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SUMMARY

This paper presents a numerical procedure for nonlinear design optimisation of flanged
pipe connections. The geometrical transition region of the flange is defined as a parametric
cubic spline and the stress sensitivities are calculated numerically using the finite element
method., From these sensitivities a sequential model is developed znnd this is optimigsed using
a penalty function approach combined with a variable metric unconstrained technique.

Examples of the procedure are shown for different loading conditions and plots of stresgs
reduction are produced for each design stage. The procedure presented is based upon well

tried numerical techniques and can easily be extended to other similar problems,
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1., Introduction

The design and behaviour of flanged pipe comnections is a most important subject matter
due to the severe requirements placed upon such components, particula;ly in the pressure ves-
gel industries. Complex loading conditlons together with the difficulties encountered in
analysing non-trivial geometries hag led to many empiricu; formulations being proposed which
pertain to produce adequate designs (1)(2). Such formulations by their nature are indeed
regtrictive and in general only at best give an estimate of the overall behaviour of such
components.

In this presentation the design problem is posed as one of shape optimisation in which
the objective is to bring the maximum stress concentration factor to a midimum value. The
shape of the component is defined by a get of design variables which control the flange thick-
ness and the transition region between the flange and tube connection. Optimisation then con-
sists of finding the optimal vector of design varlables which minimises the stress concentra-
tion factor.

. The problem formulation is bosed upon the well proven finite element technigue (3) which
1s used essentially to produce accurate stress gradients. Using these stress gradients a
mathematical model 1s developed which describes the behaviour of the response to be minimised.
The optimisation problem is solved by using the penalty function procedure of SUMT (4) and
examples are presented showing its use as a design method.

2. Problem Statement

The flange configuration that will be discussed here consists of an axisymmetric solid
of revolution as shown in figure 1. As indicated in the figure the component consists of four
integral sections, which are, the raised flange face A, the flange B, the transition region €
and tube region D. Such configurations frequently occur in pressure pipework systems and
often present the stress analyst with the problem of not only predicting accurate stress
fields but poses the related problem of sizing the component to reduce or minimise stress
concentrations which are inevitably present.

The majority of flange designs are governed by standard formulations such as presented in
ASME VIII (1) and BS5500 (2). Such expressions are based on semi-empirical relationships and
by no means reproduce the full stress response but only forward estimates upon which the
designer may found a solution. Furthermore these semi-empirical techniques do not take into
consideration irregular geometries, flange bolt up behaviour or mechanical and thermal load-
ings. In order to overcome such deficienciles modern pressure vessel codes allow the use of
numerical methods such as the finite element technique (3) which provides the engineer with a
most reliable method of predicting disnlacements and corresponding stress fields throughout
the component. With this powerful technique available attention may now be focused on gener-—
ating technigues which in some way will produce optimum designs which satisfy predetermined
specifications with regard to component response.

One such important component response assoclated with flange components is the reduction
of stress concentration effects (5)., Using this criterion the optimum design problem can be
poged as find the component shape such that the maximum stress concentration occurring within
the elastic so0lid is brought to a minimum value., Mathematically this can be stated in the
usual form as

Min Z = Min;mse [Maximum § (L
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where 'S' 1s some function of stress which is to be brought to a minimum and B is the boundary
of the solid for which an optimal geometry is being sought., In choosing the function S ref-
erence is made to the work of Morrison et al (6} who have shown that maximum shear stress
theory or Tresca theory can be accurately related to fatigue failure and this is further
endorsed by ASME who adopt this theory when numerical techniques are employed for design pur-
poses. Thus adopting the notation of (1) if 01 > 02 > 03 algebraically then the stress inten-
sity § is defined as the largest of the three principal stress differences

3= Gy - 03 : 2)

Using equation 2 the optimisation problem may be stated as "glven an initial vector of
design variables xn which describes the component boundary find the optimal wvector x*n such
that the maximum value of stress intensity 'S* occurring within the solid is minimised".

3. Discrete formulation

Since the finite element method is based upon a discrete sampling technique where the
stregses 'Si’ are sampled only at a finite number of points i then equation 1 must be formu-
lated in terms of the discretised state. The discretised form of equation 1 can be expressed

as
Minimise Maximum Sf

X i i
n

where xn characterises the set of design variables which describe the boundary and i repre-

Z(xn) = (3)

sents the points at which the stresses S are sampled. It should be noted that no behavioural
constraints will be imposed on equation 3, in fact the only additicnal constraints added will
be those directly applied to the design variables and hence on the geometry.

In order to express equation 3 in explicit form the followiﬁg approximation will be
considered

S(xn) =
n

L a X o+ AL (4)

=

where the unknowns an are found from

BS(xn)
= = a.n, n=1, N (5)
o 38(x )
The stress gradients —5;—5— are found as follows. Consider the following stiffness equation

in the context of the finite element approximation
K =F (6}
differentiating ejration € with resnect to x yields

aKs Kas aF

Ix + ox. Ix M
n n n
Rearranging gives
wl K
LI |3E. _ 3K (8

ax | 9x ox
n n n

from which %%— can be found at a relatively small computational cost by using the previously
decomposed st?ffness matrix K (7).

A more accurate approximation to equation 4 would obviously be advantageous hut initially
the use of higher order terms if precluded due to the excessive computational effort required
to produce second order derivatives, In fact higher order terms can he included after the

primary linear approximation has been developed and furthermore this can be accomplished
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without recourse to additional finite element analysis, Consider the following expression

N 2 N
S(xn) = E anxn * E an+N xn * EL2N+1 (9)
n=1 =1
on differentiating equation 9 at the jth design
aS(xn)J ;
——3;;—— = 2anxn + & in (10)

is obtained and similary by moving to the j+lth design point an identical set of equations

can be found

BS(xn)j+1
an = Zanxn * aN+n L

Equations 10 and 11 form a linear set of equations and these can be solved simultaneously to
£ind the coefficients an. Such refinements are advantageous in that the design space is no
longer restricted to the linear region and furthermore convergence is generally faster due to
the fact that the nonlinear model is more accurate.

In order to control the accuracy of the approximation model the design space is restric-
ted to ensure that the updated design vector xnj+1 remalns within the neighbourhood of xnj
where the objective function S(xn)J+1 is still considered to be accurate. This restricted

aren 18 defined by adding a set of side constraints, usually termed move limits, to the vector

x_ as follows
n i+l
=X J + |Ax
n

L
g = x | - =]

- x>0 n=1,N (12)
_ J u, _ i+l
g x U+ EAxn i x

>0 =1,N
u n - =2, (13)

These equations effectively set up a barrier which defines the current feasible design space
in which optimisation of the approximation function is considered to be accurate. This
process is repeated sequentially by updating S(xn) after each local optimisation solution and

J

j+1
is terminated when S(xn) - S(xn)J < £ where e is some predetermined acceptable tolerance.

4. Component geometry

The component boundary is defined in terms of the master nodes 1 to 9 and the design

1 x2 and Xas

defined by fitting a parametric cubic spline through the variables x

vector x ag shown in figure 2. The trangition sectlion between nodes 6 and 7 is

2 and Xq with end loca~
tions at the master nodes, positions 6 and 7. Cubic splines have been chosen in this applic-
ation since continuilty and end slope vectors are easily satisfied and the shapes generated
also lend themselves to product manufacture (8).

The loading conditions which can be applied to the component are listed as follows and
are shown schematically in figure 2.

1. Internal Pressure

2, End thrust

3. Bolt loading

4. Thermal lcading
Loadings types 1, 2 and 4 are easily dealt with as prescribed nodal input data. Bolt loading
however 1s of a more complex nature due to the behaviour at the contact region between the
flange faces. In an attempt to model this behaviour a triangular distribution of load is
agsumed to act over a predetermined length of the flange T, as shown in fig, 2, The load

distribution over this region is then generated such that equilibrium of the axial forces is
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automatically satisfied. Guidance to typical flange contact lengths can be found in
reference (2).

To gvoid the possibility of profucing undesireble shapes and as a means of allowing pre-
determined control of the transition region a set of side constraints will be added as
defined in fig. 3. These constrazints also prevent highly distorted shapes from evolving such
as could occur if the spline variables %, and X, were moved to some extreme position. The
set of side constraints controlling the transition reglon are described as follows

L5

w— <
by = Ly 2%y 2Ly

A
L]

tA
|

= (14)
23 = L3 < x3 < L4

= <
by = %3 5%

These congtraints together with the move limits of equations 12 and 13 are the only con-
trel on minimising S(x) there being no stress constraints since stress is the quantity to be
brought to a minimum value,

5. Optimisation

The optimisation problem can now be expressed as

Minimise [Maximum s}
1

. i=1
subject to Ei, i=1,4 (15)
g, L=1,N

£ U=1,N

u*

The well preven SUMT algorithm will be used to find the optimum value of equations (15).
This technique has found wide applications in s0lving such problems due to its versatility in
dealing with general nonlineer equations (4). In this technique the constrained minimisation
problem is transformed into one of unconstrained minimisation by adding the constraints to the
objective function through a prescribed penalty term G. A full explanation of this technique
is gilven by Fiacco and McCormick in reference (9).

6. Design Examples

Typical design examples are shown in figures 4 and 5. A plot of reducing stress is shown
agains the number of design steps taken and the initial and optimal shape evolved is shown.
The final design shape is shown by the thickened flange and transition profile. Example 1
(fig. 4) treats the conditional of bolt load only which is often critical if high initial
loads are required to reduce long term losses., In example 2 the case of bolt loading, inter-
nal pressure and a thermal loading conditions are applied. 1In both cases considered the
optimal designs produced show appreciable reduction in shear stress and typically converged
after six design steps. It 1s also interesting to note that example 2 shows a reduction of
material content as well as stress which is due to the effect of thermal loading on the flange
thickneses. In both examples shown a two by two Gauss point rule was applied for numerical
integration with material properties being the Elastic Modulus E = 30 x 106, Poisson's ratio
v = 0.3 and the coefficient of expansion o = 12 x 10"6/°C.

7. Conclusion
The optimal design of a flange component using parametric cubic splines to describe the

transition region between the flange and tube connection has been investigated. Accurate
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modelling of the optimipation problem is formed numerically by the application of the finite

element technlque using the well tried 8 noded isoparametric element.

From the examples presented it is shown that optimal design can be evolved typlcally in

8ix design steps. Input and output has been simplified such that the user requires minimum

effort in data preparation. Output is presented in the form shown in figure 4 and 5 with a

plot oflstress reduction and fully meshed shapes of the initial design and the optimal solu-

tion for the glven prescribed loading condition.
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