supported
from the loading frace. For the out-of-plane test illustrated in Fig.
14(b), however, where a vertical post is used to support the loading
device, the loading frame (post) may be nearly as flexible as the test
assembly. In that case, if the dial gage is supported from the loading
frame, it will not be possible to obtain an accurate displacement
measurement for the test assembly.

A suitable alternative is to support the dial gage froo an appro-
priate reference point on the test piece itself, such as point G or G

1 g
in the figure. The reference point should be suf ficiently f ar f rom the
nozzle intersection that the local ef fects have damped out. The dial
gage support frame itself only needs to be suf ficiently rigid to resist
the small forces, on the order of an ounce, needed to actuate the dial
gage.

Having appropriately installed deflection or rotation measuring
devices, the next step is to load the model over a range where the loads
and displaceaents are linearly related. Figure 15 shows the load-di s-*

45 f rom one of the WF1 test nodels. Thoseplacement data obtained by Khan
data may then be used in conjunction with the nominal displacement /

*

rotation calculated f rom the "point spring" strength-of-materials model
to determine a nunerical value for the test specimen flexibility factor.

For the in plane bendind test illustrated in Fig. 14(a), the nominal
deflection of the strength-of-materials model without a point spring is
given by

2 3

6 /F = [t t /(2I ) + A I(3I ) + L t t IIr)/E (16)g 2 b 2 b 3 g 5 ,

n

|
,

where I' I are the mouents of inertia of the branch, and run and i -A
b r g 5

are the dimensions shown in the figure. The difference betseen the mea- ,

sured deflection 6,and the nominsi deflection 6 ' which we will call the )n
excess deflection l

6 lf " (0 - O )/F , (17)
e m n,

is the deflection due to the point spring. The point spring rotation is
,

then l
!

1

I
i

1

_ - _ _ __

'
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0/F = (6 ~ O )/(Ft ) * (IO)
, m n 2

For bending moment evaluation, the rotation with respect to the momento 'acting on the point spring 0/M is needed to be consistent with the ASMEs
Code (see Fig. 2). In this case, M = F1 . Acc rdingly,s 6

8/Ms " (0 - S )/(F1 E ) (19)m n 2 6 *

and M is the value of the branch moment at the outside surf ace of the es
run pipe. The final step in determining the flexibility f actor is to
normalize Eq. (19) with respect to a one-diameter length of branch pipe,
as defined earlier b/ Eq. (10) in Sect. 9. Thus,

k = [(6 - 6 )/(F1 A )]/(d /EI ) (20).g n 2 6 g 3

To go through this process, the test report must either state the
modulus of elasticity of the test specimen material or, generically, the
material so that E can be estimated (e.g. , for carbon steel, E = 3 x 107
psi). In addition, of course, the test data report must describe the
test specimen in sufficient detail so that the lengths 1 -1 can beg 6
d e t e rrai ned .,

If k is a large value , the measured displacement 6, will be signifi-
cantly larger than 6 , and ccurate test values of K can be established.n
Conversely, of course, for small k extremely accurate eeperimental tech-.

niques must be used to establish even an approximate value of k. Roughly, !

at be s t , experimental k'n should be considered as k i 1. For example, an
experimentally determine' k of 1 might lie between 2 and 0, but a care-
f ully deteruined k of 40 should lie between 41 and 39. For larger k's,

perhaps a core realistic estimate of the accuracy woald be *10% (e.g. ,
40 * 4). '

4.2.2 Tests for Models with U/T > 900 I

To our knowledge there have only been five nozzle flexibility tests
in very large D/T thin-walled cylindrical vessels. Four of these, iden-
tified as CBI-1, -2, -3, and -4, were tested by Chicago Bridge and Iron
Co.41-43 The fifth model, identified as LPV2, was tested at the Uni-
versity of Waterloo by Schroeder.44 The nominal dimensions and dimen-
stonless 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
CBI-4 used the same curved panel but with a larger nozele. The panel for

,
models CBI-l and -2 was 134 by 134 in. The LPV2 test rx> del also used a
curved panel, 80 in. In the longitudinal direction and semicircular

(120n = 377 in.) in the circumferential direction.



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

" " " * '

(1 .) (i .) { n.) (in.) (i .)

CBI-1 41 310.5 0.296 3. 5 0.187 134 0.346 13.99 1.583 17.72

C31-2 41 310.5 0.296 8.63 0.322 134 0.867 13.99 0.919 25.80

CBI-3 42 251 0.0993 2.51 0.0523 60 0.492 12.02 1.899 46.99

C31-4 43 251 0.0993 12.55 0.0523 60 2.503 12.02 1.899 238.96

LPV2 44 240 0.25 1.00 0.25 80 0.097 10.33 1.000 3.00

# A = d / D/DTT, A - L/D/0/T.
o

. . . .. .

_
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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 f rame, .

roughly 89 in. high by 85 in. wide and 68 in. deep . Strain gages. .

and deflection sensors were then placed on the shell." The deflection
monitors, as judged by Fig. 9 of Re f . 42, appear to be placed on the - t

inside of the shell, adjacent to the inwardly protruding nozzle. The
point of support of the deflection monitors (transducers) is not appar-
ent, but considering the seeming rigidity of the frame relative to the
center of the panel, deflections of the support points for the deflectior.
transducers are probably not significant. Presumably, similar test appa-
ratus was used for CBI-l and -2. <

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

Figure 19 shows measured deflections and rotations for CB1-3 from
Ref. 42. The displacement / load relationships are reasonably linear for
M and M but not for radial load. Results for CB1-4 from Ref. 43 arey
similar. Figure 20 shows the radial load plot. Steelel3 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 nonent parameters. We will discuss the nonlinear aspect of
radial loading later in this report.

Figure 21 is representative of the displacement load data provided
44 for LPV2. The data are summarized in Table 4. No mentionby Schroeder

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 displacements were
measured at the end of an ll.5-in. length of nozzle, the nominal dis- .

,

placements must be subtracted from the naasured displaceuents to obtain
the ef f ect of local displacements; this, along with a reduction to
Steeles' stiftness parameters and to k-factors, has beca done in Table 4. *

For radial loads, Schroeder's load-displacement curves for outward
loading and inward ioading, res pec t ive ly , both give a displacement of
6 - 0.106 in. for a f orce of 1330 lb. Steeles' parameters are then

!

(W/6) (4.95 ET )/DA 5) = 1.U43 . (21)2 0

Figure 22 shows data for a torsional moment 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 f rom the ves- I

sel. Thus, the rotation given in [ Fig. 22 herein] has sig- j
nificance only for the rotation of the twisting couple, and i

is not directly related to the angle of twist at t he e nd of *

the nozzle, which is onif 11.5 inches long. 1

.

!

l

|

l

i
1
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Table 4. Test data summary for nozzle moment
loads on Schroeder's model LPV2

G b c
0 0 e

Fig. No.44 Load
(in.-lb) (r d.) (rad.) (r d.)

24 +M 1880 0.0395 0.0157 0.0238 0.169 17.5g

25 -M 1850 0.0409 0.0154 0.0255 0.157 19.0g

32 +11 2100 0.0359 0.0175 0.0184 0.243 12.1
1

33 -+1 2060 0.0360 0.0172 0.0188 0.234 12.6
1

a
s measured rotation.

b , == n minal rotation !!L/Ele with L = 11.5 in.,
n n

7 44 - 0.5 ) = 0.04602 in.E=3x 10 psi, I = (w/64)(1.0*

n
#

0 =O -O*e m n
d 3steeles' stif f ness parameter, M/(ET 0,), with T = 0.25 in.

.

#
k = B /(Md /EIn)*e g

.

G
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5. BRANCH MOMENT FLEXIBILITY FACTORS COMPARED WITH TEST DATA
.

The various methods discussed earlier in Sect. 3 for calculating
piping design flexibility factors are compared with the available data-

base in this section and in the following four sections. The comparisons
discussed in this section are for both in-plane and out-of plane 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 reinf orcements. This breakdown of branch con-
nection types corresponds roughly with the design practice discussed in
Sect. 2.3, as well as with the available test data.

5.1 UNREINFORCED BRANCH CONNECTIONS WITH d/D < 0.5

The available test data, along with dimensional parameters and flex-
ibility f actors calculated by the various methods, are summarized in
Tables 5-7. We have also included data f rom three drawn outlet models
because the nozzles are essentially unreinforced {see Fig. 23(a)].

1 or 2 on the values d ven for L/D indicate whether one orSuperscripts i

bcth ends of the run were restrained (fixed) during the test. If both
ends were restrained, as indicated by a superscript 2, the FAST 2 analysis
used L/D as given. If, however, only one end was restrained during the

,
test, L/D for the FAST 2 analysis was based on assuming that the distance
from the nozzle to the f ree 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 f rom 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 mode l s . The design methods based on these theories (M&S and
LUGS) and (WRC-297 and FAST 2), however, have certain limitations, as dis-
cussed earlier. This fact is reflected by the absence of an entry in the
tables; there are no entries f or M&S in Table 7 because the design charts
are limited to branch connections with D/T < 300.

At first glance it is apparent that all five design methods give
flexibility factors that differ from the test data by various and seem-
ingly random amounts. Because the amount of data is clearly insuf ficient
to do a meaningful statistical analysis, we have used , "ratio-of-sums"
method to calculate a goodness-of-fit value for comparison. The calcu-
lated-to-test ratios (CTRs) of the sums are deemed to be more informative
than the individual ratios because they weight the measure in proportion
to the magnitude of the k f actors. We consider CTR values between 0.5

. and 2.0 as indicatind 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 (k , Table 5) and in-plane monentg
(k , Table 6); CTR = 1.04 and 0.71, respectively. In fact, all five

t



Table 5. Out-of plane mome nt flexibility factors for unreinforced
branch connections (d/D < 0.5, D/T < 100) -- cooparisons

with test data

" " E# ** "' oRef.
b c #

9/T d/D t/T L/ D" Test Code g33 LUGS WRC-297 FAST 2'

30 76 0.13 0.76 9.12 31 25.0 34 59.0 57 37.6
34 78 0.13 0.45 2.12 11 17.9 15 18.9 24 14.6
33 93 J.12 0.42 1.42 10 20.5 15 19.6 26 19.6
33 93 0.18 0.75 1.42 27 33.5 41 54.2 79 38.1
15 99 U.50 0.50 3.91 60 50.0 52 83.0 160 74.4

15 49 0.13 0.32 3.91 6.4 7.2 5.4 6.2 7.6 7.0

36I 19 0.33 0.43 7.02 2.3 3.4 4.S 6.2 7.4 5.1
I 31 0.41 9.56 5.32 11.8 d.7 14.0 15.8 27.0 13.1 g35
I 15 0.42 0.23 5.32 1.7 2.2 3.0 4.4 3.439

Suns 161.2 167.5 181.0 265.9 392.4 212.9
CTRE 1.04 1.13 1.64 2.43 1.32

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

bEquation (8) of text.

Equation (11) of text and M&S charts;23 see Fig. 9.U

dsee sect. 3. 2.2 and Eq. (12).
eEquation (15) and Fig. 13 of text.
r
- These models were draen outlets; see Fig. 23.

7CTR is the rat to of the sun of the calculated values to the sum of the test
values.

* * * .*

- - - _ _ _ _ _ _ _ _ _
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Table 6. In plane 2)oe n t flexibility factors for unreinforced
branch connectLons (4 / D < 0. 5 , D/ T < 100) -- comparisons

with test data

kModel parameters y. g_

b c d #
O/T d/D t/T L/D" Test Code ;g33 gggg WRC-297 FAST 2*

30 7S 0.18 0.76 9.12 17.0 5.7 12.0 15.4 16.0 10.6

34 78 0.13 0.45 2.12 5.6 3.8 7.1 8.0 8.1 6.6

33 93 0.12 0.42 1.42 4.0 4.2 6.8 8.9 9.1 8.8

33 93 0.18 0.75 1.42 8.0 6.9 12.0 18.7 17.0 13.0
15 99 0.50 0.50 3.91 11.2 10.0 4.4 8.8 10.7 9.6

15 49 0.13 0.32 3.91 3.1 2.0 2.6 3.0 3.3 3.4

I 19 0.33 0.43 7.02 i,t g,5 1.5 2.2 2.2 1.936
I 31 0.41 0.56 5.32 2.7 3.1 3.4 4.7 3.5 e

35
35 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
C'?" 0.71 0.94 1.32 1.32 1.09

"Superscripts I or 2 indicate whether one or both ends of the run were restrained
(fixed) during the test. See text f or use of L/D in the analyses.

hEquation (9) of text.

# quatsan (11) of text and M&S charts;23E see Fig. 10.

dsee sect. 3.2.2 and Eq. (12).
# Equation (15) and Fig. 13 of text.

[These models were drawn outlets; see Fig. 23,

ECTK is the ratio of the sun of the calculated values to the sum of the
test values.
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Table 7. Fleal btlity f actors for unreinforced branch connections
(d/D < 0.5. D/T > 900)

k f er in plane wment:1odel parameters k ,for out-of plane m> ment g
d

b b
D/T d/D t/T L/ D" Test Code WRC-297 FAST 2 Steele Test Code WRC-297 FAST 2 Steele* *

LPV2 960 0.0042 1.00 0.332 18 193 20 15.1 12 12.5 14 12.4

(44)

CB1-1 1050 0.0!! 0.63 0.432 52 284 75 56.7 55.4 32 17.5 44 39.9 38

(41)

C51-2 1050 0.028 1.09 0.437 310 595 580 278.3 296 140 36.7 200 142.8 150 e
#

(41)

CBI-3 2530 0.010 0.52 0.242 130 927 250 176.2 16. 57 36.8 150 121.9 120

(42)

CBI-4 2530 0.050 0.53 0.242 810 2070 2200 712.1 740 240 32.4 330 269.8 280

(43)

Sums 1320 4069 3125 1233.6 1275.4 481 185.9 738 586.8 588

CTR 3.03 2.37 0.94 0.98 0.39 1.53 1.22 1.25

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

DCalculated from stiffness factors given in Steele and Steele.I3

* . ,* * ,

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ .__ _ ._ _ _ _ _ .-- ~ ___ _ __ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ . _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ . _ _ _ _ _ _ . _ _ _ . _ _ _ . _ _ _ _ .
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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 ka,ta for out-of plane momec k . The LUGS program consis-g
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 a 4, whereas the LUCS e

re alts were calculated using L/R f rom 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 =
j 3.08 for k and 0.39 f or k ). This is not surprising, however, because |

g g
' the Code equations were developed empirically f rom D/T < 100 data; the |

D/T > 900 data did not exist at that time. B ij laa rd 's theory (LUCS pro-
gram) also does a noor job because of convergence problems f or large D/T ,

models and because the M&S charts are limited to D/T < 300. Table 7 does
not include results from Bijlaard's theory. The WRC-297 method fails to

'
correlate with the test data for k (CTR = 2.37) although the values
calculated directly from Steeles' Sheory (FAST 2) appear to give excellenta

i

results (CTR = 0.94).

.

5.2 N0ZZLE-RELNFORCEO 6 RANCH CONNECTLONS Vlfil d/D < 0.52'

iThe available test data, 31ong with flexibility factors calculated

by the various design me thods , are sunnarized in Table 8. The rudel ,

;

parameters are summartzed in Table 9. Note that all of the branch con-
nections for which we have data are spectalty product items sold commer-

*

cially by either Bonney Forge or WFL International. The WFI data only
became available recently. All of the models were fully reinforced by ,

,
increased nozzle wall thickness to meet the ASME Code requirements |4

*

(NB-3643), except for the three items 45-15, -23, and -24, which were
j experimental models with only 50% reinf orcement. Table 8 includes three ,

i pairs of nominally identical *.est models: 45-5 and -b, 45-7 and -3, and

45-17 and -18. For each pair, the k values are reasonably close, in-
j g
~ dicattag the reproducibility of the test results.

Because of the nozzle wall reinf orcement, many of the test nodels
.

had mean diameter ratios d/D and oatside nozzle diameter ratios d /D that i

are greater than the stated applicability of the Code equations [kqs. (8) I

and (9)}. Nevertheless, the Code equations gave reasonably good agree-
ment with the test data (i.e., CTR = 0.94 for k and 1.07 for k ).g

|
g

The values of k and k given in Table 8 for Bijlaard's theory (M&S;
g g

>

] LUGS) are based o using d /D rather than d /D to calculate the parameter
n g

j 8, although ext rapolation of the M&S design curves was necessary for some
1

of the models; M&S curves extead to 8 = 0.55. Using d /D reduced the
! calculated v.ilues for k significantly and brings then Snto better agree- f
i ment with the test data, although for this limited set of data, the Code ;

equations still seem to correlate somewhat better. |,

The values of k given in Table 8 under WRC-297 obviousl/ do not'
g

correlate well with the test dsta (CTR = 5.58). This ray be becau se the
' curves in the bulletin were not intended to apply to nozzle-wall-rein- .

'

forced branch connections. The balletin curves are based on unif ora wall
thickness branch connections that are effectively infinite in '.ength.

|
I

A

!

I I

- - , - . . . .
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Table 6. Flexibility factors for nozzle-reinforced branch connections
(d/D < 0.52, D/T < 100)

k for out-of plane moment k for in plane momentgRef. Branch g

No. LyPe
Test Code M&S LUGS WRC-297 FAST 2 Test Code M6S LUGS FAST 2

#39 12X6W 7.9 5.9 11 17.6 42 9.6 1.2 2.0 1.6 5.2 2.2
b40 14X67W 10.2 8.1 15 12.2 44 14.4 2.5 2.6 2.8 3.9 3.0

,

i
#45-5 8X3P 5.6 4.3 13 4.2 21 7.5

45-6 8X3P 4.3 4.3 13 7.5 21 7.5 7

45-7 8X4P 5.9 5. 3 10 4.2 32 8.2

45-8 8 X '4 P 6.5 5.3 10 8.8 32 8.2

45-15 8X4P -- 507. 6.1 6.0 11 4.4 34 8.9
s.
Nd 5.5 7.2 14 2.1 47 7.845-17 12X6%

45-13 12X6V 4.9 7.2 14 6.9 47 7.8
45-23 12X6V -- 50; 2.6 2. 8 2.7 2.1 2.4
45-24 12X6V -- 507 6.2 8.1 16 8.1 50 9.2

J7 12X4W 5.6 3.5 6.2 12.1 16 8.3 2.4 1.3 1.3 2.1 2.0

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

CTR 0.94 1.92 1.27 5.58 1.41 1.07 1.04 1.64 1.19

"W Indicates Bonney Forge Weldolet; see Fig. 3(c) for generic shape.

h 1W indicates Bonney Forge welded insert; see Fig. 3(a) for generic shape.'

#P indicates WF> Pipette, fillet welded in place; see Fig. 3(a) for generic shape.

V indicates WF1 Vesselot, insert welded in place; see Fig. 3(a) for generic shape.

I
,

j

i
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Table 9 Dimensional parameters f or nozzle-reinf orced branch connections
(d/D < 0.52. D/T < 100)

b b
Ref. 3rangh D, d T t t, t, Lg D/T 4/D t/T tn/T d /G#
No. type (in.) (1 .) (in.) (in.) (in.) (in.) (in.) (In.) n

,

39 12X6W 12.75 6.625 0.375 0.250 1.19 2.375 48 96 33.0 0.513 0.747 3.173 0.633

40 14X6fW 14.00 7.625 0.375 0.230 0.78 1.73 44.5 48 36.3 0.466 0.747 2.080 0.560

45-5 813P 8.625 4.250 0.322 0.216 0.591 t.75 18.75 31.25 25.8 0.396 0.671 1.835 0.513'

45-6 8x3P 8.625 4.250 0.322 0.216 0.591 1.75 18.75 31.25 25.8 0.39$ 0.671 1.835 0.513

| 45-7 8I4P 8.625 5.250 0.322 0.237 0.612 2.00 18.75 31.25 25.8 0.513 0.736 1.901 0.632
1 45-3 SX4P 8.625 5.250 0.322 0.237 0.612 2.00 18.75 31.25 25.8 0.513 0.736 1.901 0.632 c-

"
45-15 8X5P - 50% 8.625 5.000 0.322 0.237 0.487 2.00 18.75 31.25 25.8 0.513 0.736 1.512 0.602

45-17 12X6V 12.75 7.750 0.375 0.280 0.825 2.69 18.75 32.1 33.0 0.513 0.747 2.200 0.624 r

45-38 12x6V 12.75 7.750 0.375 0.280 0.825 2.69 18.75 32.1 33.0 0.513 0.747 2.200 0.624

45-23 12X6V - 50! 12.75 7.375 0.375 0.280 0.638 2.69 18.75 32.1 33.0 0.513 0.747 1.701 0.593

45-24 12X6V - 50! 12.75 7.375 0.375 0.280 0.638 2.69 18.75 32.1 33.0 0.513 0.747 1.701 0.593

37 12X44 12.75 6.514 0.375 0.207 0.862 2.125 58 58 28.7 0.346 0.552 2.301 0.487

#5ee Table 8 f or nomenclature. ,

h
| "I,j and I,y are the distances f rom the branch connection centerline to the ends of the run during the test. All

these tests were condacted with end I restrained and end 2 onrestrained.

; o /D - d/3 + (2t,4 - t/T)/(D/T).n

i
:
I

l

. . . ,* -
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The values given in the table are based on using d /D rather than d /D ton o
calculate the parameter A; that is, A = (d /D) (D/T, and T/t rather*

than T/t to interpolate between the Bulletin curves (see Fig.n13). Uring
n

/D rather than d /D reduces the calculated ko's significantly and
d"ings them into b0tter agreement with the test data, but using an in-"

b
3creased nozzle wall thickness t decreases the stif fness parameter M/ET 0

and, thus, increases k . This Ss opposite to what one would expect.*
oOn the other hand, the flexibility factors k and k obtainedo g

directly from Steeles' theory (FAST 2) agree remarkably well with the test
data (CTR = 1.41 for k and 1.19 f or k ). These results were obtained by

o g

including the length of the nozzle wall reinforcement L , as well as then
other model dimensions in the analyses. From this, we conclude that Ln

| may also be an important model parameter, and its influence should be
studied further,

5.3 UNKEINFORCED BRANCd CONNECTIONS WITH d/D > 0.5

Table 10 summarizes the available test data f or unreinforced branch
connections with large-diameter branches (d/D > 0.5). None of the ana-

lytical design methods for calculating flexibility factors is applicable
f or these models , including the Code equations. Nevertheless, ec have

used the Code equations and somewhat surprisingly found reasonably good
i 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 dat t gave a
significantly smaller out-of-plane flexibility f actor than the Code*

1 equations. If this one data point is neglected, CTR = 1.08 for k . o
1 The experimental out-of-plane flexibility factor k for the twoo
j other full outlet models, 47-1 and 47-2, agreed very well with the Code*

e

equation. For in-plane bending, the Code equation agreed reasonably well'

with the experimental data over the full range of d/D; CRT = 1.00 for k .g

Although there are only ten data po i nt s , the general trend is for k ;o
to increase with increasing d/D and then to decrease at or ne a r d/ D = 1. 0. ;

,

Although this may reflect a testing or test evaluation error, we think it ;

may be a real phenomenon. If one considers a transverse section of a
,

i

'
branch connection with d/D = 1.0, t he branch pipe is tangent to the run;

' pipe, giving a nambrane-like transf er of branch load to the run pipe in j

the transverse plane. When d/D is <l.0, however, the branch is not tan- :
,

dent to the run pipe , and more shell bending is involved. It is possible i

that k increases up to some value of d/D around 0.8 and then decreases ,

significantly betseen d/D = 0.8 and d/D = 1.0. An analogous phenomenon !

| appears to e<lst for stresses caused by out-of plane moments. !

!1

l !

*See discussion in "Sunmary," Sect. 12.1.' ,

1

I.

<

r

, ,
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Table 10. Flexibility factors for unreinforced branch connections
,

(d/D > 0.5, D/T < 100)

.

M del parameters k kRef. Nominal g g

"* * *"
D/T d/D t/T Test Code Test Code

30-1 24 x 12 76 0.53 0.80 44 44.0 8.4 10.0
30-2 24 x 24 76 1.00 1.00 16 67.6 17 15.4

45-1 8x 6 26 0.76 0.87 3.5 4.4
45-2 6=6 26 0.76 0.87 11.2 11.4
45-3 12 x to 33 0.84 0.97 13.1 17.9
45-4 12 x 10 33 0.84 0.97 12.8 17.9

36-1 20 x 12 19 0.64 0.69 1.2 2.5
36-2 20 x 12 19 0.64 0.69 3.5 5.9 1.8 2.5

47-1 10 x 10 41.4 1.00 1.00 28.0 26.6 8.25 8.28
47-2 10 = 10 24.7 1.00 1.00 13.1 12.3 7.67 4.94

Suns 141.7 203.6 47.8 48.0
CTR 1.44 1.00

(1.08)b
'

"Model 36-2 was a drawn outlet; see Fig. 23.
h
CTR if model 30-2 is neglected.

.

5.4 N04Zil-REINf0KCLD BRANCil CONNECTIONS WITil d/D > 0. 5

Table 11 summarizes the available test dsta for nozzle-reinforced
branen connections sith large-diameter branches (d/D > 0.5). All of
these data are far specialty product items sold by WF1,45 Pipettes indi-
cated by a "P" in the second column and Vesselets indicated by a "V."
Four of the items, 45-16, -22, -25, and -26, were experimental models
intended tn test the influence of nazale wall relaforceoent; 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 only two data points for in plane moments.

INone of the analytical design nothods are applicable for these |

models, including the Code equations, because of the large d/D ratios.
Nevertheless, the comparisons shown in Table 11 suggest that the Code -

'

equations give reasonably good design gaidance f or d/D ratios up to about
]0.75. The tso dat a point s , 45-13 and -14, for 4/D = 1.00 from two nomi-
]nally identical test models are so different that conclusions are not -

possible for d/D > 0.75. The other three pairs of nominally identical
models (45-9, -10); (45-11. -12); and (45-20 -21) gave test results that
are in reasonably good agreement.
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Table 11. Flexibility f actors f or nozzle-reinf orced branch connections
* (d/D > 0.5, D/T < 100)

i

* M del parameters k ko gRef. Branch
bYE'

n/T Test Code Test Code #
*

D/T d/D t/T t
'

; _

I 45-9 8X5P 26 0.64 0.80 2.45 7. 2 5.1
7

45-10 8X5P 26 0.64 0.80 2.45 6.3 5.1
45-11 8X6P 26 0.76 0.87 2.42 8.2 6.8
45-12 8X6P 26 0.76 0.87 2.42 7.4 6.8
45-13 8X8P 26 1.00 1.00 2.75 14.3 8.5
45-14 8X8P 26 1.00 1.00 2.75 5.3 8.5
45-16 8X6P - 50% 26 0.76 0.87 1.94 6.1 7.6

45-19 12X8V 33 0.67 0.86 2.86 2.2 2.8
"

a5-20 12X9V 33 0.67 0.86 2.86 5.3 8.3
45-21 12X8V 33 0.67 0.86 2.86 6.0 8.3
45-22 12X8V - 100% 33 0.67 0.86 3.19 4.3 7.8
45-15 12X8V -- 50% 33 0.67 0.86 2.03 2. 6 3.4
45-26 12X8V - 50% 33 0.67 0.86 2.03 6.0 9.8

Suns 76.9 82.6 4.8 6.2
CfR 1.07 1.29

aP stands f or KF1 Pipette, V stands f or RFI Vessolet, and percentage
values refer to Code-required reinforcement.-

b
1 Equation (8) of text. !

UEquation (9) of text.1 .

i

)
i

')

5.5 SADDLE , PAD , AND SLEEVE-REINFORCED BRANCH CONNECTIONS

The available experimentcil data for saddle , pad , and sleeve-rein-
f orced branch connections are sunmarized in Table 12; the dimensional
parameters are given in Table 13. Figure 23 shows the major design fea-4

tures. Note that all the data are f or branch connections with d/D < 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 reinf orced branch connections were pref erred. However, the
! potential exists for using pad-reiaforced vessel nozzles at the vessel-
' *

pipe interface for the design of core-flexible nuclear piping.46
None of the analytical design methods considered in this report are

applicable to nonintegral reinforced branch connections. The two that: ,

j gave the best correlations are shown la Table 12. The FAST 2 analysss
were made on f46dgral reinforced models as shown in Fig. 24. The re-;

sults, shown la Table 12, tend to agree quite well with the test data.
3

a

4

J
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Table 12. Flexibility factors for saddle , pad , and nieeve-
reinforced branch connections" (d/0 < 0.52, D/T < 100) ',

,

"P ane k for in planeff Out" l
*

gRef. Nominal o

"* * *" Test Code FAST 2 Test Codo FAST 2
,

__-

Saddlau

31 12 x 4 18 31.8 6.0 4. 5 7.66 2.13
32 24 x 4 15 25.0 12.5 1. 5 5.70 2.68
32 24 x 8 22 35.8 11.5 2.1 8.15 3.29
32 24 x 12 12 44.0 16.5 2.8 10.00 3.50
35 16 x 6 3 8. 7 2.4 1. 3 ' 3.07 0.99

Suns 70 145.3 48.9 12.2 34.58 12.59
CTR 2.08 0.70 2.83 1.03

Pada \

32 24 x 4 20 25.0 14.9 4.7 5.70 4.23
32 24 x 8 28 35.8 22.8 3.6 8.15 5.00
32 24 x 12 18 44.0 18.1 5.6 10.00 5.12
35 15 x 6 8.4 8.7 3.7 1. 5 3.07 1,66 i

34 48 x 6 10 17.0 8.0 1.6 3.82 3.11

Suns 84.4 130.5 67.5 17.0 30.74 19.12 - ,

CTR 1.55 0.80 1.81 1.12

]Slec00 .

32 24 x 12 22 44 5.6 10.00

Overall sums 176.4 319.8 116.4 34.8 75.32 31.71
Overall CTR 1.31 0.75 2.16 1.09

OSee Fig. 23 and Table 13 for dimensional parameters.

The Code equations tended to overestimate the flexibility by about a
factor of 2.

A f requent concern is how to adjust design guidance for integral |
reir. forced branch connections to app 2y to nonintegral reinforcements.

.

ISome speculation is therefore appropriate. We might, for example ,
attempt to find an equivalent pipe wall thickness T , that could be used

e ,

in the Code equations t) give a better estinate of tne flexibility
factors.

First, note f rom Table 12 that the overall CTKs give the ra t ios
.

wSe/k
1.31 and kge/kgg 2.16 f or out-of plane and in plane coments,k = =

c og
re the added subscripts indicate "Code" and "experiaent " respec-

tively. Then note that the Code equations (herein, Eqs. (8) and (9)).

-_ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ - - _ _ _ _ _ _ _ _ _ _ _ - _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ - -



_ . . . _ . _ _ _ _ _ . . _ _ _ . ._ _ _ . _ _ _ _ _ _ - . . . _ _ . . _ .___.__m._._ _ ._ _ __ _ __-. _ __ _

,

, . . . .*
W

b

4

1

4

Tabic 13. Dimensional parameters f or saddle . pad . and sleeve-reinf orced branch connections"
(d/D < 0.52, D/T < 100)

b h D tRef. Naninal D, T d t Lg L2o D/T d/D t/T D /d t /T
No. size (in.) (in.) (in.) (in.) (in.) (in.) (ib.) (1 .) P O P

Sadiles

31 12 = 4 12.75 0.1875 4.500 0.165 24 24 7.313 0.368 67.0 0.345 0.88 1.625 1.96
32 24 = 4 24.00 0.312 4.500 0.237 75 150 9.625 0.344 75.9 0.180 0.76 2.139 1.10
32 24 = 8 24.00 0.312 8.625 0.250 180 48 17.250 0.438 75.9 0.354 0.80 2.000 1.40

j 32 24 = 12 24.00 0.312 12.750 0.250 109.5 109.5 23.750 0.438 75.9 0.526 0.80 1.863 1.40
35 16 = 6 16.00 0.500 6.625 0.280 21 21 11.625 0.500 31.0 0.409 0.56 1.755 1.00

Pais y
32 24 =4 24.00 0.312 4.500 0.237 36 192 7.750 0.375 75.9 0.180 0.76 1.722 1.20
32 24 = $ 24.00 0.312 8.625 0.250 78 150 15.750 0.375 75.9 0.354 0.80 1.826 1.20

12 24.00 0.312 12.750 0.250 109.5 109.5 25.000 0.375 75.9 0.528 0.80 1.960 1.2032 24 =

35 16 = 6 16.00 0.500 6.625 0.280 21 21 12.125 0.500 31.0 0.409 0.56 1.830 1.00
34 48 = 6 49.25 0.625 6.625 0.280 41 73 10.500 0.625 77.8 0.130 0.45 1.585 1.00

SZeece

32 24 = 12 24.00 0.312 12.750 0.250 109.5 109.5 e 0.375 75.9 0.528 0.80 e 1.20

# See Fig. 23 for identification of dimensions.

bAll of these tests were for nozzles in headers with both ends more or less restraired. Lg and L2 are the dis-
tances f rors the nozzle centerline to the ends of the header.

#The aulal length of reinforcement f or t h i s mode l , L, = 2 5.0 i n.1 L,4, - 1. 9 6.

a

;
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Fig. 24. Saddle- and pad-reinf ore'd models used f or FAST 2 analysis.
,

.

can be written as

!;gg =dG ; kg ic " C (22)t'

where G and Gg contain all the t e ria s except T. Similar expressions cang
be written for k and k in ter.as of the equivalent pipe wall Toe ig g

T -2 G ;kle " I' !k d (23)a
i'oe g o

so that the CTR ratios give

(koc/kog) = (T /T)2 g,gg
-

,g
1

l
and (24) -

(kic/kte) = (T /T)3/2 = 2.16 .g
;

|

|

I
I

|

)
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The equivalent wall thicknesses are then

.

T, = (1.81)1/2 T = 1.35 T for k, ,
.

and (25) i

T, = (2.16)2/ 3 T = 1.67 T for kg.

Note that T is considerably less than (t + T), which ranges f rom 2T to
2.96T for t$e models in Table 13. p

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

Type For k For kg g
of

reinforcing CTR T,/T CIR T,/T

Saddles 2.08 1.44 2.83 2.00

Pads 1.55 1.24 1.81 1.49

*

As might be expected, these data indicate that saddles are more ef f ective
than pads in reducing flexibility. Conversely, if one were interested in
retaining flexibility while increasing the bending strength of the branch

*

connection, then pads would be more ef fective than saddles. The relative
values of the parameters t /T and D shown in Table 13 prubably both
influence this saddle-vs-pSd relatiSn/dsSipaswell.

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 2 computer program appears to fit j

the existing data, an exploratory parameter study should be done to pro- '

vide the needed additional data.

5.6 ANSI B16.9 TEES AND SWEEP 0LETS

ANSI B16.9 tees are a class of commercially available, butt-welding
tees f abricated in accordance with either the ANSI B16.9 or MSS-SP48
manuf acturing standard.49,50 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-

B16.9 tees are recognized as a class of piping products distinct from
other types of branch connections. By common usage, the term includes
only those tees that are characterized by a smooth transition region I

-

!between the branch and run outlets and are f orged f rom a segment of
straight pipe using an external-surf ace die and some means for extruding

i
<

|
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the branch outlet. Machined tees and welded tee joints, as well as
specialty products that are welded to the run pipe, are not included. .

The manuf acturing standards include dimensional controls for tees with
d/D ratios between about 1/3 and 1.0.

Figures 25 and 26 are photographs of two of the tees that were .

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

; at the side that is characteristic of full outlet tees.
Sweepolets are forged, smooth transition, specialty product items,

trademarked and sold by the Pressure Fittings Division of Gulf and

Western Manuf acturing Company, that are insert-welded to straight pipe to
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; Fig. 25. Epoxy model of a 12- by 6-sched. 40 ANSI B16.9 tee,
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Fig. 26. A 24- by 24-sched. 40 ANSI B16.9 tee, ORNL T-10, following,

| the f atigue-to-f ailure test.

,

form a branch connection., The contour geometry is similar to that of
i ANSI B16.9 taes as shown in Fig. 27.

The available flexibility data are summarized in Table 14 All the.

tests were conducted with one end of the run pipe fixed; the flexibility
factors discussed here were determined from the displacement data using
the "point spring" branch connection model discussed in Sect. 4.1. These
"k"s are different from the flexibility f actors given in Ref. 46 because
of the dif f erent strength-of-materials models used in analyzing the data.

,

' The negative test value for the sched. 160 tee Til simply reflects the

: fact that the tee was heavier and consequently stif fer than the "point
spring" codel used in analyzing the data.'

I Table 14 contains two evaluations f or ORNL T-16" that was ordered
| . as sched. 10 with a nominal wall thickness of 0.250 in. Because of ma n u- 4

facturing practices (materials availability, scheduling, etc. ), however, |
the tee was actually formed as sched. 20, with a nocinal wall thickness j;

|

| ;

1

1

1
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Fig. 27. Specialty product branch connection insert Sweepolet, mde
by the Pressure Fittings Div., Culf and Western Manuf acturing Co.
(f ormerly Bonney Forge , Inc.).

.

of 0.375 in. This procedure is permitted under the ANS1 B16.9 Standard,

as long as the welding ends are machined to match the smaller schedule
pipe that will be welded to the tee. This was done for ORSL T-16, but in
addition the wall thickness of the body of the tee was also reduced by
through-boring the run to match the nominal inside diameter of sched. 10
pipe. This produced a variable wall thickness tee that is not typical of
either sched. 10 or sched. 20 ANS1 B16.9 tees. The test mode l wa s fabri-
cated using sched. 10 pipe welded to the tee.

Comparisons of the experimental flexibility f actors with the Code
] branch connection formulas given in Table 14 show that those formulas
'

overpredict the flexibilities by wide mrgins (CTR = 6.94 for k and 2.14
g

|
for k ). The test values are relatively low, however, and the min mes-g

sage la that the flexibility of B16.9 tees is not itkely to be signift-
cant in the design of typical piping systems.

4

1
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6. BRANCH MOMENT FLEX 1BILITY FACTORS COMPARED [
WITH ANALYTICAL DATA .

6.1 FINITE-ELEMENT DATA *

The available benchmark finite-element data and corresponding flex- t
'

ibility f actors are summarized in Tables .15-19. The finite-element
analysis (FEA) data listed in Tables 15-18 for nozzles with D/T < 100 and
d/D < 0.5 were used earlier as the essential data base for the present
ASKE Coda flexibility f actors. As one might expect, the compa risons are
very good between the Code equations and the FEA data shown in Taoles 15

.3

and 16 for the unreinf orced branch connections and in Table 17 for the ''

nozzle-reinforced branch connections. Table 18 gives the dimensional
,

parameters for the uodels listed in Table 17. The overall CFR values for
the out-of -plane flexibility factor k from Tables 15 and 17 are showng
below.

I I

Overall CFR" values for k g

Code M68 LUCS WRC-297 FAST 2 '

UBC models 0.98 1.08 1.67 2.96 0.99
(Table 15) -

ISL models 0.66 1.55 2.84 6.56 0.97
(Table 17) - i

| P30 models 1.28 2.88 4.36 7.81 1.82
I (Table 17)

i

; "CFR is the ratto of the sun of the calculated '

values to the sum of the f i ni t e-eleme n t values.2

1

1

1

| MSS design charts and the LUGS computer prodram, representing
1 Bij laa rd 's theory, both show good comparisons for the standard nozzle-

reinforced S1 models. Nettner cethod is strictly applicable for the P30
;

models, however, because of the shape of the re i nf o rc eme nt . This shows"

up as an extreme overestimate f or the P30A model, as well as a general
overestimate for the other P30 models.i

Steeles' theory, FAST 2, shows very good comparisons f or both the
) U8C and S1 m1dels, even though the diraensional parameters for a number

*

] of the models were outside the theoretical thin-shell theory range. The
j comparison f or the P30 models is not so good, again because of the rein-
! forcement shape. The Code equations do a better job f or these models. !

*'

The WRC-297 method, based on Steele's theory, overestimated k, by s |

considerable amount for all three sets of models. The values shown in
i Table 15 f or the USC models are based on the A > 100 pair of lines from |
: i

)
,

1 -

|
_ _ _ _ _ _ _ _ _ _ .__ _____________ _
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Table 15. Out-of plane mooent flexibility factors for unreinforced
branch connections (3/D < 0.5, D/T < 100) - comparisons with

afinite-element data

hM del parameters kg
del

0,/T d /D t/T FEA Code 51 5 S LUGS MRC-297 FAST 2*

9 g

UA 102 0.50 0.50 47.0 51.5 51 84.1 170 44.7

UB 82 0.50 0.50 37.2 37.1 36 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 6.92 5.16 8 12.04 17 8.57

UE 12 0.50 0.50 2.84 2.08 4.89 16 3.99

UF 12 0.08 0.03 1.96 0.33 0.36 0.06 0.07

Suas 112.12 109.77 194.99 369.1 111.93
CFR 0.98 1.04 1.74 3.29 1.00# og

311 59.5 0.115 0.238 6.92 7.59 5.1 5.37 6.4 5.96
J22 20.0 0.020 0.020 0.00 0.18 0.0 0 0 0

J33 20.0 0.080 0.474 0.96 1.74 0.94 0.98 1.0 0.02

J44 20.0 0.320 1.000 7.75 5.06 12.0 14.54 16.0 7.84

J3 49.0 0.114 0.840 10.10 10.60 13.0 13.72 15.0 10.08

Suas 25.73 25.17 31.04 34.61 38.40 23.90
CFR 0.98 1.21 1.35 1.49 0.93U

Overall sums 137.85 134.94 143.04 229.6 407.46 135.83
Overall CFR 0.98 1.08 1.67 2.96 0.99#

All the finite-element data in this table are froo Refs. 15 and 21. The#

run fixed and the other end free.codels were analyzed with one end of the

bL/D = 4.0 and 2.0 for the U models and tiie J models, respectively.
CFR is the ratio of the sun of the calo11ated values to the sum of the finite-#

elecent values.

___ _ _ _ _ _- _ - - . - _ . - . -_ . _ - _ - - - - . . - - . . , - _ _ _ - . . _ . - - . . - - . _ - .. - -



Iable 16. In plane monent flexibility factors for unreinforced
branch connections (d/D < 0.5, D/T < 100) -- comparisons with

finite-element data"

hModel parameters k gModel

D /T d,/D, t/T FEA Code *E S LUCS WRC-297 FAST 2*

g

UA 102 0.50 0.50 8.89 10.2 4.3 8.73 8.79
Ua 82 0.50 0.50 7.68 8.2 4.2 7.82 7.38

i

UC 42 0.50 0.50 4.58 4.2 3.2 5.08 4.28

UD 22 0.50 0.50 2.65 2.2 1.9 2.96 2.51
UE 12 0.50 0.50 1.50 1.2 1.54 1. 5 1.53
UF 12 0.08 0.08 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 gC

Jll 59.5 0.115 0.238 3.99 1.97 2. 4 2.64 2. 8 3.22
'

J22 20.0 0.020 0.020 0 0.08 0 0 0 0
J33 20.0 0.080 0.474 0.75 0.78 0.6 0.63 0.61 0.60
J44 20.0 0.320 1.000 2.81 2.26 4.2 5.24 4.8 3.21
J3 49.0 0.114 0.840 5.26 3.03 6.7 7.05 6.6 5.35

Sums 12.81 8.12 13.9 15.56 14.81 12.48
CCFR 0.63 1.09 1.21 1.16 0.97

Overall suas 40.02 33.12 41.93 36.97
COverall CFR 0.83 0.75 1.05 1.01 0.92

4A11 the finite-element data in this table are from Refs. 15 and 21. The
models were analyzed with one end of the run fixed and the other end f ree.

ht/D - 4.0 and 2.0 for the U models and the J models, respectively.
CCFR is the ratio of the sum of the calculated values to the aum of the finite-

element values.

. . .. . .
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Table 17. Flexibility f act ors f or nozzle-reinf orced finite element models

(d/D ( O.5. D/T < 100)

k, f or out-of plane moments k for in plane momentsgd

FEA Code M&S LUGS WRC 297 FAST 2 FEA Code M& S LUGS WRC 297 FAST 2*

SIA 17.8 17.5 34 62.1 160 18.04 2.70 3.46 2. 3 5.36 3.2
SIB 14.5 13.1 24 47.3 115 14.84 2.42 2.90 2.1 4.63 2.62
SIC 6.32 5.43 10 19.3 41 6.56 1.46 1.68 1.3 2.62 1.43
SID 2.33 2.33 8.0 14 3.10 0.72 0.99 1.31 0.82
SIE 0.69 1.06 2. 5 4.6 1.68'2 0.24 0.61 0.46 0.57a

SIF 4.07 3.08 5.8 9.11 15.0 4.38 1.09 0.95 1.2 1.86 0.99
2SIG 1.41 1.32 2.1 3. 31 5. 2 1.75" 0.49 0.57 0.5 0.80 0.50

SlH 0.33 0.61 1.21 1.6 0.74a 0.07 0.35 0.32 0.28 0.27"

Sll 2.11 1.27 1. 6 2.11 3. 2 1.42 1.14 0.39 0.6 0.72 0.58 0.45a2

S13 0.95 0.55 0.5 0.69 0.89 0.50'I 0.71 0.24 0.2 0.26 0.28 0.20"
SIK 0.35 0.26 0.23 0.26 0.19'2 0.28 0.15 0.09 0.08 0.09

2

2
Sit 2.02 0.52 0.33 0.43 0.55 0.33 1.85 0.16 0.2 0.20 0.19 0.15"
SIM 1.43 0.23 0.09 0.12 0.15 0.11" 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"

Suas 55.12 47.37 156.41 361.49 53.68 15.36 12.61 18.71 11.37
CFR 0.86 1.55 2.84 6.56 0.97 0.82 0.64 1.22 0.74

P30A 6.91 10.44 24 35.84 73.0 15.46 1.89 2.07 3.1 5.05 2.68
P305 3.20 3.38 6.3 14.29 18.0 4.73 1.07 1.04 1.4 3.06 1.11
P30C 1.20 1.48 2. 3 3.61 5. 7 1.93 0.54 0.49 0.6 0.94 0.81 0.58

aP30D 0.33 0.68 1.31 1.9 0.86 0.17 0.39 0.38 0.35 0.33"aP30E 0.99 0.I3 0.04 0.05 0.04 0.98 0.07 0.02 0.02 0.03"

Sums 12.63 16.!! 55.09 98.65 23.02 4.65 4.06 9.45 4.73
CFR I.28 2.88 4.36 7.81 1.82 0.87 1.46 2.03 1.02

l Suas 67.75 63.48 211.50 460.14 76.70 20.01 16.67 28.16 16.10
! CFR 0.94 1.79 3.12 6.79 1.13 0.83 0.81 1.41 0.80
1

aModel parameters are outside Steele's theoretical limits.

.

A
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Table 13. Dimensional parameters f or nozzle-reinf orced, finite-element models" !

o/T d,/D/ d/D t/T t(N.) ( n.) ( n.) (in.) (S.) ( n.)'

SIA 10.0 5.0 0.098 0.049 0.3763 0.651 101 0.50 0.50 4.34 0.581
S1s 10.0 5. 0 0.122 0.061 0.4282 0.7123 81 0.50 0.50 4.01 0.593
SIC 10.0 5.0 0.2381 0.1191 0.6285 0.9487 41 0.50 0.50 3.14 0.641
SID 10.0 5. 0 0.4545 0.2273 0.8862 1.2834 21 0.50 0.50 2.45 0.710 ,

S13 10.0 5.0 0.8333 0.4167 1.1832 1.7658 11 0.50 0.50 1.92 0.804

SIF 10.0 3.2 0.2381 0.0762 0.5333 0.7143 41 0.32 0.32 2.56 0.437
SIC 10.0 3.2 0.4545 0.1454 0.7545 0.9662 21 0.32 0.32 1.98 0.493
SiH 10.0 3.2 0.8233 0.2667 1.0000 1.9324 11 0.32 0.32 1.52 0.567

,

SII 10.0 1.6 0.2331 0.0331 0.4095 0.4658 41 0.16 0.16 1.88 0.248 %
SlJ 10.0 1.6 0.4545 0.0727 0.5772 0.6321 21 0.16 0.16 1.43 0.289
SIK 10.0 1.6 0.8333 0.1333 0.7667 0.8707 11 0.16 0.16 1.08 0.342

SIL 10.0 0.8 0.2381 0.1091 3.3096 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 0.174
SIN 10.0 0.8 0.8333 0.0667 0.5333 0.6213 11 0.08 0.08 0.72 0.204

P30A 10.0 3.2 0.098 0.0314 0.2312 0.7444 101 0.32 0.32 3.19 0.380
) P 30B 10.0 3.2 0.2381 0.0762 0.4310 1.1771 41 0.32 0.32 2.13 0.416

P30C 10.0 3.2 0.4545 0.1454 0.5318 1.6646 21 0.32 0.32 1.60 0.457
P300 10.0 3. 2 0.8333 0.2667 0.7583 2.3543 11 0.32 0.32 1.23 0.515
P30E 10.0 0.8 0.8333 0.0667 0.3749 1.1771 11 0.08 0.08 0.53 0.169

#
The 31 models look like Fig. 3(4); the P30 models look like Fig. 3(c). See Re f. 15.

L/D = 4 f or all these models. One end was fixed, and the other end was free for the finite-
element analyses.4

r

j . . . . ..
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Table 19. Flexibility factors for nozzles in very large
diameter tanks" -- FEA models

Model parameters k, f or out-of plane moment k for in plane momentg

b
D/T d,/D t/T L/D FEA Code WRC-297 FAST 2 FEA Code WRC-297 FAST 2

*

B1 400 0.0255 0.2 7.26 18 57 21 18 12 6 9 11

B2 2,500 0.0102 0.5 2.91 210 893 260 200 122 36 139 119
B3 10,000 0.0051 1.0 1.46 1,400 7,140 2,000 1,250 746 101 1,000 782 cs

'"
B4 40,000 0.00255 2.0 0.73 11,000 57,100 16,000 9,168 5,600 571 8,200 5,981

Sums 12,628 65,190 18,281 10,636 6,480 714 9,339 6,893

CFR 5.16 1.45 0.84 0.11 1.45 1.06

"Taken f rom Appendix B, VRC Bulletin 297.27
bBoth ends of the vessel were restrained.

,
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WRC-29 7 Fig. 60 (Fig. 13 herein). If we had used the A = 14 line, even
though it is not applicable because T/t > 1.0, the estimated k values (

*

g
would have been about 30% lower and would have ag'eed a little better '

with the FEA results. The reduction would need to be on the order of ,

300%, however, to agree as well au the Code equations. *

The values shown in Table 17 for the locally reinf orced 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 rein- '

forcement; that is, we used T/t and A = (d /D) v'D/T, where
n n

d = (d/D) + (2 tn/T - t/T)/(D/T) (26).n

As noted previously, imwever, using t instead I t appears to be goingn
in the wrong direction.* Both d and t were also used in the M&S andn nLUGS calculations.

Comparisona between the finite-element data and the various design
;

methods for the in plane moment flexibility factor k are shown in Tableg

16 for the unreinf orced UBC models and in *.able 17 for the nozzle-rein-
f orced St and P 30 models. the overall CFR values are shool below. '

Ove ra ll CFR values f or k '
g

i.

Code M&S 1,UGS WRC-297 FASf2

UdC modela 0.83 0.75 1.05 0.92 .

(Table 16)
i

Si models 0.82 0.64 1.22 0.74 '

(Table 17) j

P30 models 0.87 1.46 2.03 1.02
(Table 17)

__

i

No CFR values are given f or the WRC-297 nethod because the parameter
A = (d /0) /U7T is outside the rsnge of the WRC figure for niet of the '

g

models. The few undela that fell within the rande of the figure do not
,

give enough data f or t he C FR t o be meaningful. Those WRC-297 k values
|g

that are included in Tables 16 and 17 howeve r , agree rather well with
|the values calculated with FAST 2. The design methods, in general, ;

appear to give reasonably good estimates for k for the parameter rangteg ,

D/T < 100, d/ D < 0. 5.
,

Table 19 sunmarizes the fi n i t e-e l e me n t data and comparisons for !

nozzles in very large thin-walled vessels (tanks) from Appenitx B of VRC
,

*See discussion la t he "Sumatry" section.
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Bulletin 297 The two smaller D/T models, B1 with D/T ' 400 and B2 wit $4

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 I

error. Bijlaard's theory is not applicable because of series convergence
problems f or very large D/T. ,

The CFR values given in Table 19 show that the Code equations are j

poor estimators for these very large D/T ratios, overpredicting k and ;
o

underpredicting ki just like the earlier comparisons with test data. !

Both FAST 2 and WRC-297 are in reasonably good agreement with the FEA i

l data. This is a definite encouragement for Steeles' theory and the FAST 2 I
computer program. We feel that it is fortuitous, however, for the WRC-
297 method because of the better correspondence between the model
parameter A = 145 and the Bulletin curves f o r A = 100. {

.

6.2 HANSBSRRY AND JONES TriEORY FOR k ;
1

,

52in 1969 Hansberry and Jones (H&J) presented a theoretical solu-
|tion, based on thin-shell theory, for a small unreinforced branch con-

| nection, d/9 = 0.10, t/T = 1.0, with an in plane moment acting on the i

broach and equilibrium reaction moments on both ends of the run (vessel). |
They did not indicate the length of the run, but mo re than likely con- ,

sidered it as effectively infinite. For the FAST 2 calculations, we used {,

a value of L = 100 in. ; that is, L/D = 10. Several trial calculations
using L frou 50 to 500 in. indicated that the effect of L/D had essen- .

tially stabilized at L/D = 10. ;,

flexibility factors k , converted f rom their paper for D/TIn plane g ,

values ranging from 200 to 1000, are listed in Table 20, along with !

values f rom the Code equation and FAST 2. If we assume that the FAST 2 t

values are more nearly correct, it is apparent that the H&J solution
underestimates k by 20 to 50%. As before, the Code equation does a poor !g

job for this rande of D/T, being even le ser than H&J by about 50%. j

|
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|
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i

Table 20. In-plane moment flexibility |
3 factors from llansberry and Jones # *

theory for unreinforced !
- branch connections *

b(d/D = 0.10; t/t = 1. 0 ; L/ D = 10 y .
,

k f or in-plane momentg

D/T H/F ratio # |4H&J Code FAST 2

200 16 13 32 0.50 ;

300 35 19 49 0.71 '

4 00 52 25 66 0.79
600 82 38 99 0.83

3

8 00 103 51 130 0.79 ;
1000 117 63 161 0.73

i
Sums 405 209 537 ;

CHJR 0.52 1.33 Av 0.75 '
,

IGSee Ref. 52. '

;

j bThe length of the run L was not i

j given in Ref. 52. For the r'AST2 calcula-
tions, L/ D = 10 wa s u s ed . 5

"H/F ratio is Kg(H&J)/kg (FAST 2). '

-
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i 7. FLEX 1BILITY FACTORS FOR TORSIONAL BRANCH !!0MENTS
*

1
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,*

4637 and Moore, Hayes, and Weed provided test4 Rodabaugh, and Atterbury
data for ei ht ANSI B16.9 tees. In most cases, the measured torsionald
rotation 0, was of the same order of magnitude as the nominal rotation
0 , so that ( 0, -- O ) << 0, . Thus, an accurate determination of the

n
"point spring" model flexibility factor could not be made for the B16.9
tees.

| Moffat and Kirkwood,47 however, obtained experimental torsional
f r i ur full outlet unreinf reed branch connec-flexibility factors ktb

tion models (d/D = t/T = 1.0) that were of the same order of magnitude as,

'
!the in plane and out-of-plane flexibility factors noted below:

Model 1 2 3 4

D/T 42.4 25.7 16.2 12.4

k 1.3 8.06 3.90 3.81tb
k 28.04 13.12o3
k 8.25 7.67
ib

7

' '
.

They also analyzed Model 2 by the fini t e-eleue nt method with essentially,

j the same results. These data indicate that torsional flexibility may be ,

1 significant in design for the larger d/D branch connections.
. *

J Although Steeles' theory and the F AST2 computer code have the capa-
bility tor calculating torsional flexibility factors k , the nune rical

For nozzles witt1 very suall d/D,parameter stadies have not been done.
I however, an upper-bound solution might be appropriately developed by

o>deling the cylindrical shell az an infinite flar plate with a round
hole of diameter d = 2ri at the origin and a torsion moment load M uni-g

formly distributed around the inside edge of the hole. Equilibrium con-'

|
ditions would then require that

Mt" S (2nr T) for r = ri to=, (27)
s

i

where S, is the shear stress and T is the thickness of the flat plate
'

(cylindrical shell). For a differential element in cylindrical coordi- |
,

; nates, the shear stress is related to shear strain by
*

s

(28)j S, = (dO)rG/(dr)
-

,

; -

I
j I
;

v

'I
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!

where G is the shear raodulus. Combining Eqs. (27) and (28) Icada to the
simple differential equation . .

!

de M ' (li1~~ = .,

dr 2wCTr3
|

which niy be solved by integration over the range r C r( <2 that is, jg .

M 1

f = .ir
M

' C (30)0= .

2nGT r r? 4:GT r 2
g

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

.

Axial stresses are not routinely evaluated in a piping system i

design, primarily because they are generally <3000 psi in a properly >

,

supported piping system. This value is not significant with respect to ,

either the allowable attesses or to the stre ses caused by internal pres-

sure or moment loads. Axial loads, however, are routinely calculated in
the piping system analysis (flexibility analysis) and used in the design ,

of the supports. In addition, pressure vessels and tanks usuall,$ have ;

design allowable radial loads for the nozzles that impose limits on the
axial loads f rem the attached piping. Recent reports on damage to piping .

systems during earthquakes also suggest that the axial forces within the
piping may be important for dynamic loadings.

One important consideration in calculating radial loads on vessel
nozzles is the tendency of the attached pipe to shed additional load by
displacing laterally when the axial load on the pipe exceeds a critical
value. This critical load will depend on several f actors, including the
straightaess and length of the pipe betweco supports, the rotational
rigidity of the supports, and lateral loads on the pipe from dead-weight,
etc. A first approximation can be obtained f rom Euler's buckling equa- ;

*

tion for a hinged-end column:

W/A = v E/(L /r ( }2 'c g

where W/A is the axial compressive stress in the pipe L is the critical*

e
buckling leny.h and

= (1/4) k + d{ (32)r g

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

L =( E/3000)W r /12 . M
c g

For sched. 40 pipe, Eq. (33) gives
,

Size (NPS) 2 4 8 16 24

L, ft 21 40 77 143 216
c

,

'

Considering that "s t r a iglit" pipe is not very straight and that a lateral
deadweight load exists for horizontal pipe runs, L from Euler's equation i

will probabl/ be larder than the actual critical b$ckling length of the i
,

attached pipe. This potenttil nonlinearity should be rememberei in the
following discussion. ,

!
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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. -

y
3.3.2]

.

k = 6/(Wd/EA ) (34),n

where 6 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 ,'
n

attached pipe:

A =n/4(dj-d{}. (35)n

'

Table 21 contains three sets of data. Thet first set is the four data
3points obtained by Cranch " in 1960 f rom tests on the 48-in.-diam by

,

Table 21. Thrust-load flexibility f actors - experimental data *
and analytical comparisons

* F ''' '''Model W

bIII* D/T d /D t/T L/D Test Theory LUGS WRC-297 FAST 2
o

At t achme nt 1 77.8 0.136 0.448 2.143 77 84 92 40 81 ,

(Trunion) '
.

4t t achme nt 2 77.8 0.136 0.448 2.143 110 86 92 4J 84

(UBC) ,

!#Attachment 3 77.6 0.136 0.448 2.143 120 70 92 40 63
*

(Pad)

Attachment 5 77.8 0.072 Solid 2.143 450 310 316 210 295 ,

(Bar) bar

sums 757 550 592 330 523
CTR 0.727 0. 78 2 0.436 0.691

C81-1 1050 0.0113 0.632 0.432 1200 1400 1200 1223

(1 1/8 in.)
CBI-2 1050 0.0278 1.089 0.432 1300 2100 1300 1475

( U BC)
dCBI-3 2530 0.0100 0.527 0.239 2100 1700 2100 2327

(5/8 in.)
d

C51-6 2530 0.0500 0.527 0.239 1300 2e00 0 00 882
(1 in.)
LPV2 960 0.00417 1. D00 0.332 1400 1500 1696

(UBC)

Suas 7800 6400 7603
CTR 1.25 0.82 0.95

*# ata for the first four models are f rom Cranch,3" data for the CSI models are fromD

Whipple et al.."I"*3 and data f or model LPV2 are from Schroeder.""
bTheory is Bijlaard's cited by Cr.nch " for the first four udels, and Steeles'I3 for the3

CBI models. .

# uestionable data.Q
dNonitnear data; see rigs. 19 and 20.
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0.624-in.-wall vessel with five attachments, shown in Fig. 28. Attach-
ments 1-3 were made by welding 6-in. NPS sched. 40ST pipe (d = 6.625,.

ot = 0.280) to the vessel as shown. There was no opening in the vessel
wall for attachment 1 (Trunion), whereas for both attachments 2 and 3

- there was an opening in the vessel wall equal in diameter to the outside
diameter of the pipe. Attachment 2 (UBC) was unreinforced, whereas
attachment 3 (Pad) was reinf orced with a 10.5-in.-0D by 0.625-in.-thick
ring welded to the vessel and to the pipe. Attachment 4 had a rectan-
gular cross section and is not of direct interest here. Attachment 5
(Bar) was a 3.5-in.-diam solid round bar. Cranch's tests were conducted
both with and without internal pressure in the vessel (p = 193 and

| 0 psi). These are the only test data we are aware of that considered the
effects of internal pressure (see Sect. 9). Details of how the displace-
ments were measured or how the dial gages were supported were not re-
ported. The CBI models, tested by Whipple et al.41-43 and the LPV2 model

44tested by Schroeder were discussed earlier.
Table 21 gives the nondimensional model parameters, the experimental

flexibility factc,rs k , and corresponding analytical k factors for zerog
pressure. The experimental values for the four Cranch models appear to
be consistent except for the pad-reinforced attachment 3 that was re-
ported to be more flexible than the unreinforced attachment 2. Test data
for the pressurized case are in the proper order. The experimental
valueo given in Table 21 for CBI-3 and CBI-4 are Steele's interpretation 13
of the displacement data reported in Ref. 43 (see Figs. 19 and 20).

|'
' * ORNL DWG 87-4640 ETD

'1

174 7
-104*

A- B--
1 F~ld
| h

$ -- sh T -

|

h 5x > ,

A- B-
41

65-

|- ATTACH. 4K
SS TH!CK 120* 4 120*

\ ,rATTACH 2

ATTACH 5 h ATTACH.I
'

(v v m
SECTION A.A SECTION BB.

Fig. 28. Cranch's pressure vessel nozzle test model from Fig. 6 of
Ref. 34.

.
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The analytical values of kw given under the theory column of Table 21
<e from Bijlaard's theory as cited by Cranch for the first four raodels .

and from Steeles' theory as reported in the 1981 Shelltech progress report
to PVRC.13 Reasonable correlation seems to exist between the "theory"
values and the experimental values in view of the three questionable data .

points. Both Bijlaard's theory, as expressed in the LUGS computer pro-
gram, and Steele's theory, as expressed in the r AST2 program, appear to
give reasonable correlations with Cranch's data; the WRC-297 results
appear to be low. We would expect the WRC-297 results for attachment 5
to agree much better because the design curves in the Bulletin were
derived specifically f or a solid bar attachment. All three columns based
on Steeles' theory give good correlations for the large D/T models.
Bij laa rd 's theory is not applicable.

.

e

A
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9. INFLUENCE OF INTERNAL PRESEURE
.

Bijlaard's original paper 12 includes an internal pressure term in
'

| the general solution for the radial shell displacement w [Eq. (15),
i Ref. 12). Moreover, the influence of internal pressure is shown to be

nonlinear; for example, doubling the internal pressure P does not double
the influence of P on w. Both M&S23 26and Dodge have included the pres-
sure term in their computer programs. M&S also provided design graphs
for P = 500 and 1000 psi, which illustrate the nonlinear influence of
pressure. Their choice of P as a general design parameter, however, is
not good because it does not normalize the design graphs with respect to
dimensions of engineering interest. For example, if D/T were 300, then
the only values that can be read directly from the graphs are for cases
with a nominal hoop stress of 75,000 or 150,000 psi, respectively.
Because the effect of pressure is nonlinear, interpolation between the
graphs is subject to considerable error. A better choice would have been
to plot curves normalized to PR/T.

Table 22 shows the influence of internal pressure on the thrust load
flexibility factor k for f our of the five attachments tested by Cranch. 34g

Table 22. Influence of internal pressure
on thrust-load flexibility f actors

(D/T = 77.8)
,

I-

a Pressure W
Model _

| Test Theory LUGS'-

Attachment 1 0 77 84 92
(Trunion) 193 73 68 81
Reduction 5.2%

Attachment 2 0 110 86 92
(UBC) 193 77 70 81
Reduction 30.01

|

Attachment 3 0 120 70 92
(Pad) 193 'e l 53 81

i Reduction 65.8%
|

| Attachment 5 0 450 310 316
(Bar) 193 200 260 280
Reduction 55.6%

Sums 1148 1001 1115
CTR 0.37 0.97,

3Tests conducted by Cranch "; see text
and Fig. 28 f or model dimensions.

b.

Theory is Bijlaard's cited by Cranch.34
O LUGS is Bij laard's theory programmed

by Dod ge . 26

_ _ _ - - _ _ _ _ _ _ _ _ _ _ - _
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The pressure load of 193 psi that was used gives a nominal hoop stress of
PR/T = 7500 psi, which is well within the range of allowable design '

stress. As may be seen, the internal pressure reduced ( by 5 to 60%.
Bij laa rd 's theory, as expressed under the "theory" and LUGS colunns,

~

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)t o
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 programtaed in
the LUGS computer program. The two sets of numbers tend to agree, with
LUGS giving slightly higher values because more teras were used in
evaluating the series. Both indicate that the internal pressure ef f ect
on the flexibilities could be significant in design.

Table 23. Effect of internal pressure on flexibility

!" ' "
Attachgent R/T d /D Type Pressure

No. O load (psi)
Bij laard LUCS

2 38.9 0.136 M 0 0.113 0.124o ,

193 0.103 0.112
Reduction 8.8% 9.7%

M 0 0.043 0.046 *

1
193 0.041 0.045

Reduction 4.7% 2.2%

W 0 3.40 3.42
193 2.76 3.05

Reduction 18.8% 10.8%

5 38.9 0.072 M 0 0.176 0.193o
193 0.167 0.180

Reduction 5.1% 6.7%

M 0 0.090 0.1021
193 0.087 0.101

,

Reduc t i on 3.3% 1. 0%
'

-
,

W 0 3.80 3.83 1

193 3,11 3.39 |
Reduction 18.2% 11.5% ,

_ _

"Tests conducted by Cranch.34 See text and Fig. 28 f or model
dimensions.

|
|

|
,
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How significant the influence of internal pressure might be for
large D/T tanks and vessels is, at this time, simply a matter of conjec-.

ture because we have neither experimental data nor valid theory. We do
know that it could be significant f or vessels with D/T < 100, and we know
that the influence is nonlinear, both with respect to D/T and P. From-

the little data that we do have, however, we can guess that reasonable
design pressures might red uce the flexibility by about a factor of 3 for
out-of-plane moment and thrust loads and by about half that much (1.2 to
1.5) for in-plane moments. Obviously, if nozzle flexibility is to be
used in design to reduce the vessel-nozzle piping-support interaction
problem, the it.tluence of internal pressure cannot be ignored. Addi-
tional study is needed to provide appropciate design guidance.

.
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10. FLEX 1BILITY FACTORS FOR RUN H0t!ENTS
.

So f ar we have been discussing flexibility factors associated with
applied branch noments tnat are reacted by moments at either one or both

*

ends of the run. There are also conditions in real piping systems where
the branch n>ments are so low that the mouents at one end of the run are
reacted almost entirely by moments at the other end of the run. Under
those conditions , the existence of the branch might influence the flex-
ibility of the run pipe. To acconmodate such a possibility in the piping
system flexibility analysis, we could put a "point-spring" in the
strength-of-materials flexibility model at t he intersection of the branch
and run centerlines, that is, at point P in Fig. 1(o ). Test data and
analyses could then be used to develop the run moment flexibility factors
associated with that point-spring.

For small d/D branch connections, it secus apparent that the only
run moment flexibility factor that might be different f roa zero would be

in Fid. l(o). Even k how-k,y associated with in plane bending, M,y
For larger d/D branch connections,y,e ve r , wou l d be close to zero. all,

three flexibility f actors might be di f f e rent from zero as evidenced by
the experimental data of Moffat and Kirkwood47 for full outlet (d/D =
1.0) unreinforced models:

Model 1 2 3 4

D/T 42.4 25.7 16.2 12.4 .

K 7.03 2.54 1.57 1,05
xy

k 0.39 0.41 1.88 .yy
k 3.20 3.23 1.38 1.38gy

Ref erences 35 and 46 contain run-aoment rotation data for ANSI B16.9
tees and f or a WFI Weldolet. Both types of branch connections are fully
reinforced; consequently, the derived experimental flexibility factors
are quite small and subject to large experinental errors.

If significant-f or-design ran noment flexibility factors do exist,
they are probably associated with unreinf orced branch connections with
large D/T and d/D rat ios , for example, a 24 x 16 std. wt. fabricated
branch connection. Our survey ot industrial design practice discussed in
Sect. 2.3 indicated that these types of branch connections are not used

i

in nuclear power plant construction. We, therefore, conclude that I

development of run-coment flexibility factors for vessel nozzles and |
piping branch connections would have very low priority. (The de'velopment
of run-coment stress intensification factors (SIFs), however, is of <

,

interest.]

.

J
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I1. N0ZZLES IN VESSEL HEADS.

For pressure vessels it is quite common to have nozzles in the,

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

In 1966, Rodabaugh and At terbury53 S4 forused Bij laard's theory
radial and moment loadings on a spherical shell to develop nozzle-to-
sphere flexibility design guidance. The published result is a series of
ten design graphs for the parameter ranges 0 < D/T < 250, 0.01 < d/D <
0.5, and 0.01 < t/T < 3.0. Because Bijlaard's solution was based on a
shallow-shell theory that is only generally valid for d/D < 1/3, Roda-
baugh and At terbury checked their design graphs, up to d/D = 0.5, by
comparison with results f rom a general-purpose axisymmetric shell theory

55 that is not limited to shallowcomputer program written by Kalnins
shells. The difference between the two sets of results was consistently

6 cs0=6 (36),
b

.

where 6 is the displacement given by Bijlaard's theory, 6 is the cor-b

responding displacement given by Kalnins program, ar.d 0 = sin-1 (d/D) is
* related to the nozzle-to-sphere diameter ratio. For d/D < 0. 5, the R& A

design curves overpredict the flexibility relative to the more accurate
Kalnins theory by <l 3. 5%. Accordingly, the simpler R&A flexibility
curves were considered to be suf ficiently accurate f or design guidance.

In 1984, Batra and Sun 56 (B&S) developed similar design guidance
but only for radial loading over the parameter ranges d/D < 0.1,
75 > D/T < 225, and 2. 5 < d/t < 7. 5. Their results were published as a
series of four design graphs that can be converted to flexibility fac-
tors compatible with the R&A curves by:

k = 1r E (t/T)/(K /t) (37),

R ;

where K is the B&S parameterR

~

K = (W/6)(t/T) (38),

'

in terms of the radial load W and the shell displacement 6.
Apparently, B&S used a shallow shell theory that was similar but

identical to the shallow shell theory used by Bijlaard. Comparisonsnot

between the R&A and B6S flexibility factors, given in Table 24, show that
)

|

|

t
-

_ _ _ _ _ _ _ _ _ _ _
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Table 24 Comparison between flexibtitty
factors for radial loads on a nozzle ,

in a spherical shell

k
*

D/T d/D t/T

250 0.06 0. 5 45 3l
0.04 0.5 53 45 |

0.02 0.5 to 66 !
l

250 0.03 0.25 38 30
0.02 0.25 42 36 1

0.01 0.25 ,4 41 |
|

100 0.03 0.10 6.9 h.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 13. 17. j
0.004 0.10 18 17. .

I. . . _ _ _ _ _ . . _ _ . . . . . . _ _ _ . _ _ - . .

A R&A refers to Rodeabaugh and
53Atterbury flexibility factors,

b8&S refers to Batra and Sun flex-
iblitty f actors an defined by Eqs. (37) and
(38) of the text and the curves of Ref. 56.

|-

1

generally d ve lower flexibilities. The dif f erences, how-the BSS curves i .

ever, are not large enough to be si?uificant in design (see Sect. 2.2). j
$6The solutions of R6A53 and B6S are only applicable to isolated |

radial nozzles in spherical shells and not to a cluster of closely spaced
nozzles or to a nozzle near to or in the knuckle region of a torospherical
head. Accordingly, an "isolation" condition should be kept in mind when
dealing with the flexibility of nozzles in vessel heads.

Because the geouetry of isolated radial nozzles la spherical shells
is axisymmetric, the theory is relatively simple. Further, results from
3tjlaard's theory can be casily checked agalast results f rom general-
purpose thin-shell theory computer programs. Our study of nozzle flex-
lbility for cylindrical shells, however, suggests that internal pressure ;

may have a significant and nonlinear influence on the flexibility fac- '

tors, especially for larde D/T vessels. There is no reason to indicate I

that the same type of influence will not exist for nozzles insgherical5 does notUnf ortunatel , Bijlaard's theory for spherical shellsshells. f ;

include the internal pressure term, and most thin-shell theory computer 1

p ror, rams assune that linear superposition is valid for combined loads. -

Thus, if the influence of internal pressure on the flexibility of nozzles
in heads is to be studied further, some basic modifications need to be
made in the analytical tools. Nozzles in vessel heads are also just as *

likely to be reinf orced as the nozzles in the cylindrical body. Accord-
ingly, a general study should also include the ef f ects of reinforcement.
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Test data on flexibility of nozzles in spherical shells are rela-
tively sparse. Although we did not conduct an exhaustive search, we have-

identified only one set of data, reported by DallyS7 in 1963. In VRC
Bulletin 64, Dally reported the results of tests on six models, shown in
Fig. 29, one of which had an isolated radial nozzle in a spherical head.*
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Fig. 29. Dally's56*

test models for nozzles in vessel heads.
(a) Dimensions of Model No. 1, (b) dimensions of Model Nos. 2-4,
(c) dimensions of Model No. 5, (d) dimensions of !!odel No. 6.
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The other five models had torospherical heads. All the models were rein- I

forced in the sense that the nozzle-head intersection region contained
*

more material than needed to satisfy internal pressure membrane stress
desi o criteria. Dally's test data, therefore, gave some clues on thed
offects of such reinforcing. Dally also compared his measured displace-

*

ments with those calculated by Bijlaard's theory with reasonable agree-
ment.

.
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12. SUMMARY, CONCLUSIONS, AND RECOMKENDATIONS.

|

12.1 SUMMARY |.

1

1
' The study reported here was conducted primarily to (1) summarize

available flexibility data for nozzles in cylindrical shell structures
(pressure vessels and tanks) and branch connections and tees in piping
systems and (2) compare those data with available analytical methods for

i calculating flexibility factors for use in nuclear power plant design,
'

This interest in flexibility factors comes directly from recent efforts
to develop design criteria for nuclear piping that will permit the con-

| struction of more flexible, less costly, and perhaps safer piping sys-
tems.

Flexibility factors under consideration are for nozzles and branch
connections within the piping system itself and for nozzles in cylindri-
cal vessels that interact with connected piping. An adequate character-

| ization of the flexibility factors for both types of nozzles is impor-
tant to the development of improved design criteria.

The analytical and experimental flexibility data summarized in this
report span a period of about 30 years of research, with the first
papers published in the early 1950s. Flexibility data reported in those
early papers, and most of the data reported since, were obtained as
auxiliary information in studies of stresses at the intersection of noz-
zies in cylindrical shells. The first serious attempt to study nozzle~

flexibility as a unique discipline was done by Rodabaugh and Atterbury20
in 1967 as one in a series of studies on the structural behavior of re-
inforced openings in pressure vessals sponsored by the U.S. Atomic

*

Energy Commission through the PVRC. In that study, R&A collected and
evaluated available shell deformation data and compared those data with
analytical predictions based on theoretical deformation (and stress)
studies of spherical and cylindrical shells under local loadings con-
ducted by Bijlaard12, 16- 19, 54 of Cornell University between 1955 and
1960. Although the agreement between the experimental data and the
theoretical predictions was far from exact, they were able to use the
results as reference material in the development of flexibility f actors
for in plane and out-of-plane moment loads on nozzles for use in the
ASKE Code. That early design guidance was updated by Rodabaugh and
Moore in 1977,21 and again in 1979,15 to the present ASME Class 1 piping
flexibility f actor equations. The ASME Code does not include guidance
for calculating nozzle flexibility for thrust loads on the nozzle.

In addition to the ASME Code equations for in plane and out-of-
plane moment flexibility factors, direct evaluation of Bijlaard's theory
is availab1) to the designer via design charts published by Murad anu

. Sun (M&S)23 in 1984 and the computer program LUGS by Dodge 26 in 1974.
Both of these also permit consideration of thrust loads with and without
internal pressure.

Since 1979, some additional flexibility data as well as major new,

theoretical work that permit consideration of nozzles in cylindrical
shells with much larger diuacter-to-thickness ratios (D/T) have become
available. Steeles' thin-shell theory solution has the potential of

.

-_
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providing the basis for the development of flexibility design guidance
for vessel and tank nozzles and piping branch connections with dimen- .

sional parameters in the range d/D < 0. 5, D/T < 2500. This range of
dimensional parameters will cover the range of greatest interest for
nuclear power plant construction (see Sect. 2.3). Steeles' theory is -

available to the designer in the form of a computer program, FAST 2,
through She11 tech Associates, Stanford, Calif., and in the f orm of
design curves in VRC Btdle H n 297,27 published in 1984.

An analysis of design data f rom a survey of seven dif ferent nuclea r
power plant architect engineers or NSSS vendors indicate that essentially
two distinct dimensional regimes are of interest: one for branch connec-
tions in LWR piping and nozzles in reactor pressure vessels and steam
generators, and a somewhat different regime for lower pressure vessels
and auxiliary tanks. For high pressure vessels and pipe, the vessel (run
pipe) diameter-to-thickness ratio D /T ranges from (10 to about 115; the

9branch-to-run (vessel) diameter rat to d /D ra nge s froo almost zero, for
drains and instrument connections, to aSouE 0.5 for "standard" reinforced
nozzles or up to 1.0 for specialty product connections or ANS1 B16.9
tees; and the branch pipe diameter-to-thickness ratio d /t ranges from <5o(a solid bar has d /t = 2.0) to about 100. The pipe (vessel) length-to-o
diameter ratio L/D is generally >4.0.

For low pressure vessels and auxiliary tanks, the diameter-to-
thickness ratios D /T are f airly evenly distributed between about 75 andg
2000; the range of d /t is the same as for high pressure vessels ando
piping, that is, <5 to about 100. For low-pressure vessels and auxiliary
tanks, the diameter ratio d /D is not a constant, but decreases steadily

3as D/T increases. The wall thickness rat to t/T, however, is f airly con- -

sistent with D/T and ranges between about 0. 2 and 2. 0. The length-to-
diameter ratio of the vessels L/D ranges fron about 0.25 to slightly
<2.0. Note that this parameter range is less than essentially all the .

available design data developed f roo Bijlaard's theory.
Also note that the parameter space of specific design interest for

both regimes is considerably smaller than ladicated by the range of
variables plotted In WRC-297 Figs. 59 and 60. This point is especially
important, both for minimizing the cost of additional numerical studies
and f or developing reasonably accurate design guidance.

The major portion of this re po r t is a detailed evaluation of five
analytical methods for calculating nozzle flexibility f actors for use in
design by comparison with experimental and analytical benchmark data.
The present study is considerably more extensive than previous studies
because we were abic to include tore types of nozzle rei nf orceme n t ; more
loadings, that is, radial loads and torsional moments on the branch and
mouents on the run; and the influence of internal pressure as well as a
wider range of dimensional parameters.

Tables 25 and 26 summarize the goodness-of-fit CrK values for the
out-of plane and in plane moment flexibility factors, k and k , respec-g g

tively, for the five different design methods evaluated in this report. *

A CTR value of 1.00 for a given data set indicates that the desi ;n methodt
gave flexibility factors that agreed, in an overall sense, with the
benchmark data. Values >2.0 or <0.5 indicate that the goodness-of-fit is *

quite poor. The tabulated data given in the text for each data set must
be examined separately for evaluation of the data scatter. The CTR

|
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Table 25. Good ne s s-o f -f i t relative to benchnark data for
out-of-plane moment design flexibility methods,

"'''~ '~ '" '" "''Dimenwional
. Table Nozzle

E'''**''''in data Code Bijlaard's theory Steeles' theory
text h ~

,,g d/D D/T
H&S LUCS VRC-297 FAST 2

T5 UBC-EXP <0.5 <100 1.04 1.13 1.64 2.43 1.32
T15 UBC-FEA <0.5 <100 0.98 1.08 1.67 2.96 0.99

T8 RBC-EXP <0.52 <100 0.94 1.92 1.27 5.58 L.41
T17 RBC-FE A <0.5 <100 0.86 1.55 2.84 6.56 0.97
T17 RP30-F EA (0.5 <100 1.28 2.88 4.36 ?.81 1.82
T12 RSPS-EXP (0.52 <100 1.81 0.75

T7 LDT-EXP <0.05 >900 3.08 2.37 0.94
T19 LDT-FEA <0.03 >400 5.16 1.45 0.82

T10 UBC-EXP >0.5 <100 1.08
Til RBC-EXP >0.5 <100 1.07
T14 516.9T >0.4 (100 6.94

a
See text f or explanation of goodness-of-fit determination.

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

.

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

.

-

Go oness-of-fit values"Dime nsiona lTable Nossle
,

in data Code Bijlaard's theory Steeles' theory
''*' b ~

set d/D D/T
H&S LUGS VRC-297 FAST 2 |

T6 UBC-EXP <0.5 <100 0.71 0.94 1.32 1.32 1.09
#T16 UBC-FEA 40.5 (100 0.83 0.75 1.05 1.0l 0.92

T8 RBC-EXP (0.52 (100 1.07 1.04 1.64 1.19
Tl? RBC-FEA (0.5 <100 0.82 0.64 1.22 0.74
Tl? RP30-FEA <0.5 (100 0.87 1.46 2.03 1.02 |
T12 RSPS-EXP <0.52 <100 2.16 1.09

T7 LDT-EXP <0.05 >990 2.36 2.03 1.01
T19 LDT-FEg <0.03 7400 0.11 1.45 1.06
T20 LDT-HJ 0.10 200-1000 0.52 1.33

T10 UBC-EXP >0.5 <100 1.00
- Til RBC-EXP >0.5 <100 1.29

T14 B16.9T 2.14

a
See text f or goodness-of-tit determination.

b*
See Table 25 for n>menclaturei HJ stands for Hansberry and Jones 52 theory.

0This value is for a reduced set of data since the WRC-297 curves do not
cover the models with D/T > 60. See Table 16 for care information.

-. --. _ -
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method for evaluating goodness-of-fit is explained in more detail in
Sect. 5.1. .

The nunbe rs in Tables 25 and 26 indicate that the Code equations do
a good job of estimating k and k for both unreinforced (UBC) and inte-g t
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. T he Code equations also do a surprisingly good job for
nozzles with d/D > 0.5 and D/T < 100 (data sets T10 and Til). Those noz-
zles are outside the dimensional parameter range previously validated.
The Code equations do a poor job for nonintegral reinf orced nozzles
(RSPS), for nozzles in large-diameter thin-walled vessels (LDT), and f or
ANSI B16.9 tees (T14).

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 RP30-FEA reinf orced
models. Bijlaard's theory is not applicable for nonintegral reinforced

nozzles (T12 RSFS-EXP) or for nozzles with d/D > 0.5 or D/T > ~300. For
out-of plane moments (Table 25) both methods gave good results f or unre-
inforced nozzles (T5 and T15) but pnor results for the reinf orced nozzles
(T8, Tl? RBC, and T17 RP30). We thus conclude that Bij laa rd 's theory is
not dinsably applicable for reinforced nozzles.

Steeles' theory (FAST 2) 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 k , T17 RP30-FEA,g
where the CTR value shown in Tabic 25 is 1.82. These particular models
had a very compact reinforcement that thin-shell theory is not capable of *

accurately representing. The Code equations do a better job for these
particular models because an additional variable r was included to

p
account for the rei n f orceme n t . Additional studies using FAST 2 need to be '

conducted to determine the most appropriate way to represent the effects
of reinf orcement.

The WRC-29 7 method , based on Steeles ' theory and design curves pub-
lished in Ref. 27, is completely inadequate for calculating out-of plane
moment flexibility factors as shown by the larde CTR values in Table 25.
None of the experimental data and only one set of analytical data (T19)
gave CfR values <2.00. That data set, however , was not benchmarked
against experimental data (it consists of four somewhat unrealistic
uodels with D/T values that range frou 400 to 40,000) and was included in
our evaluations only because it dives some indication of the theoretical
limits of Steele's theory. For in plane moment loads, Table 26 indicates
that WRC-297 does a reasonably good job for in plane moment loads for
unreinf orced nozzles with d/D < 0.5 and D/T < 100 but is not applicable
for reinforced nozzles.

Recent correspondence from Dr. Steele58 and additional calcula-
tions59 using FAST 2 confirmed our suspicions concerning WRC-297 Fig. 60
(Fig. 13 he rein). 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 n> r e logical trends in the curves,

,

the designer would not have much better guidance than presently avail-
abic. 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 ursitered..

4 Flexibility factors for radial loads on the nozzle are-discussed in
Sect. 8. Although the ASHE 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 ,

Cranch34 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 dis lacement
data for five unreinforced nozzles obtained by Whipple et al.4 -43 and

,

Shroeder44 f rom tests on large-diameter thin-walled tank models with
dimensional parameter tlues in the range d/D < 0.05 and 960 < D/T < 2530.

The CTR values f rou Table 21 in the text and summarized below indi-
cate that both Bijlaard's theory (LUGS) and Steele's theory (FAST 2)

1

e

Bijlaard Steeles' ;

Nozzle --- .
,

data LUGS WRC-297 FAST 2

Cranch 0.78 0.44 0.69 f

|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, FAST 2) I
'

also $oes a good job for the large-diameter thin-walled tank (LDT) data. !
Bijlaard's theory is not applicable. FAST 2 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 j
(see Sect. 8 and Table 21) make it impossible to draw more definitive
conclusions.

The influence of internal pressure on the nozzle flexibility is !

discussed in Sect. 9. The available data (Cranch's model) are summarized
and compared with Bijlaard's theory in Tables 22 and 23 in the text.

,

i Steeles' theory is not applicable. Indications are that internal pres- ,

| sure might reduce the flexibility factors significantly for larde D/T !

vessels. If nozzle flexibility is to be used in design to reduce the !
vessel-nozzle piping-support interaction problem inherent with stiff'

'

piping systems, the influence of internal pressure cannot be ignored. -

iAdditional theoretical development is needed, however, bef ore appropriate

design guidance can be developed. :

Flexibility factors for torsional moments on the nozzle and for }
moments on piping runs are discussed in Sects. 7 and 10, respectively.. ,

,

Neither of these would appear to be significant for design, except per- j4

haps for large d/D. j
.

!
;

t

i
e
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Flexibility factors for uozzles in spherical and torospherical heads
are discussed in Sect. 11. The design guidance given by Bijlaard's -

54theory appears to be adequate for isolated, unreinforced nozzles for
both thrust and moment loads. The theory does not include the internal
pressure term, however, and there is reason to believe that its influence .

could be significant in design.

12.2 CONCLUSIONS

In brief , our evaluations of the available design an 11ysis methods
for calculating flexibility f actors for branch connections in piping and
nozzles in vessels with attached piping show the following:

1. The ASHE Code Class 1 piping flexibility f actors for in plane and
out-of-plane moment loadings on the branch are the best available
design guidance for both reinforced and unreinforced branch connec-
tions and vessel nozzles within the parameter range d/D < 0. 5, D/T <
100. The ASt1E Code equations are not adequate for nozzles with D/T >
100. The Code does not include flexibility guidance for thrust loads
on the nozzle.

2. Bijlaard's basic theory and the derived design methods for calculat-
Ing flexibility f actors for in plane moment, out-of plane uouent, and
thrust loads on the nozzle appears to be adequate for unreinforced
nozzles but not for reinforced nozzles. Bijlaard's theory is not
appitcable for nozzles with d/D > 0.5 or D/T > ~600.

, ,

3. Steeles' basic theory appears to be adequate for calculacing flex-
ibility f actors f or in plane moment , out-of plane moment , and thr st
loads for unreinforced and for some types of integrally reinf orce i

'nozzler within the parameter range d/D < 0.5 and D/T < ~2500. N.n-
integral reinf orcement and some integral reinforcement designs a ce
problem areas. The flexi bility guidance, based on Steele's theory '

given in VRC Bullacin 297, is totally inadequate.
4. Flexibility factors for torsional moment on the branch nay be st all

and not significant for design, except poss'.bly for large d/D. Addi-
tional experimental data and/or theoretical studies are needed to
explore the significance of torsional flexibility over a wider range
of paramete rs.

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

6. Internal pressure equal to the design pressure will affect nozzle
flexibility for the thinner walled vessels and auxiliary tanks that
are used in a nuclear power plant. Bij laa rd 's theory includes the
nonlinear internal pressure ef fect, but Steele's theory does not. j

7. Flexibility factors for isolated radial nozzles in spherical and ;

torospherical heads developed f rom Bijlaard's theory appear to be
adequate for thrust and monent loads. Additional theoretical work is .

needed, however, to irclude the effects of internal pressure that we
believe could be si nificant.d

;
I
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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:

1. Use Steeles' theory, FAST 2, to conduct two separate parameter
studies designed to cover the ranges of interest for nuclear power
plant construction (see Sect. 2.3):
(a) One study designed specifically for branch connections in

straight pipe and nozzles in pressure vessels. The dimension-
less parameter ranges are:

5 < D /T < 120,g

0.01 < d /D < 0.5,
o

2 < d /t < 100,
o

L/D > 4 ,

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

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

75 < D/T < 2500,,

2 < d /t < 100,
o

0.2 < t/T < 2.0,
,

.

0. 2 < L/ D > d / D < 2. 0. |o

Both paraneter studies should be run for three loadings on the noz- |
zie: thrust and in plane and out-of plane moments. j

2. Using the results f rom item 1, develop simple design guidance equa- 1

tions similar in format to the ASKE Code Class 1 piping flexibility |
factor equations. Because four independent dimensionless parameters i

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- i

ing and subject to error. Even at the expense of some loss in )
accuracy, simple design f ormulas are preferred to design graphs. |

3. Develop corollary parameter studies to investigate the influence of
reinforcement design. Two such studies would be (a) to characterize
the influence of nozzle reinf orcement length and (b) to characterize
the influence of vessel pad reinforcement. Using the results f rom
those studies attempt to modify the formulas developed under item 2-

in as simple a f ashion as possible to characterize reinforcement
effects. Some suggestions are given in the text.

- 4. Conduct corollary parameter studies to identify the influence of
torsional moments on the branch.



. . . . _. __ . _ . _ . _ _ . . . _ _ . . _ . _ _ _ _ _ . _ . _ . . - -

90

5. Modify Steele's basic theory to include the nonlinear effects of-
internal pressure and incorporate the_ modifications into the FAST. *

computer programs. Because pressure ef fects are nonlinear, super-
position is 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 ef fect of internal pressure in the
design guidance.

6. Modif y Bij laard's theory .for spherical shells to include the in-
fluence of internal pressure and proceed as discussed under
item (5). ,

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

- . ;

j

t

.i ,

)
4

.

W
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|

'
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