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ABSTRACT

A comparison is offered between alternative computational methods for tapered hub beha-
viour in large-diameter, high-pressure vessel flanges occurring in literature’using a finite
element analysis for reference. These existing methods consider the hub either as a thin
cylindrical shell with linearly varying thickness or as a ring with undeformable radial cross
section. An improved version of the thin shell approaches is presented for large values of
the taper angle, while additionally the influence coefficients for the finite element

approach are given in graphical form.

1. INTRODUCTION

Interest in the behaviour of high-pressure flanges has been stimulated by the advent of
light-water-cooled and moderated nuclear reactors. The bolted flange joint between the pres-
sure vessel head and body combines large size (typically, P.W.R. with inside vessel diameter
v 3.5 - 4.5 m for ~ 155 bar internal pressure and B.W.R. with inside vessel diameter P 5.5 -
6.5 = for » 70 bar internal pressure) with unusually stringent leak-tightness requirement
(typically, zero leakage past the outer O-ring during normal operation and transients). Fig.
1 shows the tapered hub design and metal-to-metal gasket aided by concentric metal O-rings
typical for such flarge joints.

The most significant difference between the type of flange joint shown and the more cormon
low-pressure flanges concerns the flange ring thickness to width ratio, whose magnitude is
of order unity for the high-pressure case while it is relatively small (say < ~ 1/3) for

the low-pressure case. Therefore the (elastic) thin plate approach for the flange ring,
underlying flange design according to the Divisions 1 and 2 of Section VIII of the ASME
Boiler and Pressure Vessel Code [1], and developed in the classic paper by Waters, Wesstrom,
Rossheim and Williams [2], cannot be utilized for the purpose of the present paper.

The (overall) behaviour of the flange connection is assumed to be elastic, thereby excluding
methods of analysis which account for plastic hinges near the juncture between the flange
ard the vessel. These methods have been developed e.g. by Lake and Boyd [3] (thin plate
approach for flange ring), underlying the British Code BS1500 [u], and by Siebel and
Krageloh [5] (rigid ring approach for flange ring), underlying the German Code [8]. They

should be excluded for the large-diameter, high-pressure flanges of interest because of the
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: extremely stringent leak-tightness requirements mentioned before which enforce the deforma-
tion of the flange ring to be restricted within narrow limits.

Starting from a supposedly uniform distribution of bolt load, all methods commonly used in
flange analysis assume both the loading and the geometry of the flange 150 be axisymmetric.
The reliability of this approximation has been assessed by Menken [7] investigating an inte-
gral flange model without weakening through bolt holes and with concentrated bolt loads at
the bolt pitch circle. From the numerical results given in [7] the important conclusion can
be drawn that the influence of the local character of bolt loads on the average flange de-
formation pattern is negligibly small for the range of flange dimensions of interest for
large-diameter, high-pressure vessels, i.e.

b
0.5 15 <2.0; =—<o0.3,

br - Tef
r.¢ being the radius of the flange ring center of gravity circle, b}. the flange ring width
and t the thickness of the flange ring (cf. Fig. 2).

On the basis of the axisymmetric character of 1oading and geometry, the general practice in
deformation and stress analysis of pressure vessel flanges is to divide each member into its
three constituent elements, i.e. ring, hub and shell (cf. Fig. 2). After determining the
external loadings, the deformation of each of the three elements can be expressed in terms
of the redundant shear forces and moments at their junctions. By applying the conditions of
equilibrium and compatibility at the junctions, a set of simultaneous linear equations is
obtained, which can be solved for the redundant forces and moments. Evaluation of the flange
deformations is then a straightforward matter.
In determining the deformation of the separate elements the following schematizations are
usual: ) )
a. The flange ring is supposed to have an undeformable radial cross section . A rigorous
numerical investigation carried out by Visser [8] on the basis of the finite element

method for the representative case

b g
-;—=1.3s i — = 0.19 =2 = 0.06
F Tef o

showed, as one might expect, that this is a realistic assumption, except for a small
region in the neighbourhood of the gasket face, where plastic deformation can be expected
to occur. The implications of this local effect are discussed in [110]. Experimental
results reported by Van Campen and Broekhoven [9] for the same case completely confirmed
the numerical results.

The cylindr:.cal or the spherical shell is treated by thin shell theory, using the Geckeler

v

approx:l.rnation [10] in the case of hemispherical head.

¢. The tapered hub is considered either as a thin cylindrical shell with linearly varying
thickness and a small taper [11, 12, 13] or as a ring with undeformable radial cross
section [.’I.lc]. Particularly for the tapered hub of the head flange shown in Fig. 1, the
former approach may become doubtful because of the large taper and the short length of"
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the hub. At the same time this squat shape suggests the much simpler alternative of the
latter approach. Section 2 therefore offers a comparison between these alternatives using

a finite element analysis for reference.

2. TAPERED HUB BEHAVIOUR

In order to obtain a systematic approach and to restrict the number of geometric parameters
during the basic phase of the flange analysis, the external flange loading has been replaced
by two basic external loading components (Fig. 3), i.e. unit pressure loading p=1 and unit
moment loading M=1. The unit pressure loading is in equilibrium with an equivalent external
bolting force on the outside of the flange ring. This schematization is allowable because of
the supposed rigid ring behaviour of the flange ring.

For the sake of brevity the present section restricts itself to the case that the taper hub

flange is connected to a circular cylindrical shell.

The thin shell approach of the tapered hub used by Murray and Stuart [11] as well as in
papers on tapered transition joints by Rodabaugh and Atterbury [12] and Hamada et al. [15]
is based upon the solution given by Timoshenko [16, Chapter 15, Article 118] and Fligge [17,
Chapter 5.5.3] for a thin shell with a circular cylindrical shape of the middle plane and a
thickness varying linearly as a function of the axial hub co-ordinate. The same solution is
used in the present paper, yielding the following expression for the radial displacement w
(Fig. 2):

pr 2 (1-v/,)

Eon (1)

w= 5 [c, ber' (€) +C, bel' (§) +C, ker' (£) + C, kei’ (£)] +

M/ 2.7
where € = 2p vn, with p = &2%&%3_1
a’r

o

while n is the axial hub co-ordinate defined in the figure.
In this solution ber' (£), bei' (£), ker' (&) and kei' (£) represent the derivatives of the
so-called Thomson functions with respect to n. The end rotations oo and ol, the end moments

HO and Ml and the end shear forces Q, and Q1 can be expressed in the integration constants
C1 through Cy» considering that:

3 2 3 2
b= w84y, q- g _Fa dy (2)
12(1-v°) dn 12(1-v°) dn

At this point the critical stage in the thin shell approach is reached, where the continuity
conditions at the hub boundaries have to be satisfied. In satisfying these conditions Murray
and Stuart in their classic paper on the behaviour of large taper hub flanges [11] assume
the pressure forces (stress resultants) at the cylindrical shell and the flange ring junc-
tures to act parallel with the vessel axis and to have their points of application in the
hub middle surface. However, this is not consistent with the basic thin shell solution men-
tioned above, as the conical shape of the middle plane, i.e. the difference between the
radii r, + go/Z and ri + g'/Z. produces an additional moment increasing with n (cf. Fig.2)
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along the axial length of the hub. As indicated by the experimental evidence presented in
[12], this effect becomes quite significant for gllgo ratios exceeding about 1.5 and h//;;g:
values not exceeding about 2 v2, i.e. for hub dimensions relevant in the context of the
present paper. To take this effect into account both the analyses given in [12] and [15]
assume the pressure forces at the cylindrical shell and the flange ring junctures to be loca-
ted in the conical hub middle surface, thereby introducing a radial shear force at each of
these junctures. In order to assess the reliability of this correction the present section
offers a comparison between the two approaches mentioned above and simultaneously offers a
third approach where the shape of the hub middle surface is assumed to be cylindrical in
satisfying the continuity conditions. The system of 8equations resulting from the continuity
conditions at the hub boundaries for the latter case has been presented in tabulated form in
Table 1 of [14].
The alternative approach mentioned before is to treat the hub as a ring with undeformable
cross section, i.e., in the same way as the flange ring. This results in two separate modes
of deformation undergone by the hub: (1) rotation of the cross section around the centroid

due to the resultant twisting moment M . and (2) radial displacement of the cross section

wh

due to the resultant radial force through the centroid (both H" and Qh are measured per

h
unit arc length in circumferential direction of the cylindrical shell midsurface). The system
of four equations for the redundant shear forces and moments Qo, Ql’ H° and Ml, resulting
from the continuity conditions at the hub boundaries for this case has been tabulated in

Table 2 of [14].

The final part of this section offers a comparison between the three thin shell approaches
and the rigid ring approach for the tapered hub discussed before, using a fini;e element
analysis as the yardstick for their validity. The finite element approach utilizes the so-
called ana-element concept for the flange ring and the cylindrical vessel. This concept,
which has been introduced systematically by the author [18], enables to evaluate element
stiffness matrices on the basis of known analytical solutions of the elasticity equations.
The elements used in the finite element approach for the description of the tapered hub
behaviour are the TRIAX 6 elements developed by Argyris [19]. The displacement continuity
conditions at the flange ring and vessel boundaries in this approach are satisfied by pre-
scribing the hub edge displacements to be distributed linearly across the wall thickness.
A flowchart of the general computer program underlying the numerical investigations is shown
in Fig. 4.

The calculations have been carried out for the representative case

b g
g =125 ;—on.z; == 0.05
F cf []

The results of the comparison are given in Fig. 6 for unit moment loading (representative
for tightening conditions) and in Fig. 7 for representative operating conditions. The
additional assﬁmptions for some geometrical and loading parameters for the latter loading
case are indicated in the figure. The results are presented in terms of the flaggg_;ing rota-
tion as a function of g1/go for several values of the dimensionless parameter To8o/h, cover-

ing the range of practical interest (i.e. Tofosh = 1, 2, 4, B).
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It may be concluded from these figures that the thin shell approach developed by Rodabaugh
and Atterbury [12] and utilized by Hamada et al. [13, 15] gives the best results over near-
ly the whole range of these two dimensionless parameters. However, for relatively large
values of 'ToBo/h and correspondingly large values of gl/go, i.e. for large values of the
taper angle a (i.e. o 2 550), the approach considering the hub middle surface to be cylin-
drical in satisfying the continuity conditions gives the most accurate values for the flange
ring rotation.
As regards the validity of the rigid ring approach for the hub, Fig. 8 shows the boundaries
in the gl/go - "ToBosh - plane where the relative deviation of the rigid ring approach from
the finite element approach under tightening conditions and operating conditions equals 5%

and 10% respectively.

As can be seen from Fig. 4 an additional output obtainable from the finite element computa-
tions is formed by the influence coefficients for the tapered hub. These influence coeffi-
cients can be used by design engineers who do not have, in general, finite element programs
at their disposal in a very easy way for including tapered hub behaviour in deformation ana-

lysis of flanges. Therefore they are presented in graphical form in the next section.

3. INFLUENCE COEFFICIENTS FOR THE TAPERED HUB CONSIDERED AS AN ASSEMBLAGE OF TRIAX 6 ELEMENTS

In this section the influence coefficients will be presented for the tapered hub considered
as an assemblage of TRIAX 6 elements. At first glance, one would think that these influence
coefficients should refer to the hub boundary loadings Qo, Mo’ Ql and Ml shown in Fig. 2 and

the edge deformations Voo ¢°, w. and ol resulting therefrom. However, in that case these

1
influence coefficients can be shown to depend on the three dimensionless parameters

g g oupend
= » A and "Tofo/h
%o &

A closer inspection of the equations underlying the thin shell analysis discussed in section

2 reveals that appropriate}/y_ﬁfined influence coefficients only depend on the two dimension-
less parameters gl/go and "ToPo/h. As the thin shell behaviour of the tapered hub has been shown
to be dominant in the preceding section it can be stated with sufficient accuracy from a
practical point of view that these influence coefficients will also only depend on the above

two parameters for the case that the hub is considered as an assemblage of TRIAX 6 elements.

The modified influence <:oefficients—c\ﬁij = a,, (i=1,.., 4, j=1,.., 4) are defined as follows

ji

M g M pr
1l o & o o 1
w === |-« / =+a,—-¢ V=-a,—| +ta (3)
o n[;o] 1% T T T W Ty T Ty
1 [F 2 o Mo & M1 P Pz
v’rogo’@o =% [g—] ey Qo'/g +a,, r—o- -0y, Q Y =-qa,, = +ta s ()

1 ry 24 v, 2p E 8o
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1 (e 2. o >3 L o
“17E [go] ["31 Q7 r, %27t Tt %3 QY r, " %o ro] *%pEg (%)
M g M pr
-1 [ ] 8 0 () 1 []
== Q, /~—- ta,—-06.Q/—-a —=|+a —2 (8)
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where °1p’ °2p’ °3p and “up are proporfional to the free edge deformations due to the inter-
nal loading (including the axial pressure force) acting on the tapered hub. The modified in-
fluence coefficients are glven in graphxcay form in Fig.s 9 through 13 as a function of

: 2 =3,1, 2, 4, 8) and intend to cover the

g1/3 for several values of '~ofo/h (i.e.

range of practical interest. In order to obtain a systematic presentation the coefficients

4 T e
h Q. For values of 'To®o/h

a)p and @y have been replaced by i[ulp + aap] and [alp - uap]
between the values mentioned above the influence coefficients can be obtained via interpola-

tion.

4. CONCLUSIONS

The thin shell approach for the tapered hub developed by Rodabaugh and Atterbury [12] and
utilized by Hamada et al. [13, 15] gives the most accurate values for the flange ring rota-
tion, except for large values of the taper angle a (i.e. a 2 o 55°C), where the approach
proposed by the author [14] gives the best results. However, thls latter approach also gives
results within sufficiently accuracy from a practical point of view for other values of a.

The thin shell approach used by Murray and Stuart [11] underestimates the flange ring rota-
tion considerably, particularly for relatively large values of the taper angle.

The rigid ring approach for the tapered hub only gives accurate results for the flange ring
rotation within a very restricted range of the dimensionless hub geometry parameters (cf.
Fig. 8).
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DISCUSSION

Q J.G. LEKKERKERKER, The Netherlands

1. Your problem concerns the determination of the rotation of the flange ring which is im-
portant in view of the tightness of the flange connection. It seems to me that the local stress
problem near the gasket is of at least equal importance. As far as I know no work about that
has been reported at this conference.

2. Don't you think that the cost of a computer program in order to treat the hub using finite
element methods is negligibly small as compared with the total cost of a nuclear power plant,

which makes it highly improbable that a designer would not have this facility at his disposal ?

A D. H. VAN CAMPEN, The Netherlands

1. This is indeed true. Due to the combination of geometrical and physical non-linearities it
is hardly possible to get theoretical information on this problem. Some first experimental
evidence was presented at the 1969 Delft conference by our laboratory. We are now comparing
this evidence with the theoretical results obtained from the program discussed in the paper.

2. Of course this is true for nuclear power plants, but the method presented also holds for
non-nuclear flanges where it generally is not. On the other hand still quite a lot of design

engineers in the nuclear field do not have finite element programs at their disposal.



