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THREE-DIMENSIONAL FINITE ELEMENT ANALYSIS
OF THICK-WALLED PIPE-NOZZLE JUNCTIONS
WITH CURVED TRANSITIONS

N. KRISHNAMURTHY,

School of Engineering and Engineering Experiment Station,
Auburn University, Auburn, Alabama, U.S.A.

ABSTRACT

The stress distribution at the junctions of thick-walled pressure vessels and pipes is
of considerable theoretical and practical importance in nuclear reactor technology. This
paper reports the three-dimensional finite element idealization and analysis of a typical
cylindrical-vessel-nozzle junction. Mathematical relationships are developed defining the
geometry of the surface and interior points of thick-walled vessel-nozzle junctions with
curved transitions. The computer program developed for the automatic generation of cylin-
drical coordinates for the three-dimensional idealization of the junetion, is briefly de-
scribed. The principal features of the finite element computer program used for the three-
dimensional stress analysis, are presented. The application of the programs to idealize and
analyze a typical vessel-nozzle jJjunction for three mesh sizes is outlined, and the results
are discussed. A stress concentration factor is eveluated for the problem studied. The
study demonstrates the feasibility of three-dimensional finite element idealization and
analysis of heavy-section vessel-nozzle junctions, and the general applicaebility to further
investigations. The results indicate a region of high stress concentration in the transition

region on the inner surface of the junction, at the longitudinal section.
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1. INTRODUCTION

An urgent need exists for a clear understanding of the stress distribution in thick-
walled pressure vessels and pipes, at the regions where they connect with nozzles and
branches. The bulk of the information aveilable is the result of analytical and experimental
investigations on thin-walled sections. Thick-walled sections have been approximately ana-
lyzed on the basis of such simplifying assumptions as the applicability of shell theory.
However, the validity of these methods and their results will be doubtful, particularly at
the transition region where stress concentrations are known to exist. A realistic examina-
tion of thick sections requires & three-dimensional analysis.

Due to the complex configuration of the typical vessel-nozzle junction, classical
mathematicel methods of stress analysis are not conveniently applicable. Finite element
methods are the logical choice for such a situation. However, three-dimensional finite ele-
ment analyses present certain complexities of their own, both in the idealization and in the
computational processes, and have not teen as widely applied as the two-dimensional programs.
Thus, very little information eppears to exist on the three-dimensional stress analysis of
thick-walled pressure vessel connections.

As part of the simulated service activity of the Heavy Section Steel Technology (HSST)
Program at the Osk Ridge National Laboratory (ORNL), operated by the Union Carbide Corpora-
tion for the United States Atomic Energy Commission (USAEC), the study was undertesken, to
examine by three-dimensional finite element techniques, the stress distribution due to inter-
nal pressure, in a typical vessel-nozzle Junction with the form and dimensions shown in Fig. l.

Corplete details of the study are given in the author's report to the USAEC, [1].

2. FINITE ELEMENT IDEALIZATION OF JUNCTION

2.1. Preliminary Considerations

The study was limited to the particular vessel-nozzle configuration pictured in Fig. 2,
end defined by the following considerations:

(1) The vessel and the nozzle are both cylindrical, with straight axes intersecting at
right angles., Thus the nozzle is radially attached to the vessel.

(2) The radius and the wall thickness of both the vessel and the nozzle are constant
over the portion of the Junction analyzed.

(3) Both the inner and outer transitions between the vessel and the nozzle are circu-
lar arcs, but not necessarily concentric.

(4) Each transition arc connects tengentially with both the vessel and the nozzle.

For the proposed investigation of stress distribution in and near the nozzle attachment
region, the cylindrical coordinate system indicated in Fig. 2 was considered appropriate,
with the z-axis along the nozzle axis. The intersection of the axes of the vessel and the
nozzle was chosen as the origin.

In conformity with accepted terminology, planes conteining the nozzle (2-) axis are
referred to as "meridional planes," and planes normsl to the nozzle axis as "leatitudinal
planes." The meridional plane such as QPST in Fig. 2, containing the vessel axis, is the
"longitudiral plane," and will be used as the reference plane 6 = 0. The meridional plane
such as QRV, normal to the vessel axis, is the "transverse plane,” and has a value of 90

degrees for 8 in the right-handed system used. The latitudinal plane TUV through the origin
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is the "equatorial plane."

Distances and stresses along the r, 6, and z directions are
referred to as the "radial," "circumferential," and "axial" distances and stresses.

For internal pressure, symmetry of the vessel-nozzle junction about the longitudinal
and transverse planes would have permitted the analysis of one-fourth of the junction, namely
the portion QPSXYVR in Fig. 2. However, for simplicity and to take full advantage of a fine
mesh in the finite element analysis, symmetry about the equatorial plane was additionally
assumed, enabling the analysis of only one-eighth of the junction, namely the porticn QFSTUVR.
The implicaticns of this assumption will be discussed later. This octant, chosen for the
analysis, will be referred to as the "symmetry octant.”

Because of the general applicability of the study, the terms "vessel" and "pipe" are
used interchengeably. A surface which extends throughout the wall of the pipe-nozzle junc-
tion, in & manner similar to its inner and outer surfaces, is referred to as a "layer." The
wall of the junction is divided by layers into "slices." The additional special nomenclature
used in the discussion is presented in the view of a typical layer, Fig. 3.

The line such as B'B" in Fig. 3, along whieh the surfaces of the nozzle and the transi-
tion meet tengentially, is the "nozzle tangency line" for the layer. Similarly, the line
such as C'C", along which the surfaces of the transition and the pipe meet tangentially, is
the "pipe tangency line" for the layer. The two tangency lines form the natural topological
boundaries between the three regions of the junction, namely the nozzle, the transition, and
+the pipe. A line such as ABCD in Fig. 3, which is the intersection of a meridional plane
with a layer, is a "meridional trace." Meridional traces divide the 90-degree octant into
"layer strips.” Divisions such as 1-2, 2-3, . . . , on a layer trace, are "trace divisions."
The points 1, 2, . . . , on the meridional trace become the "nodes" for the finite element

mesh.

2.2. Location of the Tangency Lines

Figure 4 shows a plan view of the portion of the junction chosen for analysis, and an
enlarged meridional section for a general angle §. As can be seen from Figs. 3 and 4, the
meridional trace at any value of & consists of the straight nozzle region AB, the circulgr
arc BC of the transition, and an elliptical curve CD for the pipe region. In Fig. b, the
ellipse quadrant FCDE, of which CD forms a part, has the semi-major axis OE (=Rp/sin 6), and
the semi-minor axis OF (=Rp). The equation of the ellipse may therefore be written,

r? sin?¢ + 22 = R; ) (1)
where r and z are the coordinates of any point on the ellipse, and Rp the radius of the pipe
layer. (When r and z are subscripted, the subscripts will refer to a particular pcint.)

When 6 is less than 6 the angle to the layer corner U, the coordinates of D are

EI,
given by,

r., = Pglcose . (2a)

D
and, by substitution into eq. (1),

- 2 2 2.,1/2
z, = (Rp ~ Pli‘. tan“g) . (2b)

where P£ is the half-length of pipe chosen for analysis.

When 0 is more than 6, , the coordinates of D' of Fig. 4(a) or Fig. 3 are given by,

g’
T = Rp/sin 0, and 2, = 0. (3)

To locate the pipe tangency point C on the meridional trace, it may be noted from

G 2/7



Fig. b(b) that,

R +R = r, = r,+R sinsg , ()

where, Rn and Ht are the radii of the nozzle and transition in the leyer, G is the center of
curvature of the transition arc, and 8 is the angle between the radius GC and the z-direction,
as also the engle between the tangent at C and the egquetorisl plane.

Equation (4) gives the expression for sin B as,

sin B = (Rn + R, - rC),/R_t . (5)
Further, from eg. (1) for the ellipse, the expression for the slope of the tangent may

be written as,

az| -Tg sin?@
ten 8 = 37 rerg = (B; - rg sinie) /2 N (6)
which, with the sign ignored as not pertinent to the analysis, yields the expression,
r, sin?g
sin B = £ 175 . (1)
[R2 - r2(sin?6 cos?e)]’/

When the two values of sin g given by eq. (5) and eq. (7) are equated, the equation for

the unknown To is obtained as,

4 3 2 -
Ar. + Brc + Crc + Dr, + E o, (8a)
where, A = -sin?g cos?p , B = —EA(Rn + Rt) s

2
Eﬁp(Rn +R.) ,

L

- 2 2 2 i b
c = A(Rn + Rt) + RP R sin'0 , D
and, E = H;(Rn + Rt}2
Equation (8e) may be conveniently solved for r, by the Newton-Rephson method to the

desired precisicn. With Te known, the z-coordinate of C may be obtained from eq. {1) as,

1/2
- 2 _ .2 s 2
Zo (Rp ri sin 8) . (8b)
For the nozzle tangency peint B, ¥ig. k(b), and eq. (6) indicate,
rg = R, (se)
1/2
and, _ _ 2 ,
Zy 2o + R cos B = ZC[2Bt(rC_Rn) - (rc—ﬂn) ] . {9n)

2.3. Lecation of Nodes on Meridional Trace

By dividing the nozzle, transition, and pipe regions intc L, M, and N parts in &
suiteble manner, (L + M + N + 1) nodes may be located on a meridional trace. In this study,
the nozzle height AB was divided into L parts. But, to obtain better control over the curved
trace divisions, the transition and pipe regions were divided angularly rather than on their
projected lengths. The angle BGC subtended by the transition was divided into M perts; the
angle COD subtended by the pipe region et the origin wes divided into N perts. Figure b
shows one typicel trace division in each of the three regions.

For equel trace divisions in the nozzle region AB, for the node at the end of '&'th
division from A, the coordinates are,

r = R, end, z = z, - (zA-zB)(E/L) . (10)

where ZA is the maximum height {Zm) of the nozzle top above the equatorial plane, as chosen

for the ansalysis.
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In the transition region BC, the angle BGC subtended by the arc BC is given by,

=1
¢ = sin [(zB—zc)th] . (11)
and the coordinates for the node at the end of the 'm'th division from B are given by,
r = R + Rt(l - cos{om/M}] , (122)
and, z = zg- Rt sin{am/M) . (12b)

In the pipe region CD, for the node at the end of the 'n'th division from C, the

angle y measured from the egquatorial plane is given by,
Y = vg = (ygvp)(a/m) (13)
where the values of v, and y, are given by the expressions tan‘l(chrc) and tan_l(zD/rD].

2 TD will be zero.

If s is the polar distance of the node from the origin 0, as marked on Fig. U4, the

It must be noted that for a value of 6 equal to or larger than 6

coordinates of the node are,
r = scosy, and, =z = s siny , {14%)
in which the value of s can be obtained, by substitution for r and z into eq. (1), as,
. s = Rp/(sinzy + cos?y sinze)lfz . (15)
By raising to a suitable power, the ratios of the number of intervals upto a node to
the total number of nodes in the nozzle or the pipe region, the node spacing msy be progres-
sively varied, and in particular nodes may be moved closer to the transition region, for ob-
taining a smooth gradation of mesh in the region of interest. This exponent will be referred
to as the "crowding index." ‘
It may happen that no meridional section passes through the layer corner (U in Fig. 3),
in which case, routine element definition procedures may miss the piece UD'9 of the layer.
To properly define the slice in the neighborhood of the corner, either an additional element
corresponding to the omitted piece must be attached, or one of the two adjacent nodes (D' or

9 in Fig. 3) must be relocated at the corner U. In the study, the latter methcd was adopted.

2.4%, "HST-NODES" Computer Program

A computer program was written, in Fortran IV language, to calculate, by the procedures
described in the preceding sections, the nodal cocordinates for the finite element mesh of a
thick-walled pipe-nozzle junction with curved transition. The computer program is designated
"Heavy Section Tee Nodes," and is referred to by the abbreviation "HST-NODES." Compleﬁe de-
tails, program listing, and input instructions are given in the author's report, [1].

The program is capable of various degrees of automatic mesh generation. When supplied
with the inner and outer dimensions of the symmetry octent, the number of slices, angular
parts and trace divisions for the idealization, & crowding index and certain options, the
program will generate all the additional information necessary for the computations on the
intermediate layers, compute the cylindrical coordinates, and print and also punch out on
cards in a specified format, the values in sequential order.

Such & completely automatic procedure would develop slices of equel thickness, egual
angular divisions, constant crowding index for all @, and (if L, M, and N are specified the
same for the inner and the outer surfaces) constant distribution of the trace divisions in
all the layers and for all 0. Greater control over the mesh may be achieved as desired, by
specifying the appropriate identifiers, and supplying additionel input. Meridional sections
may be specified at desired angular 16cations. Crowding indices may be specified differently
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for different meridionel sections, and, even on the same meridional section, differently for
the nozzle and for the pipe. Nonuniform slices may be obtained by specifying their radii.
Trace division distributions may be varied not only from layer to layer, but from one meri-
dional section to another.

Although the progrem was developed for thick-walled junctions and curved transitions,
it has the additional capebility to idealize, when appropriate parameters are input, (1) junc-
tions (or layers) with no transition region, that is, sharp junctions, and (2) 'thin-walled'
Junctions which may be adequately analyzed with two-dimensional (shell) finite elememt progrezs.

Further, with a few changes, the program may be modified to idealize a symmetry gquadrant
(such as the portion QPSXYVR in Fig.2) rather than the octant, thus eliminating the need for
assumed symmetry at the equatorial plane. Extensions to the half-pipe and full pipe are then
relatively simple, permitting the analysis for unsymmetric loadings and constraints.

3. FINITE ELEMENT ANALYSIS OF THE JUNCTION

During recent years, the basic principles of the displacement method of finite element
analysis have become widely known, and large numbers and great variety of complex problems
have been solved by the use of many general and special purpose computer programs. In brief,
the technique consists in ideelizing the continuum into an assemblage of elements connected
at the nodes; formulating the equilibrium equations which relate the nodal forces and nodal
displacements, on the basis of an assumed displacement field; solving the set of equations,
under prescribed boundary constraints and loads, for the unknown displacements; and finally
computing the strains and the stresses in the elements. Three-dimensional finite element
analysis has not been as extensively applied to solve actual problems, as two-dimensional
analyses including plane stress and plane strain, axisymmetric, and plate and shell familations.

3.1. The "SAFE-3D" Program

The computer program used for the three-dimensional analysis of the pipe-nozzle junction
vas the "SAFE-3D," the name being the abbreviation for "Stress Analysis by Finite Elements ~
3 Dimensional." The program was developed by the Ceneral Atomic Division of Genersl Dynamies

Corporation, now Gulf Genersl Atomic¢, Inc., of San Diego, California, U.S.A., under sub-
contract to the Union Carbide Corporation. It had been originally written for the UNIVAG-1108
computer of Genersl Atcmic, and was modified at the Computing Technology Center at Oak Ridge,
for use on the IBM System 360.

The program provides a three-dimensional elastic analysis of heterogeneous structures
of arbitrary geometry. The basic solid element used in the analysis is the constant strain
tetrahedron with (assumed) linear displacement field. In addition to solid regions, any
membranes or embedded bars may also be included in the analysis. Problems may be formulated
and solved in either the Cartesian or the cylindricel coordinate systems. Analysis for
steady~state thermsl effects is also possible.

The progrem cepabilities and input instructions for SAFE-3D are given in the User's
Mar=2l by Cornell et al., [2]. Although the computational element for the solid regions is
the i~trahedron, the input element is the octahedron composed of three tetrahedra, leading
to .. : 1siderable reduction of input for the element descriptions for the idealized body.

The idealization of the solid continuum into an assemblage of elements is achieved, in

effect, by considering the body to be cut into a number of "segments" by means of "sections."
The sections, being the bounding surfaces of the solid and the interfaces between the segmemts,
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are defined at (and by) the nodes lying on the surfaces. Tﬁe segments are subdivided into
octahedra by means of transverse planes connecting appropriate nodes from the adjoining sec-
tions. Figure 5 illustrates one segment of a solid; a typical octahedral element IJKIMN is
shown subdivided into the three component tetrahedra IJKL, JKIM, and KIMN as the program
would, internally.

The input procedure for the idealization consists of defining the geometry of the body
by the coordinates of the nodes on each section, and describing the topology of the body by
the nodel indices of the elements in each segment. The program has an automatic mesh genera-
ticon feature for regions where the nodes and elements may be described in terms of their
initial and final paremeters and indices. For such uniform regions, the program interpolates
the indices and ccordinetes of the intermediate nodes, and develops the indices and node
definitions of the octahedral elements.

Machine-generated nodes may be "moved" to more preferable locations by reading-in new
coordinates. Further input consists of information on: material properties for different
groups of elements; loading information for concentrated forces, body forces, surface trac-
tions, and temperature changes; and displacement constraints. .

The SAFE-3D program msy be run in & number of progressive stages. A full capacity run
with the program could involve as many as 5000 nodes; under such conditions, the equilibrium
equations would number about 15,000, and the band width of the stiffness matrix would be of
the order of 1000. In order to solve equations of such magnitudes, SAFE-3D utilizes a special
block iteration technique, described by Rashid, [3]. The precision of the final solution may
be controlled by the user, by specifying the number of iterations and the "unbalanced force,"
namely the tolerable difference between the applied forces and their values recalculated from
the displacements of the last iteration. More details of application of the program may be
found in the paper by Corum and Krishnemurthy, [b4].

3.2. Idealization and Anslysis of Junction

The portion of the junction of Fig. 1 selected for the study as the region of interest
is shown in Fig. 6. The vessel and the nozzle had internal diameters 27.0 in. and 9.0 in.;
the internal and external transition radii were 1.5 in. and 3.0 in. The wall thickness was
6.0 in. for the pipe, and was teken as 6.0 in. for the entire height of the nozzle chosen for
the analysis; the configuration shown in Fig. 1 was finalized subsequent tc the implemeptap
tion of the analysis. ' The maximum height {Zm) of the nozzle top above the equatorial plane
was teken as 40.0 in. Two values of helf-pipe lengths (PE)’ namely 19.5 in. and 30.0 in.
were chosen, to examine any differences in the stress distributions for the two lengths, re-
ferred to hereinafter as "short pipe" and "long pipe" cases.

A value of 1000 psi was adopted for the internal pressure, for convenience. The
stresses at the "cut" ends of the nozzle and the vessel were assumed uniformly distributed
over the cross-sectional areas of the walls, at values which would equilibrate the pressure
acting on the areas of the open ends. This condition would correspond to the situation where
the nozzle and the vessel were rigidly capped. On this basis, the loading for the symmetry
octant consisted of the 1000 psi normal pressure on the internel surface, and uniform tensile
stresses of 225.0 psi on the nozzle end and 920.45 psi on the vessel end.

The boundary conditions for the sector were simply the constraints imposed by the sym-
metry, actual and assumed, namely, zero angular (6) displacement for the nodes on the longi-
tudinal and trensverse sections, and zero axial (z) displacement for the nodes on the
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equatoriel plane.

Three cases were analyzed, corresponding to three mesh idealizations designated "coarse,'
"medium," and "fine." Details of the meshes are presented in Table I. Figure 7 depicts the
idealization of the symmetry sector for the coarse mesh, complete with the node and element
numbering schemes. Figure B shows the lsyout of the fine mesh on the longitudinal and trans-
verse sections. Each mesh was finalized after examining computer plots of the ocutput from
HST-NODES for different combinations of L, M, and N, and with various crowding indices.

The node coordinates for each chosen mesh were punched out on cards by the HST-NODES
program in a format suitable for the SAFE-3D input deck. An enormous amount of time and ef-
fort that would have been normally required for hand input of individual element description
cards was saved, and the accompenying risk of error was avoided, by a simple stratagem. The
automatic mesh generation routine of the SAFE-3D was utilized to develop the element descrip-
tions for a 90-degree sector of a 'dummy' axisymmetric solid with the same number and general
arrangement of nodes and segments as in the octant of the junction. The reading~in of the
actual node coordinates for the junction achieved the subsequent modification of the geometry
to the desired shape, without affecting the connectivities of the elements.

The enalysis of the three cases was carried out in the recommended stages, to preci-
sions corresponding to force imbalances averaging less than 1 1b., per node. Central Proces-
sor Unit (CPU) times for the IBM System 360/65 computer used for the analysis were about

25 min., 76 min., and 188 min. for the coarse, medium, and fine meshes.

4. RESULTS OF FINITE ELEMENT ANALYSIS

4.1, Stress Distributions

Exemination of the computer output for stresses revealed the following characteristics:

(1) The shear stresses everywhere were generally much smaller than the normal stresses.
Further, the regions of high shear stresses and of high normal stresses did not coincide.

(2) The radial stresses o, were all within the range of #1000 psi throughout.

(3) The circumferential stresses GB were maximum on the inner surface at the longitudi-
nal section, near the transition region. The maximum shear stresses in this region were
in the latitudinal planes, of magnitude about 5% of the maximum 9 values.

() The axial stresses o, were meximum on the inner surface near the intersection of
the transverse section and the equatoriasl plane. The maximum shear stresses in this region
were between 10 and 20% of the maximum axial stresses.

(5) The meximum circumferentisl stress for any mesh was more than twice the maximum
axial stress, and much higher than the maximum radial stress. Further, in the region of
maximum Oy the radial and axial stresses were very low, about 15% in magnitude.

On the basis of the preceding observations, it was considered unlikely that the criti-
cal principal stresses would be much different from the critical normal stresses themselves.

More detailed evaluation was confined to the normal stresses only.

k.2, Stress Contours

The normal stress distributions O.s Ogs and o, were first examined quantitatively by

plotting iso-stress lines or "stress contours” on the longitudinal and transverse sections

for all three meshes, snd on the 45° meridional section additionally for the medium mesh.
The stress variations on meridional sections revealed oscillstions analogous to the

results from a triangular element discretization of plane stress analysis. An averaging
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process was used to smooth out the oscillations, and the average stresses were considered to
act at the centroids of the faces of the elements attached to the meridional section.

Contours were interpolated, every 250 psi apart, linearly between adjacent known
values, in the interior. Wherever boundary values were known, as applied pressureor end
tractions, interpolation was carried right up to the boundary and as far along it as would
not violate other computed results,

But where the boundary values were not known, contours were extrapolated up to the
boundary at the same gradient as in the adjacent interior interval. This procedure ignored
any changes in the stress gradients near a boundary, and it was adopted only as a device to
complete the stress plots and thus obtain graphical representations of the general stress
distribution over the entire meridional section. More effective extrapolation techniques
were used, as will be described later, to predict the maximum values on the boundary.

Figures 9, 10, and 11 show the contour plots of T Tgs and 9, respectively for all
three meshes, on the longitudinal section; Figures 12, 13, and 1l show the corresponding
variations on the transverse section. The known boundary values used to plot the contours
are indicated on the plots in parentheses. The medium mesh plots for the 45° meridional
section (not included herein) indicated a smooth transition between the corresponding plots
of the longitudinal and transverse sections.

The effects of the mesh size on the stress distributions may be observed by comparing
the plots (a), (b), and (¢) for the coarse, medium, end fine meshes, in each of the Figs. 9
to 1k, TIn every case, the stress gradients are seen to change progressively with mesh re-
finement, the change being generally to increase the gradient, as might be expected. It is
also obvious that the ecritical stress for the case analyzed is the circumferential stress
near the inner transition on the longitudinal section.

The effects of the pipe length considered, on the stress distributions, may also be in-
vestigated to a limited extent, by comparing the long pipe plot (b) with the short pipe plots
(a) and (e) in each of the Figs. 9 to 14. The broken line in the long pipe longitudinal sec-
tions (b) of Figs. 9 to 11, drawn at a radial distance of 19.5 in., enables such a comparison
with the short pipe domain. It is clearly seen that the patterns of the contours for the
short and long pipes are very similar. Further, the medium mesh stress distributions are
generally intermediate between the coarse and fine mesh results. Finally, the contours at
the 19.5 in. line in the longitudinal section of the medium mesh plots also compare satis-
factorily with the corresponding coarse and fine mesh contours at the pipe end. These facts
suggest that differences in the lengths of pipe might not significantly affect the stress
distribution, especially in the transition region (for lengths larger than about 19.5 in.).

At the equatorial plane where symmetry was assumed contrary to the situation existing
in the physical problem, Fig. 1l indicates rather large axial stresses at the transverse sec-
ticn. The maximum contour value of o (2500 psi) is less than L0% of the maximum contour
value of 9 (6500 psi) in Fig. 10, and the stress gradients are also not as steep. It is
therefore further postulated that if the symmetry constraint had not been imposed, the axial
stress distribution would have been more uniform at the equatorial plane, and hence even less

critical in the analysis than with the assumed symmetry.

L. 3. Extrepolation of Surface Stress

The linearly extrapolated values of %q at the inner surface for the coarse, medium, and
fine meshes may be estimated from the contour plots Fig. 10 (a), (b), and (c), at 4750, 5500,
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and 6500 psi, respectively. To obtain extrapolated velues superior to these estimates, it
would be necessary to examine the stiress variation along a particular line, logically the
1ine of steepest stress gradient.

From Fig. 10, it is apparent that the line of steepest gradient for oy lies in the
transition, Just below the nozzle region; & convenient line was chosen, as marked EF in
Fig. 10(a), joining points on the inner and outer transition ercs where they subtended 15°
to the horizontal, at the centers of the respective curves.

For each mesh, the values of o  at points on the critical line EF were determined by

8
interpolation between computed values for elements on or on either side of the line; since
such interpolation was done along directions generally normal to the line of steepest gradi-
ent, any interpolation error was considered insignificant. The computed values of o, are

shown as points in Fig. 15.
' Since plots of (log UB) versuse x were nearly straight lines, the expression for the
circumferential stress variation along the critical line was assumed in the form,

oy = & ebx (16)

A least squares fit was determined mathematicelly for each mesh, and the following

expressions were cbtained:
-0.175 x

cs = 5163.7 e for coarse mesh , (172)
o, = 6298.5 e 0210 X £or medium mesh | (170)
and, og = 6556.6 e 0211 X p0r fine mesh . (17e)

The meximum stress on the inner surface could then be obtained as the value of o, at E,
with x equel to zero; the three values are, 5163.7, 6298.5, and 6556.6 psi. The curves of
the three fit exﬁressions are also shown in Fig. 15. The deviations of the curves from the
computed values are well within computational end algorithmie accuracy, with a maximum dif-

ference less than 3.6%.

L.,4, Extrapolation to the Continuum

It is obvious from the circumferential stress variations slong the critical line, that
‘with further refinement of mesh, the maximum value would rise, and converge asymptotically to
the value for the continuum. To predict a value for the continuum from the three available
maximum stress values, the stress must be related to the mesh size either in terms of a suit-
able parameter (h) for element size, or the number (m) of nodes.

Since the mesh size was not constant over the region, the number of nodes in a domain
common to all three cases is the preferable basis of comparison. The largest common domain

as the one for the short pipe cases of coarse and fine meshes, having 504 and 2112 nodes.

Of the 1170 nodes in the long pipe (medium mesh) case, approximately 50 nodes could be as-
signed to its extra pipe length; thus the equivalent number of nodes for the medium mesh was
teken as 1120. This common domain will be referred to as the "short pipe domain.” A compari-
son may also be mede on a pertial domain, in perticular the transition region. This would
exclude the widely different size gradetions which occur in the same mesh, toward the nozzle
and pipe ends. The node count for this "transition domain" gives 112, 198, and 339 nodes for
the coerse, medium, and fine meshes, respectively.

Plots of maximum ¢, ageinst normalized reciprocals of node counts for the two domeins

e
are shown in Fig. 16. The number of coarse mesh nodes (mc} is used for the normalizing and

ues plotted for exponents of 1 and 2, to show the variation. The short pipg domain curves
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indicate that o, versus {mc/ma}n would yield a straight line for some velue of n between 1.0

and 2.0. The transition domain curves suggest that o
slightly more than 2.0,

g versus (mc/mb) would be linear for n

The variation of % with mesh size may hence be assumed in the form,

n
Gy = @&+ b(mc/m) s (18)
and the two sets of available values used to solve for a, b, and n for the two domains. The

two expressions thus obtained are,

g

8 €69Lk.0 - 1530.0 (mc/mh]1'70 for the short pipe domain, (1%a)

2.55

and, o 66L4.0 - 1480.0 (mc/mb) for the transition domain. {19B)

9
The value for the continuum can now be found as the extrapolated value at (1/m) of zero,
corresponding to an infinite number of elements of infinitesimal size; the absclute maximum
circumferentidl Stress for the continuum thus becomes 6694.0 psi for the short pipe domain,
and 66L44.0 psi for the transition domain, of which the larger value may be chosen as the more
eritical. The rounded-off value 6700 psi may thus be adopted as the absolute maximum stress

in the continuum.

L.5. BStress Concentration Factor

The normal stress o' in the pipe-nozzle jJunction is defined as,
' =
o P RpiXt (20)

where, p is the internal pressure, Rpi the internsl radius of the pipe, and t the thickness
of the pipe wall. In the present study, the nominal stress is obtained as 2250 psi.
Hence the stress concentration factor for the junction, under the loading and boundary
conditions analyzed, is,
= T = =

The value may be rcounded off to 3.0. The maximum stress is a tension in the circum-
ferential direction, occuring in the transition region on the inner surface, just below the

nozzle tangency point on the longitudinal section.

5. CONCLUSION

A massive computaticnal effort went inte the analysis, and very voluminous output was
evaluated, apparently to arrive at the single number representing the stress concentration
factor for a particular case. However, the problem studied was one in which precise analysis
was lacking but essential, and hence the present study must first be considered as demon-
Strating the feasibility of analyzing a complex Jjunction by a completely general three-
dimensional analysis based on a realistic and {in the limit) exact algorithm; the gualitative
observations may increase the understanding of the basic problem. .

Second, while three-dimensional finite element programs and their use are increasing,
the discretization of complex solids continues to be a very intricate and tedious task. The
technique and the computer program developed in the study may ensble the automatic discreti-

zation of vessel-nozzle Junctions in further investigations.
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TABLE I
MESH DETAILS FOR THE THREE CASES ANALYZED

Item Coarse Mesh Medium Mesh Fine Mesh
* ipe designation and length Short, 19.5 in. Long, 30.0 in. Short, 19.5 in.
umber of slices 3 {equal) 4 (equal) 5 (unequal)
umber of engular divisions 6 (of 15°) 8 (of 11.25°) 10 {of 9°)
» M, N on inner layer* Ty 3, T 11, 3, 11 (19-17), 3, (9-11)
s M, ¥ on outer layer® Ty 3, T 11, 4, 10 {15-17), (7-3), (6-11)
Tumber of trace divisions 17 25 31
ozzle crowding index® 0.60 0.60 to 0.6%4 0.80
ipe crowding index* 0.60 0.91 to 0.75 0.95 to 0.80
umber of nodes S0k 1170 2112
umber of octahedral elements 612 1600 3100

Where the value is given as a range, the two numbers refer to the longitudinal and trans-

verse sections, respectively.
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