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ABSTRACT

A coarse mesh approximation method is presented for the solution
of the two—dimensional spatial neutron flux in multigroup diffusion
theory. This so-called finite element synthesis method is consistent in
that it is systematically derived as an extension of the finite element
method by utilizing general variational techniques. Detailed subassembly
solutions, found by imposing zero current boundary conditions over the
surface of each subassembly, are modified by pilecewise continuous
Hermite polynomials of the finite element method and used directly in
trial function forms.

The finite element synthesis method differs substantially from the
finite element method in which homogeneous nuclear constants, homogenized
by flux weighting with detailed subassembly solutions, are used. However,
both schemes become equivalent when the subassemblies themselves are
homogeneous.

The application of this method to some representative one-dimen-
sional PWR configurations has been shown to be successful. However, the
extension of two-dimensional problems is not as straightforward as it
might appear to be, because there are flux discontinuities at subassembly
boundaries. Thus, some additional terms, representing the contribution
of the flux (and current) discontinuities, has to be added to the
difference equations of the approximation method.

Two—dimensional, two-group numerical calculations using representa—
tive nuclear material constants for fuel, absorber and moderator and
18 cm x 18 cm subassemblies were performed using entire subassemblies as
coarse mesh regions. The results indicate that the finite element synthe-
sis method can yield accurate criticality predictions and detailed flux
shapes throughout a core composed of heterogeneous subassemblies.
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CHAPTER 1

INTRODUCTION

1.1 Introduction

Tﬁis thesis is concerned with the numerical solutions for static
neutron diffusion problems using finite element piecewise polynomials
combined with synthesis techniques in space variables.

The study of the solutions for the neutron diffusion problem
is important, both in reactor economics and reactor safety. One
major concern of the reactor physicist is that the prediction of
the behavior of a reactor after any foreseeable nuclear accident.

A detailéd safety analysis can only be obtained if all the physical
processes occuring within the reactor can be fully understood and
related to each other., Since all these processes can be shown to
be independent on the neutron flux distribution throughout the
reactor, a detailed and accurate solution of the spatial neutfon
flux is vital [1].

A sufficiently detailed description of the physical process
occurring within a nuclear reactor is the Boltzmann neutron transport
equation [2]-[3]. It is essentially a neutron balance equation in
any point, any angle within a reactor system at any time and is
very difficult to solve. The P-1 and diffusion theory approximation
[4] greatly simplifies the transport equation into more tractable

forms and has been found to give an adequate approximation for the
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flux distribution for most large-core reactors.

Because of the complexity of reactor geometries and nuclear
cross sections, numerical methods have been widely used to solve
the neutron diffusion problems and have been shown to be more power-
ful than analytical methods. The most widely used method is the
finite difference method [5]-[6], which is quite simple in principle
but which requires relatively small meshes and hence a large number
of unknowns, Thus, if hundreds of thousands of mesh points are
desired, it is extremely expensive to obtain the solution today.

For this reason, finite differenée methods have generally been
limited to kinetic problems involving only a few thousand mesh
points or to relatively coarse mesh three-dimensional problems, and
alternate methods have been developed which require determination
of a smaller number of unknowns and yet which can be applied to
complex multidimensional problems.

During the past fifteen years or so a class of approximation
methods known as "synthesis methods" have been developed. The
theoretical basis of modern flux synthesis methods was introduced
into reactor physics by Selengut [7] within the context of variation-
al analysis. Calame and Federighi [8] and Kaplan [9]-[10] wer
among the first to exploit these methods for synthesizing the
spectral and spatial dependences, respectively, of the neutron flux
distribution. Other workers [11]-[19] have subsequently extended

and tested these techniques until today there exists a sizable
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literature on these methods.

The central idea of the synthesis methods is to express the
soltuion in terms of a small number of functions chosen to represent
various transient states of the problem. The advantage of this
method is that the expansion functions may be based on the knowledge
of a particular system. However, the selection of proper expansion
functions for various systems is difficult particularly if feedback
effects of a priori, unknown magnitude are involved. Poor selection
of expansion functions can misrepresent the solution to an extent
that is not determinable in a systematic way. Therefore, there is
a need to improve on the synthesis procedure, particularly for
space dependent kinetic problems for complex geometrical systems.

Another computational technique which has been most highly
developed in structural mechanics [20]-[21] and fluid flow [22]-[23]
is the finite element method. Its application to the neutron
diffusion equation made a few years ago has been shown to be quite
successful [24]-[26]. Briefly, it is a process by which, given the
defining equation of a problem, one seeks to discretize the equation
by dividing the problem domain into a gsubstantial number of sub-
domains, referred to as elements. Interpolation functions (usually
piecewise polynomials) are formulated within each element in
terms of parameters associated with nodes on the element boundaries.
Then these nodal parameters are related by the use of some continuity

conditions across the interfaces of adjacent elements. The
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variational method or weighted residual method is then applied to
yield a set of simultaneous algebraic equations for the nodal
parameters. Finally, the approximate solution to the problem is
obtained by the use of a computer.

The advantage of the finite element method is that for a
given degree of accuracy, it requires a smaller number of mesh
points and thus hopefully less computational time relative to the
conventional finite difference method. Also, (in distinction to
the synthesis method) an error analysis can be performed to find
the error bounds of the approximate solution [27]-[29]. However,

when this coarse mesh method is applied to reactor systems with very

complex geometrical complications, the important flux dips and peaks
in small control rods and water holes, respectively, cannot be
accurately predicted unless a considerable number of meshes are
placed in these regions., Thus, the problem comes back to that of
reducing the number of unknowns while retaining the accuracy of the
flux distribution in highly heterogeneous regions.

The idea of combining finite element basis functions with the
synthesis technique in solving the neutron diffusion problems was
first advanced by Bailey and Henry [30]. They used both linear
and cubic Hermite piecewise polynomials multiplied into detailed
subassembly solutions to describe the neturon flux and current
and then used a variational principle to derive the desired set

of difference equations. This method was applied to some
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representative one-dimensional PWR configurations, consisting of
many cells and showed good results compared with those of coarse
mesh finite element methods. However; because the problems were
one-dimensional, there were no continuities at cell boundaries.
Thus it is not possible on the basis of this preliminary work to
provide a reliable evaluation of the potential of the idea.

The purpose of this thesis is to extend the aforementioned
finite element-synthesis scheme to two-dimensional problems by
using a variational technique., Such an extension is not as
straightforward as it might appear to be since, in the two
dimensional case, there are flux discontinuities at cell boundaries.
For example, consider two adjacent subassemblies in a square lattice.
If one cell contains a cross-shaped control rod and the other has
its control rod out resulting in a large cross-shaped water hole,
the flux found by stitching two, zero-current subassembly solutions
together will be discontinuous at the interface. Since potential
errors in overall neutron balance and detailed flux shape are the
matters of chief concern in extending to two dimensions, the thesis
deals only with the spatial approximation for static cases.

Extension to time dependent problems is left for future study.

1.2 The Time-independent, Multigroup Diffusion Theory Equations

In this section, the time-independent, energy-discretized

multigroup P-l approximation to the Boltzmann neutron transport
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equation is introduced. The derivation can be found in Glasstone
[31] and elsewhere [4], [32].
The standard form of the P-1 equations for each energy group

g is as follows:

Jg@ + Dg(z)2¢g‘(3) =0 (1.1a)

Vi@ + @@ - Z Logr (D00 =

gi=1"88
'#g
G g
1
X 0g gz=lv2fg.(_r_)¢g.<;_) (1.1b)

where the group index g runs from the highest energy group, 1, to
the lowest energy group, G. The symbols and notations used through-
out this thesis are summarized in Appendix A, The net current
vector 13(5) may be eliminated via Fick's Law, Equation 1,la, to

obtain the multigroup diffusion equations:

- Z'Dg(l-’.)2¢g(£) + Zg(_r_)¢ » - Z ): (£)¢g.(1:_) =

,e
1 G
X Xg Z vzfg.gmg.(;) (1.2)

Both Equations 1.1 and 1.2 can be written in matrix form as
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I +DER@ = 0

andu

V- DY) + [DU(r) - T(D)18() = FE(DE()

V3@ + (M@ - 1@D]10@) = SED®

(1.3a)

(1.3b)

(1.4) -

respectively, where D(x), M(x), T(r), and F(x) are GxG matrices

defined by
D(r) = DiaglD,(x), D,(x),~—=, D ()]
®M(z) = Diaglil(g).Zz(_{),---,XG(_E)]
r(z) = I 0 _212 (I_)—__- _Elc(}:)
lp® 0 L@
' | |
) | )
! t |
T @ -lep@ — 0
F(@) =[x;] Vg @ s Vi@ =3l @]
X2
‘XGJ

- and J(x) is the group current vector

;J_(_t_') = COI[il('}:)’ iz(I_)’o-c’jG(};)]
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and ¢(xr) 1s the group flux vector

®(x) = Colld)(x)s dy(X)seersdg(®)] (1.5€)

It is also convenient to define the GxG group absorption,
scattering the production matrix A(x)
1 .
A =M@ - T@ - FFE) (1.5g)

so that Equations 1.1 and 1.2 may be written simply as

J@ +D(@Ve(x) =0 | (1.6a)

Ved(x) + A(x)2(x) = 0 (1.6b)
and

V. D()Ve(x) + A(x)d(x) = 0 (1.7)

respectively. These forms of the group diffusion equations will be
used throughout this thesis. The boundary conditions on %(x)
accompanying these equations are of the homogeneous Dirichlet or
Neumann type [33], namely

9%(x,)
=b
alT + a2 (P(lf_b) =0

‘if a; = 0, then (x,) = 0, Dirichlet type (1.8a)
98(x,)
if a, = 0, then A = 0, Neumann type (1.8b)

where r, denotes the spatial vector on the boundary surface and n

is the unit vector normal to the boundary surface.
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The continuity conditions imposed on the solution require
that ®(x) be continuous throughout the problem domain and the normal
component of J(r) be continuous across internal interfaces separating

two different material media.

1.3 Hermite Piecewise Polynomials and Basis Functions

Piecewise polynomials are polynomials defined only over
subregions of the problem domain, rather than over the entire domain.
The piecewise constants used in finite difference approximation can
be thought of as a special case of the piecewise polynomials.
Piecewise polynomials yield high accuracy for approximations of
functions and their derivatives. Furthermore, besides the simplicity
of differentiation and integration for practical computations, they
have the following convenient features:
1) Piecewise polynomials permit flexibility in imposing the
continuity or jump conditions at the joints of subregions.
Also, boundary conditions can be easily imposed.

2) They provide local approximations and are thus suitable
for approximating the physical behavior of the problems
in which variations occur locally. In our case, for
example, the reaétor system is characterized by local
variations of the materials and neutron cross sectioms,
and the use of a few plecewise polynomials is more

convenient than use of polynomials defined over the
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entire reactor.

3) The values of functions and their derivatives can be
directly incorporated into the e#pansion coefficients
if proper piecewise polynomial basis functions are used.

There are many varieties of piecewise polynomials used in

numerical analysis [34]-[36]. In this section we limit the dis-
cussion to Hermite interpolating functions because of their sim-
plicity. For the convenience of the discussion, we shall use
dimensionless variables.

Let us divide a one-dimensional problem domain [0,Z] into

K adjoining regions. Each regiqn k is bounded by nodes z) and
2,41 and has width hy =z ., - z.. Iﬁ general, the hk's are
different., It is convenient to define thé dimensionless variable

X within each region k as

T (1.92)
so that region k can be described in terms of z as

z,<z2z + h =z, (1.9b)
or equivalently in terms of x as

0<x<1 (1.9c¢)

for each of the regions k, k=1, K. This kind of dimensionless

variables will be used interchangeably with the original length

variables.
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Now the Hermite interpolating polynomials, which are
polynomials of degree (2m-1), can be ekpressed in terms of a set
of basic functions, u§+(x) and uin(x). These basic functions are
defined by the following rules:
1) They are polynomials of degree (2m-1) in x,
2) The highest value of p is (m-1)
3) The u§+(x) are zero except in the interval hk on the (+)
side of z) 3 similarly the ui-(x) are zero except in the
interval hk—l on the (-) side of Zy e

4) The p-th derivatives of uﬁi(x) are unity at 2 and
zero at all other mesh interfaces.

5) Deriyatives of uii(x), lower than the p-th derivatives,

are zero at all mesh interfaces.

Using these rules, we can construct the basic functions for
Hermite interpolating polynomials of any odd degree. Specifically,

for m=1 (p=0 only), we have linear Hermite basic functions:

0-, . _ [ -1 S 22 %
Uk (x) = {0, all other z (1.10a)
1-x z, <z< 2z
o+ _ ’ k =% = "ktl
Yk () = {0, all other 2z (1.10D)
and for m = 2 (p = 0 and 1), cubic Hermite basic functions:
0- . 3x2 - 2x3, z, 15227
Uk () = {0 all other z (1.11a)
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l—3x2 + 2x3,

z, <2z<z
0+ : k - - "ktl
. (0={, all other z (1.11b)
2 3
-X + x zZ <z <z
1+ ’ k-1 ~ - "k
Yy (x)"{o all other z (1.11c)
2 3
x - 2x" + x z, <z <z
1+, ’ k - - “k+1
Yk (x)_{O all other z (1.114)

The forms of these linear and cubic basis functions are illustrated
in Figure 1.1.
The Hermite interpolating polynomial of order m within a

region z, < z < z is just a linear combination of the basis

k k+1

functions of the corresponding order:

m _ m-1 p+ pt+ Yy + a7 uPT (x)] (1.12)
H () = pZO log e () + ¥ & :

where a£+'s and aﬁil's are constants which can be easily related to

the values and derivatives at (+) side of z, aﬁd (-) side of zk+i,
respectively, of whatever the function is being approximated.

For two dimensional problems, the Hermite basis functions
can be found by combining all the possible products from two sets
of univariate basis functions, each representing the basis functions

in one direction.
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Linear Hermite Basis Functions (m = 1)

p=20
1
0_
o () up ()
L [ '
Zp-1 2 Zr+l

Cubic Hermite Basis Functions (m = 2)

p=20
1
0- o+
u (x) Uy (x)
| i
Zp-1 2r 241
p=1
slope = 1 4
27 <+
+
w0
i 2 |
Zp-1 k 2+l
1- 1T 4
u () 27

Figure 1,1 Linear and Cubic Hermite Basis Functions
of Equations 1.10 and 1.11
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1.4 Organization of the Thesis

The rest of the thesis is organized as follows., Cbapter 2
describes the use of a variational principle in time-independent
neutron diffusion theory. The difference equations of some low
order finite element methods applied in one-dimension are derived
from this principle to illustrate the use of this technique.
Chapter 3 is devoted to some consequences of using simple finite
element trial functions as approximations and to an attempt to
solve the discontinuity problem at singular points. The forms of
the finite element synthesis approximation in two-dimensions and
the derivation of difference equations are given in Chapter 4 along
with the results of some sample problems. The numerical techniques
ugsed are also discussed. Finally, Chapter 5 presents conclusions
derived from this study and the possibilities of extending the

method to more general cases,
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CHAPTER 2

VARIATIONAL PRINCIPLES IN NEUTRON DIFFUSION PROBLEMS

Applications of tﬁe calculus of variation are concerned
chiefly with the determination of maxima and minima of certain
expressions involving unknown functions. Many laws of physics and
mechanics can be stated in terms of some kinds of minimization and
thus can be formulated in certain forms of variational principles
[33], [37]-[40]. An important example is well known in classical

mechanics; Hamilton's (variational) principle,

t)
S f Ldt =0 (2.1)
t

is equivalent to Lagrange's equation of motion,

oL d 9L

33; - EE‘5EI =0 (2.2)

where the Lagrangian L is a function of the generalized coordinates
9 and the velocities ﬁi and time t. Lagrange's equations are, in
turn, equivalent to Newton's,

Variational methods are particularly useful for determining
the'approximate solutions of problems when the true solutions are
difficult to obtain. Given the space of trial functions, the
variational methods will pick a "best'" one from such a space

automatically, In particular, if the true solution is within the
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space of trial functions, the variational methods will find it as
the "best" solution;

Essentially, the variational method seeks to combine known
trial functions into approximate solutions thrqugh the use of a
characteristic variational functional, ' Therefore: the first
- step of the method is to find the characteristic functional whose
first-order variation, when set to zero, yields the describing
equations and their associated conditionms of the system as its
Euler equations. A space of trial functionms, given in terms of
known functions and unknown cpefficients (or functions), is then
chosen to approximate the solutions of the describing equations.
These approximate trial functions are then substituted into the
variational functional. Setting the first variation of this
functional to zero and allowing arbitrary variations in all the
unknowns in the trial functions results in a set of simultaneous
equations among the unknowns. Solving of this set of equations
yields the "best" obtainable approximate solutions within the space
of trial functions given,

Variational methods can be thought of as a kind of weighted
residual method since weighting functions appear in the functional
and in the equations that result from setting the first variation
of the functional to zero. The weighting functions are determined
by the form of the variational functional itself. In the case of

known adjoint equations, such as in diffusion theory, the
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functional is usually chosen so that its Euler equations include

both the original describing equations and adjoint equations. The
inclusion of corresponding adjoint trial functions in the functional
results in adjoint weighting in the variation equations and allows

greater approximation flexibility for the variational method.

2.1 ‘Variational Principles in Diffusion Theory

The time-independent multigroup diffusion equations, given

by Equation 1.4, can be written as

H® = - FO (2.3a)

>

where

H==V ' DV+M-T (2.3b)
The corresponding adjoint equations are
1
H*¢* = -x]F*<I>* (2.4a)

where the adjoint operators, H* and F* are defined as the transpose
of the corresponding operators H and IF, respectively:

H* =H = -V DY+ - I (2.4b)

since D and M are diagonal, ®* is the group adjoint flux vector, or

importance vector, which must obey the same boundary conditions as

o[41].
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The exact solutions ®(r) and ®*(r) of the diffusion equations
and the adjoint diffusion equations can be approximated by flux and
adjoint flux trial functions U(x) and U*(r) using a variational
functional of the form

Fl[U*,U] = f U+ [ mU - %mu]dg (2.5)

R
where it is assumed that the group flux trial function vectors U* and
U as well as the normal components of the group current vectors IDVU*
~and DVU across interfaces are continuous, and that U* and U vanish
at the outer surface of the reactor region R, If we denote the
arbitrary trial function variations for the adjoint flux by SU* and
making F& stationary with respect to U*, we have
sF, =f suxT @ - L FUjdr =0 (2.6a)
1 R A
which contains the desired Equation 2.3a as its Euler equation.

Similarly, since Equation 2.5 can be written as

v mhux - -%—IE‘TU*]dE

"

R

=[ ot mrux - L FruRqar
R A -

making Fi stationary with respect to U gives

5F1 = fRsuT[ H*U* - %\’-]F*U*]d_g =0 (2.6b)

29



where 68U is an arbitrary variations of flux trial function U. The
Euler equation of Equation 2.6b is evidently Equation 2.4a. Thus,
we see that the exact solutions along with the exact eigenvalue are
reproduced if the exact solutions are contained in the given space

of trial functions. Generally, however, the trial function space
does not contain these exact solutions and only approximate solutions
and eignevalues are obtained from invoking Equations 2.6.

Thus, the accuracy of the above approximation depends solely
on the forms of the flux and the adjoint flux trial functions. Each
trial function can be defined in terms of known functions and
unknown coefficients (or functions). Independent variations of
the unknown coefficients of the adjoint trial functions in Equation
2.6a will then yield the "best" flux solution for that class of flux
and adjoint trial function. The corresponding "best" adjoint flux
solution is found in a similar way by using Equation 2.6b.

The variational functional Fi is not the only functional that
produces the desired variational equations 2.6 when made stationary.
Anohter functional incorporating the flux and adjoint flux diffusion
equations is the Rayleigh's principle [42],

T
*
IRU HUdx

|

FZ[U*’U] = -x— = (2. 7)

[ U+ FUdr

Although the forms of Fé and.Fi differ, it can be shown [43] that
functional FE gives identical Euler equations as Equations 2,6 and

is equivalent to functional Fi. However, because the form of Fi
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is much simpler than that of FE, it will be used later in this

thesis,

2,2 Discontinuous Trial Functions

Iﬁ the previous section we stated that the admissable trial
functions for flux and adjoint flux used in functional F& must
satisfy certain continuity conditions inside the reactor region R.
This restriction greatly reduces the flexibility and generality of
our methods, In this section the class of allowable trial functioms
will be extended to include discontinuous flux and current trial
functions.

Special provisions must be made in the approximation method
such that this extended class of trial functions can be properly
used. In order to account for the discontinuities in the trial
functions, it is necessary to include special terms specifying
continuity conditions directly in the approximation method. This
can be achieved through the use of a variational functional whose
Euler equations include not only the original P-1 equations but
also the associated cbntinuity conditions for both flux and current.
A general functional of this type which allows discontinuous flux,
current and adjoint trial functions is given [18], [44]-[46] as

follows:
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Fylo%,0,05,1 = [ 0 - ¥+ fo) + 9 @+
R
% f A-[(uF + Uf)T(y+— V)+@ + y_z)T(u+ - U)]lds (2.8)

T

where U*, U, V¥, and V are the group flux and group current approxima-
tions to &*, ¢, J*, and J, respectively, and where the first integral
extends over all r inside reactor region R and the second extends
over all interior surfaces where discontinuities occur. ﬁ_is the
unit vector normal to interior surfaces. Quantities evaluated on
sides of surfaces toward which ﬁ is pointing are denoted with the
subscript (+) and evaluated on the other sides of such surfaces are
denoted with the subscript (-).

The first variation of Fé with respect to the adjoint
quantities can be found in a straightforward manner:

<SF'3 = J {GU*T[_M + AU] + G_Y_*T~[_Y_U +1D'ly_]}d£
R

+ % f B [(SUF + avf)T(.Y.j.'.‘.’.-)"‘(Gl?_ +6y_.’s)T(U+—U_)]d§ (2.9
T

The desired P-1 equations, Equations 1.6, and the associated con-
tinuity conditions for flux and current at the inner surfaces follow
directly by setting GFB = 0, To show that the adjoint P-1 equationms
and the continuity conditions for adjoint flux and current also
resulted from this variational functional if Fs is made stationary

with respect to variation in the unstarred quantities, it is
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necessary to rearrange Equation 2.8. This can be done by integrating
by parts terms involving spatial derivatives and replacing all

terms by their transposes. The result is the alternate expression

Fylo%,0, 00,00 = [ 0w + mosay™ -3or 7 e

R
- X
2

2,10
. (2.10)

A1, + U)TEE - ¥+, + ¥ (UE - U 1ds

It is clear by now that if the first variation of Fs with respect to
its unstarred arguments is now set equal to zero, we get adjoint P-1

equations along with their continuity conditions:

- VeJ* + N*d% = 0 (2.11a)
Vox - D Lg% = 0 (2.11b)
@i = 0% (2.11c)

Aegt = fogx (2.11d)

In most applications, only approximations to the flux and
current solutions are desired, In such cases variational functional
Fé in the form of Equation 2.8 is more convenient and the approxima-

tion is then based on the following:

f 1607 [9.v + AU + sv*T [yu + DLy }ar +
R

+

N

f 8 [(6Us + 6Un T, - Y)+(6v* +6y0) (U, - U_)1ds=0
r (2,12)
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If the adjoint trial functions are defined as
U* = U (2.13a)

vk = V (2.13b)

then Equation 2,12 reduces to the Rayleigh-Ritz Galerkin method
[47]1-[49], a weighted residvzl method based upon flux weighting,

The variation equation can be further simplified for certain
cases regardless of the choice of weighting. For the approximation
methods which require the currents to obey explicitly Fick's laws:

V = -DyU (2.14a)

V*= + DVU* (2.14b)
Equation 2.12 reduces to

f [suxTAU - 6v*T « D V]dr
R

+3 f B 1(8U% - sUNT (Y, + V)+(sT% + V8T (U,- U)1ds = 0
T | (2.15)

If in addition the flux and adjoint flux are required to be everywhere

continuous, the above equation reduces to the simple form

f [sU* AU - sv*T - ])_l_\L]dl:_ =0 (2.16a)
R

or equivalently,

f [sU* AU + (Vou*) T D(VU)ldr = 0 (2.16b)
R



One note about the boundary conditions: In the present
discussion the allowed trial functions used in the approximation
methods must satisfy the same boundary conditions as the true
solutions. Though it is possible to extend the variational principle
so that the permissible class of trial functions is augmented to
include. functions with arbitrary conditions on the boundary, we
shall not pursue this point since the imposing of boundary conditions

is easy with the use of Hermite interpolating functiomns as trial

functions.

2.3 Fick's Law as a Consequence of Variational Principle

Some simple derivations of the difference equations are given
here using trial functions of finite element methods in one-
dimension. These derivations will show fhat Fick's law always sur-
faces as a natural consequence of the variational equation 2.,12. In
each case, flux and adjoint flux continuity is assumed in the
approximate trial functions while current continuity is not. Various
forms of current trial functions are used in different cases. 1In
the derivation process we shall first allow the values of trial
functions at boundaries to vary arbitrarily, then impose the re-
quired boundary conditions (which usually involves setting some
boundary values to zero and eliminating some equations) after we get
the general system of equations, This procedure is totally

equivalent to that of first imposing boundary conditions and then
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finding the desired system of algebraic equations, and will be used
throughout this thesis., In this way we can accomodate various

sets of boundary conditions at one time.

2.3.1 The Linear Basis Function Approximation
The group flux trial functions defined as nonzero within each

region k can be expressed in terms of linear basis functions as

Uk(z) = (1--x)Pk + XPk-l-l (2.17a)
s k=1toKkK
Uﬁ(z) = (1—x)P1=: + XP§+1 (2.17b)

where Pk and Pi are the approximate group flux and adjoint flux
column vectors, respectively, at point Zys and 0 < x < 1 within

each region k. Figure 2.1 illustrates the form of these trial
functions. Different forms of current trial functions can be‘usedJ.
We shall start with (i) Fick's law current, followed by (ii) constant
current, (iii) linear current, and (iv) quadratic current trial

functions within each region k.

(1) Fick's Law Current Trial Functions:
The group current trial functions which obey Fick's law are

given, according to Equations 2.14, by

1

Vk(z) = -ﬁ-l:]l)k(x) [Pk - Pk+1] (2.18a)
) s k=1 toK

Vi(z) = %——mk(x) [P%, .~ P#] (2.18b)

k
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Region k

kt+1

Figure 2.1 The Flux Trial Functions of Linear Finite

Element Approximation

37



Insertion of these trial functions into variation equation

2.16a results in the equation

K 1
Z hk fo{[(l—x)GP* + xGPk+1] ll\k(x)[(l—x)Pk + ka+l]

+ [8Pf - &P% ] 2]Dk(x) (e, 1}dx =0 (2.19)

k+1 k+l
k

Allowing arbitrary variations in all Pi results in a system of

K+1 equations in K+l unknowns which can be written as:

blP1 + lez = 0 (2.20a)
akPk-l + b P + ck bl =0; k=2t¢toK (2.20b)
a1tk t Prarfrar = O (2.20c)

where the GxG matrix coefficients as b are of the form

k* %k
A - %-B and are defined in Section 1 of Appendix C assuming
homogeneous regional nuclear constants. Zero flux boundary conditioms
can be imposed by use of only Equation 2,20b with P1 = PK+1 = 0,

while symmetry boundary conditions require the use of the other
equations as well, The matrix form of these equations for the

boundary conditions of zero flux on the left and symmetry on the

right is given in Figure 2,2,

(ii) Constant Current Trial Functions:
The current trial functions which are constant within each

region k are given by
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Og+1 SK&EJ

!
|

Skl Skl

Figure 2.2 Matrix Form of the Linear Finite Element Method Approximation.
Eqs. 2.20 for the case of zero flux on the left and symmetry
boundary condition on the right,

N

Where: ak=ak-—>1\_6k
- -1
b = B T X &
c, = - l-c
k- Yk "X Sk

>

k=2toK+1




Vk(z) = Qk (2. 213)
s k=1toKkK
Vﬁ(z) = Qi (2.21b)

where Qk and Qﬁ are column vectors with constant elements representing
the approximate values of group current and adjoint current,
respectively, in the region k. Since Fick's law is not true in

this case, Equation 2.12 must be used instead of Equation 2.16a.
Insertion of Equations 2,17 and 2.21 into variation equation 2.12

yields the equation
K 1 T
) h f {[(l-x)GPz + x8p% ] A [A-x)P + %P, ]

T 1 -1
+ GQIt [E;(Pk_'_l—Pk) +D, (x)Qk]}dx

K
T
+ kzzspﬁ Q - Q_q) =0 (2.22)

Allowing arbitrary variations in all Qﬁ gives

[Py K

1
P,) +h ]D"l(x)Q]dx=o; k=1toK
0 k k k

: [ln‘lmd] - ,.-P)
. O-kx"Qk‘ By ek k

or equivalently,

1

[ f D (x)dx]
0

'H

Qe = V(2 = - (Piep17Fi0)

=2
s

-1 -14d '
m, ~ (x)dx] P Uk(z) s k=1toK (2.23)

=—[ k

—
o
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Equation 2,23 can be thought of as Fick's law in an integrated sense.
In the case of constant diffusion coefficients within each region k,

Equation 2.23 reduces to the simple form of Fick's law:

V, (2)=- D, g-; U, (2) (2.24)

in each region k.

Allowing arbitrary variations in all Pi results in a system
of equations of the same form as Equations 2,20, 1if we substitute
Pk's for Qk's by using Equation 2,23, The matrix coefficients are
different in general. However, for the case of homogeneous regional

nuclear constants, they are identical to those given in Section 1

‘of Appencix C.

(iii) Linear Current Trial Functions:
The linear current trial functions which are not necessarily
continuous across the inner interfaces between regions can be ex-

pressed in terms of linear basis functions as

Vk(z) = .(1-}a:)Qk’+ + ka+l,- (2.25a)
: k=1 toK
Vi(z) = (l—x)Qi'é’+ + xQ§+1’_ (2.25b)

where Q and Q are the approximate group current column vectors
k,+ k+1,-

at positive side of node zy and negative side of node Z 410 respective-~

ly. The form of these trial functions is illustrated in Figure 2,3,

Substitution of Equations 2.17 and 2.25 into variation equation
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2.12 results in the equation

K 1

+mk(x)[(l-x)Pk + ka+1]}>dx

¥ § hkfl<[(1’x)dqﬁ REELS NN AR D
k=1 o ’ = By
+ D0 [0 | + xQ,y _11>dx
Z 6P Q ,-Q )=0 (2.26)
= kb Tk,

Allowing arbitrary variations in all Qlt 4o Ve have
’

1
- B) + [J (1- x) ID (X)dx]Qk +

1
'z*h';(l’kﬂ

1
+[JO (l—x)xID;l(x)dx]Qk+1’_ =0; k=1toK (2.27a)

Similarly, arbitrary variations in all Qk-tl _ glves
?

1
1 -1
E]f-l—l:(Pk-*-l - Pk) + [fo x(1-x) ]Dk (x)_dx]Qk,_l_
Lo 1
+[f0 X I)k (x)dx]Qk+l’_ =0; k=1 toK (2,27b)
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Solving simultaneous Equations 2,27 results in

1 1
1 -1 2 _-1 -1 -1 -1
Qk,+=_ E-ﬁ-lzIBk’-'_{[[Ox ]Dk (x)dx] -[fo(l—x)x IDk (x)dx] }(Pk+l—Pk)
(2,28a)
I S Y LS S | -1t -1 -1
Qg = 'i'ﬁ—l:mk+1 I 0(1--x) Lo (x)dx]} ~-[ (l—x)xﬂ)k (x)dx] '}
y L] 0
(Bry1 ~ B (2.28b)
where ]Bk + and IBk+1 _ are GxG diagonal matrices defined by
1 2 -1 -1 1 !
]‘Bk, +=[f0x l)k (x)dx] [fox(l—x) IDk (x) dx]
1 -1 -1t 2 -1
- [fox(l—x) '.ll)k (x)dx] [fo(l-x) I)k (x)dx] (2.29a)
1 2 _ -1 -1 1 -1
Bk+l _=[f (1-x) Tll)k (x)dx] [fox(l—x) le (x)dx]
’ 0
1 -1 1. (t2 1
-[f x(1-x) ZII)k (x)dx] [[ X ]])k (x)dx] (2.29)
0 0

If ]Dk(x) is constant within each region k, then Equations 2.29

and 2.28 can be reduced to

] 1oLl 1ol dpl-llol 3
Bis1,- “ By o = GD) GO ED) TED = -3
and
1.1 -1-1 1 -1-1 .1 )
U1, " U, 4™ 3 LGP 6 ) R Y S

so that the current trial functions become constant and are given by
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V(2) = Q = - 7D

d
o+ TR kP B = -

Dka-z-Uk(z); k=1toK

(2.30)
i.e., the current trial functions are related to flux trial functions
via Fick's law,

The system of equaticns relating all P, 's can be found by

k
allowing arbitrary variations in all Pﬁ's in Equation 2.26 and sub-
stituting for all Qk’+'s and Qk+1’_'s with Pk's- Under the circum-
stance that all regional nuclear constants are homogeneous, Equation
2,20 with matrix coefficients defined in Appendix C.1l results.,

One interesting situation arises when some regions are
symmetric. For example, if region k is symmetric, then Dk(x) =

Dk(l—x) for 0 < x < 1. Substract Equation 2.27b from Eq. 2.27a gives

Qer1,- = Y, 4 since

1 1 1
f (l—x)2 l);l(x)dx = f (l-x)2 I)l:l(l—x)dx = J xz ]Dl_(l(x)dx
0

0 0
by simple change of variables, Therefore, the current trial functions

become a constant in this region and is given by

1 1
Vk(z)=Qk, - —zlh;[fox D;l(x)dx]-l‘(Pk+l-Pk) = - %—[fox ]D;l(x)dx] 1
d
e Uk(z)

which, as it must, reduces to Fick's law if Dk(x) is constant.
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(iv) Quadratic Current Trial Functions:

The current trial functions which are quadratic in general are

given by
v, () = szk R+ N (2.31a)
;s k=1¢toK
Vi(z) = xZL{: + AME + N (2.31b)

where Lk’ Mk’ Nk and their corresponding adjoint quantities are all
Gxl column vectors with constant elements. They are not continuous
across the region interfaces in general and are illustrated in
Figure 2.4,

Insertion of Equations 2.17 and 2,31 into variation equation

2.12 results in the equation

K 1
z hkf <[(l—x)6P§ + x6P§+1]T{%;(2kaka)

+'l\k(x)[(l—x)Pk + ka+1]}>dx
+ If hkfl <[x26L§ + delt + (SNf:]T{-l—(Pk +1—Pk)
k=1 <o h X

+ l);l(x) [xZLk + XM+ Nk]}>dx

K
T —-—
" kz_zsplt N = Qg ¥ M ¥ NP1 =0 (2.32)

Allewing arbitrary variations in Lﬁ, Mi, and Nﬁ yields a set of

equations
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Region k

k+1

Figure 2.3 The Linear Current Trial Functions (as defined
by Equation 2,25a)

Region k

Zp-1 Zx Zrt+1

Figure 2.4 The Quadratic Current Trial Functions (as defined
by Equation 2.31la)
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1
hkf xz{%—(pkﬂ-rk) +]D;1(x) ["sz + 2+ N JMx =0 (2.33a)
h ! x =@ -P.) +D-L(x)[x°L, + xM_+ N, 1}dx = 0 (2.33b)
I P W ¥h k L + =4 + 8 .

1 .
.1 -1 2
hkfo {3—1: (Pk+l—Pk) +:mk (x) [x L, + XM + Nk] }ax = 0 (2.33¢)

k=1toKkK

which can be solved for Lk’ Mk’ and Nk in terms of Pk and Pk+1' For
the case of constantZDk in each region k, Equations 2.33 have

the solution

L

K =M= 0

N

s k=1 to K

Sl il11;]"1<(P1<+1‘Pk)
so that the current trial functions again become constant and obey
Fick's law.

Again, the system of equations for all Pk's is given by
Equations 2,20 under the assumption that all nuclear constants

are homogeneous within each region.

2.3.2 The Cubic Hermite Basis Function Approximation [50]-[51]
The group flux trial functions within each region k can be
expressed as a linear combination of cubic Hermite basis functions

as
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2

U (2) = (1-3x +2x0)p, + (3x2-2x>)P

k+1

-(x—2x2+x3)hk ]D;cl(x)Qk - (-x2+x3)hk 11)1:1(;:)(2k+1 (2.34a)

2 3 2 3
% = (1- * - %
Uk(z) (1-3x"+2x )Pk + (3x"-2x )Plll

-(x—2x2+x3)hk ]Dl:l(x)Qﬁ - ("‘2*"‘3)% m;1 QE,,  (2.34b)

where k = 1 to K. Pk is the approximate group flux solution vector at
node zy and the meaning of Qk will become apparent later. Because
of the properties of basis functions, continuity of flux is automatical-

ly met since

Uk(zk? = Uk(x=0)=Pk=Ukrl(x=1)BUk—l(zk)

= = =*
Uﬁ(z Ui(x=0) Pﬁ Uﬁyl(x=l) U _1(zk)

K &
Figure 2,5 illustrates the forms of these trial functiomns.

For the current trial functions we shall again assume various
forms starting with (i) Fick's law current and followed by (ii)

Quadratic current and (iii) Linear current approximations in each

region k.

(1) Fick's Law Current Trial Functions:
Application of Fick's law defines the current trial functions

for each k as

48



Region k

k k+1

Figure 2,5 The Cubic Hermite Basis Functions

Approximation (as defined by Equation 2.34a)
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1 2 ' 2 2
Vk(z) E;ka(x)(6x—6x )(Pk—Pk+l)+(1—4x+3x )Qk+(-2x+3x )Qk+1

(2.35a)
Vﬁ(Z)

k(x)(6x 6x )(Pk+1 k)+( l+4x—3x )Q*+(2x -3x )Qk+1

(2.35b)

where the assumption thatZDk(x) varies very little with x inside each
region k has been made. From Equations 2,35 it is clear that Qe is
the approximate group current solution vector at node zy and that

current is continuous across the region interfaces:

Vk(zk) = Vk(x=0) = Qk = Vk_l(x=1) = Vk—l(zk)

Vi (z)) = VE(x=0) = -Qf = V§_ 1 =1 = VE_,(2))

Equations 2,34 and 2,35 are now substituted into variation

equation 2,16a and the resultant lengthy equation can be written

as follows:

api {bllPl +b2,Q, + cl,P, + €2,Q, }

o
+ chf {b31P1 + b4,Q + €3,P, + c41Q2}

K
+ ) 5P* {al
k=2

K

+ 225Q§T{a3k"k-1 + ab Q)+ bIP +bAQ + 3P+ ch
k=

k k-1 + aZka_l + blkPk + b2kQ + cl + c2

Kkl }

k1

11!
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*
+ 6p% , laly 1Py + 820 Qp + DLy Py + D21 Qpyq )

+60%,; {a3p1P ¥ @by Q + Py Pryy * PlhgygQygt = 0
(2.36)
where GxG matrix coefficients {al,---,c4} are of the form A - %‘B and

are defined in Section 2 of Appendix C assuming homogeneous regional
nuclear constants.

Allowing arbitrary variations in all Pﬁ and Qﬁ results in a
system of 2(K+1) equations'in 2(K+1) unknowns. The choice of either
zero flux, Pk = 0 as well as GPﬁ = 0, or zero current, Qk = 0 as
well as éqﬁ = 0, boundary conditions for k = 1 or k = K+1 reduces the
system to a set of 2K equations in 2K unknowns. Figure 2.6 illustrates
the matrix form of such a system for the case of zero flux on the

left and zero current on the right boundary conditioms.

(i1) Quadratic Current Trial Functions:

As in Section 2.3.1(iv), the current trial functions which are
quadratic are given by Equations 2.31. The insertion of Equations 2.34
and 2,31 into variation equation 2,12 yields

1
.Zlhkfo <[(1-3x 249%3 )PF + (3x%-2x )GPk+1 (~x+2x°—x )h mk (x)5Q¢

+(x -X )h (x)ko+1] { (2xL +Mk)+gmk(x)[(l 3x +2x )P

+(3x2-2x3)P 1t (-x+2x -x )hk]D (x)Q (x -x )thD (x)Q 1}>

K+1
dx
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|

1
b22 cl2 c22 BZ

i"l
- — >
alk aZk blk b2k cl

RN

alK a2K blK b2K clK Pk
a3K a4K bBK b4K c3K Qk
alpi1 3%4 Pl Pl
- L -

Figure 2,6 Matrix Form of the Cubic Hermite Finite Element Method Approximation

Equation 2,36 for the case of zero flux on the left and symmetry
boundary conditions on the right

where an, = on, -\%kﬁnk
1 n=1+¢toé4
bnk = Bnk - X-enk and
1 k=1toK+1
ey = YR <y iy




Xt 2 T 1 2
+ I by | <[x"SLE + xOM¥ + ONX] {—h—lz[(6x-6x ) (B 17By)

+ (—1+4x—3x2)hk ml:l(x)qk + (wa.’»xz)hk ID;1 (x)Qy 4]
+ m"l(x) [x2 + + N, ]}5dx
K L + 2 + N

K
T
+ kZZGPi: N~y g + M+ N _,1=0 (2.37)

Assuming thatIDk(x) is constant within each region k and allowing
arbitrary variations in all Lﬁ, Mﬁ, and Nﬁ results in the folicwing
equations:

1.3 (

[~ P
hk 10

‘ 1 -1
Pt B Y TP &~ 10 PPy Qe ]

- X 1 -
+D G L +EH +TN) =0
11 1 11 -1
Fk'[i(Pkﬂ'Pk) TP Y 7T e P Q!
11 .1 1. .
+ﬂDk (4 Lk + S'Mk + E-Nk) =0

1 -1,1 1 ~
b Py P) +D, GL +5M +8) =0

‘which can be readily solved to give

-5
Le = 57 D Bpyg By + 3(Q + Qyy)
6
M = E'I:]Dk (B = Prgg) = 202Q + Qyy)
Nk = Qk (2.38)
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so that the group current trial functions in this case becomes

v, (2) = T];-]Dk(6x-6x2) (Pk-Pk_{_l)+(1-4x+3x%Ql-(l-(—2x+3x2)Qk+l

i.e., the Fick's law current,

It can be shown that Equation 2,36 with identical matrix
coefficients, as defined in Appendix C.2, is the result of taking
arbitrary variations in all Pi and Qﬁ in Equation 2.37 and sub-

stituting for s and N, using Equations 2,38.
g k

(11i) Linear Current Trial Functions:
To make the notation more.clear, the linear current trial functions

given in Equations 2.25 may be rewritten in the form

Vk(z) ka + Nk (2.39a)
s k=1 to K

xMi + Nﬁ (2.39b)

Vl’:(Z)

where Nk is the approximate group current column vector at positive
side of node 2% and (Mk + Nk) is the approximate group current vector
at negative side of node Z 41

Substitution of Equations 2.39 and 2,34 into variation equation

2.12 results in the equation
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K 1
£1hkfo<[(l-3x2+2x )6P*+(3x -2x )<81>k+1 (~x+2%°—x )thD (x)qu

+(x -X )hk ]Dk (x) 6Qk+1 T{-:'—l-k%ﬁ(iil\k(x) [(1-3x2+2x3)Pk+(3x2-2x3)Pk+l

2 3 -1 2 3 -1
+(-x+2x"-x )hk ]I)k (...)Qk + (x"-x )hk le (x)Qk+l]}>dx

K1
+ ) hkf < [xoMeron] T (6x-6x7) (B P, )+ (~T+hx=3x")hy, DL ()Q,
1 k

+ (2x—3x2)h.km;1(x)Qk+i] +m;1(x)ecukmk)}>dx

K

T
+ kZZGPl’: N, -4, + N _)1=0 (2.40)

Assuming that l'Dk(x) is constant within each region k and taking

arbitrary variations in M* and N* yields the following equatioms:
k

1

1
i 12 Pier1 i + 33 B Py Q)] P G N 3N -

1

i Prrr i)+ D LG+ W) 0

which have the solution

M = Qk+1 - Qe

N

) +

K hk Dy (P17 Py (Qk—QkH.)

The current trial functions then take the form of

.

Vi (2) = =D (P,-P, 1) + (x -

1
hy K+l P Qg = Q)
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which is not Fick's law. This result is expected since the degree of

the assumed current trial functions is not high enough.

2.3.3 Summary of Section 2.3
From the study of the previous two subsections, we see that the
use of variational equation 2.12, which is derived from setting the
first variation with respect to adjoint quantities in the variational
functional F% to zero, has the ability to force the current trial
functions to obey Fick's law in one-dimension provided the following
conditions are imposed:
1) The flux (and adjoint flux) trial functions are continuous
across the region interfaces,
2) The diffusion coefficient matrix]Dk is constant within
each region k, and
3) The degree of current trial functions is higher than or
equal to the degree of flux trial functions minus 1.
It can be shown (through more lengthy algebra) that the above con-
ditions also apply to two-dimensional problems. In this case, however,
we must change the third condition to say that the degree of X-direction
current trial functions in x must be higher than or equal to the degree
of flux trial functions in x minus 1 and the degree of flux trial
functions in the y must be higher than or equal to the degree of flux

trial functions in y. An analogous condition must be satisfied by

Y~-direction current trial functions.

56



In the next two chapters, we shall assume that the approximate
current (and adjoint current) trial functions are always related to
the approximate flux (and adjoint fluk) trial functions via Fick's
law, whether the latter are continuous acorss the region interfaces
or not, However, when it is possible to make the flux trial functions
continuous throughout the reactor (as in Chapter 3), we shall assume
that too, so that the simpler variation equation, Equation 2.16a,
can be used instead of Equation 2,12 in the derivation of the

difference equations,
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CHAPTER 3
INVESTIGATION OF FINITE ELEMENT METHOD USING DISCONTINUOUS

CURRENT TRIAL FUNCTIONS

For a one-dimensional rroblem, the use of linear Hermite inter-
polation polynomials as approximate flux trial functions in the
form of Equations 2,17 limits the number of unknowns to one for each
node. Since these unknowns are tied up with the approximate values
of the flux at nodal points z = Zy s this leaves us with no choice for
imposing the current continuity conditions if Fick's law current
trial functions are used, The same situation also exists in two-
dimensional problems if we use bi-linear Hermite interpolation
polynomials as flux trial functions and demand that they be continuous
across all region interfaces.

The approximation employing cubic Hermite basis functions in
one~dimension, as described in Section 3.2 of Chapter 2, has the
ability to match both flux and current at interfaces between adjoining
regions if Fick's law is assumed, Extension to using bi-cubic Hermite
polynomials as flux approximations in two-dimensions, however, en-
counters the problem of current discontinuity in that no matter what
forms of approximate trial functions are used for the flux, there is
no way to force the Fick's law current trial functions to be con-
tinuous at those points which are formed by intersections of two or

more material interfaces [52]. These points are called singular points.,
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In order to make the approximate solution to the diffusion
problem more complete, it would be necessary to include the singular
solutions [47], [53]-[54]. However, this is an impractical task for
computation and the approach to be taken in this thesis is to ignore
the singular part of the solution. The effect of singular solution
on reaction rates and integral properties in reactor problems is
generally negligible,

It is the aim of this chapter to investigate the consequences
of not imposing any condition on those "current" coefficients in the
cubic (or bi-cubie) flux trial functions, thus completely relaxing
the requirement of current continuity. Use of the variational
functional F,, which permits the discontinuous trial functions in
its solution space, whould enable us to find the "best" relation
between these floating parameters., For simplicity, and without loss
of generality, we shall assume that the nuclear constants are

homogeneous within each individual subregions,

3.1 Derivation of Difference Equations in 1-D

The approximate cubic flux trial and weight functioms, which
are continuous throughout the 1-D problem domain, can be expressed’

in the following forms:

Uk(z) = u0+(x)Pk + uo-(x)Pk+l + ul+(x)Qk,+ + ul-(x)Qk+l’_ (3.1a)
o+ 0-
k(=) = w 0P+ u GOFL b wraoeg L + ook, L (.Ib)

s k=1 toK
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where the U, (2), P, , Q ,» Q and corresponding adjoint quantities

k k? “k,+* "k,

+ +

are G-element vectors, and PO"(x) and ul"(x) are cubic Hermite basis
functions defined by Equations 1,11, With the understanding that they
are defined only over subregion k for each k = 1 to K, we can suppress
the subscripts associated with them, The current trial functioms
defined by Fick's law in each region are given by

o+ 0- 1+ 1-

1 du du du
Vi (2) -E;Dk[ = Tk T Tax Peer Y Tam Qe+ dx Uty ,-]
(3.2a)
2 20" du1+
* - * — P% merem—
Vi (2) hk k[ rraki i ral + Qk+1 -3
k=1toK (3.2b)

Insertion of these trial function forms into variation equation

2.16a results in the equation

- 1+ 1- T
Zlhkfo{[5P*u (x) + 6Pk*1u (x) + 5Q§’+u x) + 6Q§+1’_u (x)]

Ak[ (X)P + u (X)Pkﬁ'l l+(x)Qk’+ + ul-(X)Qk+l,—]}dx

+opx S84 T

;L b rops 40 4w’ sox U sox S
2, h k dx k+1l dx k,+ dx k+1l,- dx

du0+ duo- du1+ du1
o Pt e Pl Y an Qg+ T ar Q- llax = 0

(3.3)
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Allowing arbitrary variations in all Pﬁ, Q§’+, and Q*k+1,- results in

a system of 3K+l equations in 3K+l unknowns (Pk, k=1¢toK+ .1;
‘Qk,+’ k = 1 to K; and Qk,-’ k=2 to K+ 1l). These equations are given
in Section 1 of Appendix D. The GxG matrix coefficients in these
equations are of the form A --% B where A includes diffusionf
absorption and scattering of neutrons and B includes fission neutron
production of certain regions.

The choice of either zero flux, P,=0 ag well as 8P¥*=0 for k=1 @D

k=

k k

K+1, or zero current, Q1,+ 6Q1’+ 0 or QK+1,- 6QK+1,- 0, boundary

conditions reduces the system to 3K-1 equations in 3K-1 unknowns. If

we arrange the unknowns in order of Qk _» Pk Qk + then the resultant
» 9 1]

coefficients matrix of this system of equations is a symmetric, 7-

stripe matrix.

3.2 Derivation of Differentc Equations in 2-D

For two-~dimensional rectangular geometry problem domain shown in
Figure 3.1, we subdivide the continuous variable X in the horizontal‘
direction into I adjoining intervals and variable Y in thé vertical
direction into J adjoining intervals so that each regioﬁ (1,3) is

bounded by the lines X=X, , X=Xi+1, Y=Yj, and Y=Y Similar to the

j+1°

one-dimensional case, we define hxi=Xi+l—Xi and hyj=Yj+l—Yj as the
widths of region (1,j) 4n X and Y directions, respectively. We also

define the dimensionless variables x and y within each region (1,j) as
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X = (3.4a)
hxi
Y -Y '
y = T—j—i (3.4b) ‘
y

so that region (i,j) can be Adascribed in terms of x and y as

0<&x{1l; 0<y«<l

for each region (1,j), i =1to I, j =1 to J.

Because there are four cubic Hermite basis functions in each
direction, 16 bi-cubic basis functions can be formed for a two-
dimensional problem within a region. The most general form of flux
trial function in any region (i,j) is thus a linear combination of
these sixteen basis functions. Careful examination to satisfy the
requirement of flux continuity reduces the general form of flux trial
function in region (i,j) to

(0,0) 0 0+ 0,0

O30 ™ )40 200" ™ gr4ry i @)

LA CROL e

©,0 o, ]
42y g 0 @ O B @™ e H ) (el e o)

+ R O @ @ + 2l e e’ ()

+ 20D @ @ e Q1D e @t o

+ Piﬁif;+1(')uo_(X)u (y) + Piojii( - @ul~
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+ 2P @t e e @ e e

(1,1)
i+1,5+1

(1,1)

+P N OFORS S T Gl o) BENN R

P(Ojo) is the approximate value of flux column vector at node
’

(l 0)ep

@ and P(Ogl) (+) are related to X-direction current column

where
X 3 X.),P
( j)

vector at node (Xii’ Yj) and Y-direction column vector at node (Xi’in)’

respectively, and Pilgl)(k=l to 4) are related to the approximate
’

2
379
values of 3T 8t (xi+' Yj+)’ (Xi—’ YJ+)’ (Xi-’ Yj_), and (Xi+, Y

j_) ?
respectively, Similar expression for adjoint flux trial functioms in
region (1,3), U: j(x,y) is formed by replacing all P's with their

. 9
corresponding adjoint quantities (P*'s).

The current trial function in region (i,j) can be written as
v ’j(X’Y) = E,Qi’j(X;Y) + J_Ri’j(x,Y) (3.6)

where Qi j(x,Y) is the approximate X-direction current trial function

and R.i j(x,y) is the approximate Y-direction current trial function,
3

both in region (i,j). i and j are unit vectors in the X- and Y-

directions, respectively. According to Fick's law,

mij 3

ID 0- ,
e 13 5(0,0) du’" (0 0) du”_

b, (1,5 ST ey Rt
+ 20,00 au” o- 0,0 du®* o-

1,30 a ¢ O TR g e O
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l+

p(1,0) (1,0) u O+
13 (+) u ( ) + Pi+1,j ) 7
1- 1+
(1,0) u 0-
FPur,gn O e O P g u
0+ 0—
+ 2% ) By 4 21 ) L (g
0- a0
(0,1) wo1- (0,1) J-
PP, ) Ty O Ryl (- ) S v
1+ 1-
st @) B o) v D @ L W)
1- 1+ ,
+ Piﬁjll(3)g%&““l_(3’)+ i+ S (3.7a)
and
R, ) = - bl 2y oy
i,j X,y h 3}' i,j X,y
¥3
_ D01 p0,0 ok ™ 0,00 0- o au®
h Py, dy 1+, 3 * gy
bA
0 0-
t P4, ¢ e B+ Py ,j+1 (x) dy
o+ o+
(1,0) 1+, du’t | (1,0) du
+ 210w oo B+ 210 () e S
0 0-
(1,0) (0,0) 1+ du
TP, T dy TP DU

65



l+ 1+

+ Piojl) @ v (x) d + Piﬁig ) v %) d;y
1- 1-

(0,1) 0- du (0,1)

t Py (v dy 1,34 v ®
dutt 1+

1,1 (1,1) 1- du
+ Pi ] 1) u ( ) d + Pi+l,j (2) v (x)
e (5 ey T4 p (D) (g gy 3.7p

i+l,j+1 u X dy i,3+1 (4) u dy (3.7b)

Similar expressions can be written for adjoint current trial functions
in each region (i,j).

The variation equation 2.16a can now be written as

1 1
%1
121 321hxihyj fo o fo ay (0% g Ay s Uag

T -1 _ |
(60f) Df 40, + R DR D] =0 @.8)

Substitution of Equations 3.5 and 3.7 into this equation, then allowing
arbitrary variations in all starred adjoint quantities results in a
system of equations involving (3I+l)(3J+l1) equations in same number
of unknowns. These equations are given in Section 2 of Appendix D.

The GxG matrix coefficients in these equations are of the form

A --% B. The ordering of unknowns follows the rule that: (i) j=1

to J + 1, (ii) for each j, i=1 to I+l, and (iii) for each (i,j), the

nine unknowns (less than nine at boundary points) are in the order

(0,0) ,(1,0) (1 0)( 3, P(0 1) (0,1)( ) (l 1)

Pi v Pi) (), #), By ] @,
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p@L,D

o (1,1 (3), ana 2 4.

i,] i,3
Imposing the boundary conditions reduces slightly the number of

(2), P

equations as well as number of unknowns. However, regardless of the
types of boundary conditions imposed, the system of equations is

an NxN matrix problem of the form
1
AP+5TBP 3.9)

where A and B are independent of A and P is a column vector consisted
of N unknown elements. The order N of the matrix equation is dependent
on the chosen boundary conditions and is given for various choices in

Table 3.1.

3.3 Numerical Method

The matrix equations which results from the approximations given
in this chapter are of the form of Equation 3.9. The source iterative
scheme and the Cholesky method which are used in solving these equations
are discussed in this section.

In this Chapter, Equation 3.9 has been defined as ordered first
by spatial indexing followed by group indexing within each spatial
index. TFor convenience, it is a general practice to reorder these
equations so that they are ordered first by group indexing followed
by spatial indexing within each group. After reordering, Equation

3.9 can be written as

(L +1M);>_=r_r;+iL BP (3.10a)
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Table 3.1 Matrix Order N of the Bi-cubic Hermite Basis
Functions Approximations with Discontinuous

Current Trial Functions

1 - Zero flux boundary condition

2 - Symmetry (zero current) boundary condition

Boundary Condition Type ' Matrix Order
Left Right Top Bottom N
1 1 1 1 G(91J+I+J+1)
1 1 1 2 3
1 1 2 1
s G(91J+1+J3-1)
1 2 1 1
2 1 1 1 )
1 1 2 2 A
2 2 1 1
1 2 2 2
L G(9IJ+I+J-3)
2 1 2 2
2 2 1 2
2 2 2 1
2 2 2 2 )
1 2 1 2 ]
1 2 2 1
[ G(91J+I+J-2)
2 1 1 2
2 1 2 1 -

68




where

A=L+M-T (3.10b)

and: I, the stiffness matrix, results from leakage; M, the mass matrix,
results from absorption; ¥ is the group-to—-group scattering transfer
matrix; and B is the fission source production matrix. If N is the
number of unknowns in each of the G groups, I. and M are GxN block

diagonal matrices composed of G NxN symmetric matrices I[,g and ]Mg of the

form
I = Diag] ]Ll,-—-, ]LG]
M = Diag[ M, ,-—, M,]

and T and B are in general full block matrices composed of G2 NxN -

symmetric matrices tgg , respectively. If only down-scattering

, and B

424
is permitted, T becomes lower block triangular; ng' = 0 whenever
g' > 8-

A direct method such as the Gauss elimination method [42],(55]
is inefficient compared to iterative schemes for solving large systems
of linear equations, such as Equation 3.10a. One very commonly used
method in reactor physics calculation is the source iterative scheme

[51, [56]-[57]. 1In this method, the equation for the jth iterative

solution of Equation 3.10a is set in the following form

G
: (3) 1 (1)
+ Pl = + = P 3.11
(Tg M) Zg g'Zl[ Teg' T2 Peel 2 g G.10
where g=1,2,—~~,G
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i-= {j ; 8' < &g
j-1; g' > 8,
j=1,2,...,

and _1_7_(0) = Col [P(o) ;0),--—,2_((;0)] is an initial guess. 1In our

case, ]Kg = I‘g +]Mg is positive definite and we can use the Cholesky

scheme [58 ]-[59], which always gives a unique factorization of IKg in

the form
T
I(g =EE (3.12)
whereIE is a lower triangular matrix, Let]l(g = (kij)’ IE = (eij)' Then
we note that according to Equation 3.12 we have
2 2 2
k., =e +e., +-——+e,,.
33 ji j2 33
= —_— 1 <
kij eﬂej1 + elZejZ + + eijejj’ i s i
Therefore, eij can be determined using the algorithm,
j-1
2.1/2
ejj = [k . z jn ] /
jj n=1
eij = nZ e e jn jj (3.13)

The matrices IEand IET possess the same band structure as ]I(g. By using
the Cholesky scheme, the numerical inversion of ]Kg is simplified, and it
requires only a forward and a backward sweep to invert IE and ET,
respectively.

In the eigenvalue problem defined by Equation 3.9, only the largest
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eigenvalue )\ is of interest because it corresponds to the neutron
multiplication constant in the reactor physics. The largest eigenvalue

of Equaion 3.9 can be determined by the power method [5], [56], [60] which
. is determined briefly below. Suppose g;(j+l) is the (3+1)~-th iterative
solution to Equation 3.11 for group g before renormalization and_géj) is

the j-th iterative solution for group g after normalization, then

the largest eigenvalue and its eigenfunction are defined by

'GH) L (D)
@ , P )
NG+ 4 E

@ G ;) (3.14a)
g -8 ’ =g
e, B
+
E’_g = x(j"’l) ; g =1,2,~-~,G (3.14b)

Steps defined by Equations 3.11 and 3.14 are repeated until the following

convergence criteria are satisfied:

REEORINCD

<€ (3.15a)
| NED | A
max 'Pigfl) _ Pig) <€ (3.15b)
n,g | ) | = "p )
ng

The whole procedure described in this section can be best

illustrated in Figure 3.2.
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3.4 Numerical Results

In this section, some of the numerical results for stationary
eigenvalue problems are presented in order to demonstrate the accuracy
of the variational method using cubic Hermite basis functions as flux
approximations with discontinuous Fick's law current trial’ functioms.
No special computer programs: were written for the calculations and
each individual case was treated as a single computer problem. The
two-group parameters used in the following examples are given in

Table 3.2.

Example 3.1 One-dimensional, Two-group, Single Region Problem

We consider an eigenvalue problem for a one-dimensional two-
group, one region simple diffusion problem. The reactor configuration
is depcited in Figure 3.3.

The analytical solution for this simple problem can be found

easily and is given by

¢1(z) =C sin(i% z)
¢2(z) = gin (gi z) (3.16)

where L = 60 cm is the width of the reactor and C is the fast to thermal
flux ratio which is a constand independent of position z given by
T2
D, @D + 1,

C = - - 3.337902595
Iz

The largest eigenvalue A for the problem can be shown to be
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Table 3.2 Two-group Nuclear Constants

(a) Thermal Group .

Fucl Water Reflectors
D2 0.4 0.15
22 0.2 0.02
vzfz 0.218 0.0
Xo 0.0
(b) Fast Group
.Fuel Water Reflectors
D1 1.5 1.2
Zl 0.0623 0.101
221 0.06 0.1
vzfl 0.0 0.0
Xl 1.0 —_—
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WY ,) (T ae) v
A = Lep Uz = 1.031303490

2 2
o, &0 + 1P, G " + [,]

In Table 3.3(a), comparisons are made for eigenvalues and average
fast to thermal flux ratios obtained by various mesh spacings. It is
seen that both the eigenvalues and flux ratios converge to the true
analytical values with decreasing mesh spacings. The average fast to
thermal flux ratio is defined as the average value obtained by dividing
the fast group result by the corresponding thermal group result for each
space unknowns. In Table 3.3(b), the thermal fluxes at various points
of the reactor are compared and it is seen that the flux shape converges
rapidly to the analytical shape as the mesh sizes are refined. The

relative error is defined as

Approximate Value — True Value
True Value (3.17)

Average Error =

In Table 3.3(0){ the thermal currents at various points of the
reactor are compared with the analytical results. It is seen that the
"best'" results for current obtained using a variational method that
permits discontinuities in current are not continuous at mesh points.

As the mesh size shrinks, more and more current discontinuities are
introduced, although the magnitude of discontinuities seems to become
smaller and smaller.

Since the problem is a homogeneous one, the converges to the true
eigenvalue and true flux and current shapes are quite fast. Accuracies

of 10-9 in eigenvalue, 10-5 in flux shape and 10-3 in current shape can
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Table 3.3 Results of One-dimensional, Two-group,

One-region Problem: Example 3.1

(a) Eigenvalues and Average Fast to Thermal Flux

Ratios
Az Eigenvalue, A Flux Ratio, C
Analytical 1.031303490 3.337902595
L/2 1.031303421 3.337902612
‘L/3 1.031303485 3.337902596
‘L/6 1.031303490 3.337902595
L/12 1.031303490 3.337902595
d¢ _
¢ = 05 Fuel { dz
0 L = 60
. cm

Figure 3.3 Reactor Configuration for Example 3.1
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Table 3.3 (Continued)

(b) Thermal Fluxes with Relative Error

z Analytical Az = L/2 Az = L/3 Az = L/6
(error x 10%) (error x 109) (error x 106)
0.0 0.0 0.0 0.0 0.0
5.0 0.13052619 0.13053365 0.13051992 0.13052531
(+0.572) (-4.80) (-6.74)
10.0 0.25881905 0.25871065 0.25879147 0.25881793
(-4.19) (-10.7) (-4.33)
15.0 0.38268343 0.38248222 0.38265889 0.38268085
(-5.26) (-6.41) (-6.74)
20.0 0.5 0.49979957 0.49996639 0.49999785
25.0 0.60876143 0.60861390 0.60872601 0.60875732
(-3.98) (-5.82) (-6.75)
30.0 0.70710678 0.70687644 0.70703144 0.70710374
(-3.26) (-10.7) (-4.30)
35.0 0.79335334 0.79328492 0.79330454 0.79334798
40.0 0.86602540 0.86568184 0.86596717 0.86602167
(-3.97) (-6.72) (-4.31)
45.0 0.92387953 0.92330950 0.92383484 0.92387329
(-6.17) (-4.84) (-6.75)
50.0 0.96592583 0.96541020 0.96580584 0.96592166
(-5.34) (-12.4) (-4.32)
55.0 0.99144486 0.99122627 0.99136572 0.99143708
60.0 1.0 1.0 1.0 1.0
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Table 3.3 (Concluded)
{c) Thermal Currents and Relative Errors

Currents are in the unit of D2 and since D2 is a constant in this example, it is just a
scaling factor

Wherever a double-value appears, the upper one corresponds to the value at the left-hand
side and the lower one corresponds to the value at the right-hand side of z

8L

k.
Analytical Az = L/2 (error x 103) Az = L/3(error x 103) Az = L/6(error x 104)
0. 1.0 1.00098816(+0.988) 1.00019725(+0.197) 1.00001242 (4+0.124)
0.99144486 0.99081050(-0.640) 0.99125542(-0.191) 0.99143956(-0.0535)
10.0 0.96592583 0.96498125(-0.978) 0.96584471(-0.0840) 0.96589942(~0.273)
0.96597621 (+0.522)
15. 0.92387953 0.92350042(-0.410) 0.92396515(+0.0927) 0.92387459(~0.0535)
20. 0.86602540 0.86636800(+0.396) 0.86561671(-0.472) 0.86596197(-0.732)
‘ 0.86677571(+0.866) 0.86611033(+0.981)
25.0 0.79335334 0.79358399(+0.291) 0.79293956(-0.522) 0.79334909(-0.0536)
30. 0.70710678 0.70514840(-2.77) 0.70704737 (-0.0840) 0.70701064 (-1.36)
0.71170298(+6.50) 0.70722045(+1.61)
35.0 0.60876143 0.60755666(-1.98) 0.60909913(+0.555) 0.60875816(-0.0537)
40.0 0.5 0.49762201(-4.76) 0.49909484(-1.81) 0.49987771(-2.45)
0.50148711(+2,97) 0.50013468 (+2.69)
45.0 0.38268343 0.38189902(-2.05) 0.38201065(-1.76) 0.38268138(-0.0536)
50.0 0.25881905 0.26038768 (+6.06) 0.25860398(-0.831) 0.25867894 (-5.41)
0.25901496 (+7.57)
55.0 0.13052619 0.13308801(+19.6) 0.13126710(+5.68) 0.13050076 (-1.95)
60.0 0.0 0.0 0.0 0.0




be obtained even when a mesh size of Az = L/6 = 10 cm is used. This
is not the case when the reactor becomes more heterogeneous, as can

be seen from the next example.

Example 3.2 One-dimensional, Two—groﬁp, Two-region Problem

The reactor configuration is shown in Figure 3.4. It consists
of a water reflector region and a fuel region. The analytical solution
of this problem is also possible [61], though not easy. The largest
eigenvalue is A = 1,020902463 and the flux and current shapes are
combinations of hyperbolic functions as well as trigonometric functionms.

Table 3.4(a) gives the eigenvalues obtained by various methods.
It is seen that all eigenvalues converge to the true value and thAt the
rate of convergence of the present method is comparable to that of cubic
Hermite method (m = 2). This result should be expected since the only
difference between these two methods is in the initial assumption about
current coefficients in the flux trial functions. 1In Table 3.4(b),
the thermal fluxes at 5 cm intervals using different mesh spacings are
compared with the analytical solution. The neutron fluxes are seen
to converge to the true solution, though not as fast as in the
homogeneous case. And when Az = L/12 spacing is used, the result is
quite good. Table 3.4(c) compares thermal meutron currents predicted
by the present method against anmalytical results. It is observed that
the most severe discontinuity usually occurs at the material interface
and that the magnitudes of discontinuities decrease as Az decreases

and as the distances from the interface become larger.
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Table 3.4 One-dimensional, Two-group, Two-region
Eigenvalue Problem: Example 3.2

(a) Eigenvalue, A

Az Hermite Method* Present Method Finite
m=1 =2 (m = 2) Difference
L/3 | 1.02483992 | 1.02145224 1.021534466 1.02397928
L/6 | 1.02257106 | 1.02096418 1.020964354 1.02410016
L/12{ 1.02147201 | 1.02090512 1.020904977 1.02139257

*From C.M. Kang [24],

1 Reflector 1 Nuclgax_Enel__________4dz
‘o L/3 L=60cm

¢ =0

Figure 3.4 Reactor Configuration for Example 3.2
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Table 3.4 (Continued)

(b) Thermal Fluxes with Relative Errors

z Analytical Az = L/3 Az = L/6 Az = L/12
(cm) (error x 107) (error x 107) (error x 10
0.0 0.0 0.0 0.0 0.0
5.0 0.08486903 -0.02365409 0.08575762 0.08492856
(-128.0) (+10.5) (+7.01)
10.0 0.30882356 0.046933375 0.32170626 0.30907204
(+52.0) (+41.7) (+8.05)
15.0 0.83938228 0.87290130 0.90204065 0.84008346
(+3.99) (+74.6) (+8.35)
20.0 0.57723662 0.58098635 0.57136244 0.57652361
(+0.650) (-10.2) (-12.4)
:25.0 0.41559201 0.42719308 0.39992663 0.41503756
(+2.79) (-37.7) (-13.3)
30.0 0.55164109 0.53331112 0.54655308 0.55164881
(-3.32) (-9.22) (+0.140)
35.0 0.68057223 0.71250788 0.68137634 0.68059766
(+4.69) (+1.18) (+0.374)
40.0 0.79133441 0.77795075 0.79187389 0.79135182
(=1.69) (+0.682) (+0.220)
45.0 0.88074847 0.88394510 0.88098813 0.88075832
(+0.363) (+0.272) (+0.112)
50.0 0.94639693 0.95235240 0.94650201 0.94640103
(+0. 629) (+0.111) (0. 0433)
55.0 0.98650822 0.98907119 0.98651891 0.98650875
(+0.260) (+0.0108) (+0.00537)
60.0 1.0 1.0 1.0 1.0

Normalized to ¢Q(L) =1.0
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Table 3.4

(c) Thermal Currents with Relative Errors

(Concluded)

Az = L/6(error x 102)

Az = L/12(error x 102)

z Analytical Az = L/3(error x 10)
0.0 -0.001968220 +0.014519873(-83.8) —0.002226754(+13.1) -0.001983346(+0.769)
5.0 -0.003766414 -0.010070317(+16.7) -0.003872149(+2.81) -0.003751260(-0.402)
-0.003787034 (+0.547)
10.0 ~0.010764179 -0.016478641(+5.31) -0.011238215(+4.40) -0.010768653 (+0.0416)
+0.003528296 (-133) -0.010350732(-3.84)
15.0 -0.019144018 -0.004705100(-7.54) -0.021046600(+9.94) -0.019788388(+3.37)
-0.014183722(~-25.9)
17.5 -0.033976720 +0.007999870(+13.5) +0.005594907 (-265) -0.003683987 (+8.43)
20.0 +0.082977003 +0.025250308 (-6.96) +0.058189052(~-29.9) +0.076360442(-7.97)
+0.027682116(-6.66) +0.052060765(-37.3) +0.072401290(-12.7)
22.5 +0.002761894 +0.011680686(+32.3) +0.010511939(+281) +0.002087998 (-24.4)
25.0 -0.009608219 -0.000584092(~9.39) -0.011819330(+23.0) -0.003239979(-66.3)
~-0.010026411 (+4.35)
30.0 -0.010914588 -0.013903693(+2.74) +0.000585402 (-105) -0.010769183(-1.33)
-0.012137192(+11.2) -0.010928165(+0.124)
35.0 -0.009637810 -0.012276687(+2.74) -0.009623681(~0.147) -0.009633476(-0.0450)
' -0.009637838 (+0.000291)
40.0 ~0.008043424 +0.004296928 (-15. 3) -0.008245078 (+2.51) -0.008042316(-0.0138)
-0.010140324(+2.61) -0.008008875(-0.430) -0.008043171(-0.00315)
45.0 -0.006230551 -0.006897419(+1.07) -0.006217263(-0.213) -0.006229599(-0.0153)
; -0.006230457 (~0.00151)
50.0 -0.004249518 -0.004126398(-0.290) -0.004232819(-0.393) ~0.004248694(-0.0194)
-0.00424573(~-0.0891) -0.004249614 (+0.00226)
55.0 -0.002153818 -0.001827257(-1.52) -0.002148447(-0.249) -0.002153151(-0.0310)
-0.002154272(+0.0211)
60.0 0.0 0.0 0.0 0.0




Example 3.3 Two-dimensional, One-group, One-region Model Problem

An eigenvalue problem for a two-dimensional neutron diffusion
equation is considered in this example. The configuration consists of
uniform nuclear fuel and is shown in Figure 3.5. For the one-group
D, z, and VZf’ we use the thermal group constants given in Table 3.2.

For the present method, we only calculate the eigenvalue and flux
shape using a mesh size of L/2 = 20 cm in both directions because of
large number of unknowns (In fact, the number of unknowns is 38 per
group for a 2x2 problem, from Table 3.1). This eigenvalue is listed in
Table 3.5 with eigenvalues for different meshes obtained by the cubic
finite element method and the finite difference scheme, Note that the
present method yields a worse eigenvalue than the finite difference
scheme using the same mesh size. The flux shapes at y = 0 cm and y = 20
cm obtained from present method are compared with the true cosine shapes
in Figure 3.6. The currents are not continuous across all mesh

interfaces.

Example 3.4 Two-dimensional, Two-group, Two-region Problem

In this example, we consider an eigenvalue problem of the two-
group neutron diffusion equations. The system consists of a fuel
region inside and a reflector region outside (Figure 3.7).

In Table 3.6, comparisons are made for eigenvalues obtained by

various methods. For cubic (m = 2) Hermite method, the results given

correspond to using Equation 3.5 as flux trial functions and setting
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Table 3.5 Eigenvalue 1/) of a Two-dimensiomal,

One-group, One-region Problem:

Example 3.3

Analytical, 1/) = 0.9230903697

Ar Cubic Hermi:e* | Finite Difference | Present Method|
L/2 0.9230904055 0.92280573 0.9212300089
L/4 0.9230903703 0.92301801
L/6 0.9230903697 0.92305812
* From C.M.Kang [24].
QQ=0
0 dy
%% 0 Nuclear -0
Fuel
L
$=0
L =140 cn

Figure 3.5 Reactor Configuration for Example 3.3
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0 10,0 20.0 30.0 40.0
Flux at y = 20.0 cm

Analytic 0.9230903697

_____ 2x2 0.92122300089 (-0.2023%)

I I I | hl I

0 10,0 20,0 30.0 40,0
Flux at y = 0.0 cm

Figure 3.6 Flux Shap%ﬁf Example 3.3



(1,1)

1 oD ay = ety - p et - LR

11,3 21,3 374, 1 (4) (3.18)

wherele is the diffusion constant matrix at k-th corner of point (Xi,Xj),

at singular points (I)l D3 5‘][)2 DA)’ and

2) Eq. 3.18, D P(l’o)

1 i’j (+) =D P(l’o) (_), and D P(O,l)(+) = P(0$1)(_)

2°1,3 2°1,3 31,3

at all regular points (])1 '.ID3 =ID2 D4), before applying the weighted
residual process in Ritz-Galerkin method., It is seen that both the cubic
Hermite method and the present method for Ar = L/2 yield accuracy
comparable to that of the finite difference scheme for Ar = L/20.

In Figure 3.8, thermal fluxes at y = 0 cm and y = 20 cm for (i)
Cubic Hermite method, Ar = L/2, (ii) Present variational method,

Ar = 1/2, and (iii) Finite difference method, Ar = L/20 are compared.
Note that present method gives slightly better flux shapes than the
cubic Hermite method.

From the results of these numerical examples, it is observed that
the present variational method using discontinuous Fick's law current
trial functions yields eigenvalues and flux shapes comparable to those
obtained from the cubic Hermite method and is generally better than
the linear Hermite method and finite difference method. However,
since the number of unknowns in present method is considerably larger
than that of the cubic Hermite method if the same mesh spacing is used,
we conclude that the cubic Hermite method is better than our present

method.
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Table 3.6 Eigenvalues 1/A of Two-dimensional,

Two-group, Two-region Problem:

Example 3.4

Hermite MethOd* Present Finite
Ar m=1 m= 2 Method Difference
L/2 1.0802150 1.1082321 1.1075521 1.0783013
L/4 1.0962251 1.1134916 1.0797120
L/6 1.1040456 1.1140943 1.1105031
*
From C.M. Kang [24].
4 _
dy 0
L/2
0 L
Fuel
%o
X ¢ =0
L/2
Reflector
L
¢ =0
L =40 cm

Figure 3.7 Reactor Configuration for Example 3.4
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-0.2 1 | 1

Thermal Flux at y = 20,0 cm

Kang's, L/2 1.1082321
~— — —— Variational, L/2 1.1075521
0 0 o o Finite Difference, L/20 1,1105031

-0.4 ] 1 1
0 10 20 30 40

Thermal Flux at y = 0.0 cm

Figure 3.8 Thermal Flux Shapes: Example 3.4
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CHAPTER 4
FINITE ELEMENT SYNTHESIS APPROXIMATION METHOD

IN NEUTRON DIFFUSION PROBLEMS

As described in the beginning of this thesis, the finite element
methods have been shown [24], [62] to approximate accurately flux
solutions and eigenvalues of multigroup diffusion theory when applied
to problems having homogeneous material within the mesh regions. How-
ever, when this method is applied to a reactor system having very
complex geometrical details, the region mesh sizes must be limited
unless some types of homogenization procedures are used. If the mesh
spacing is chosen such that some mesh regions are heterogeneous, then
application of the variational principle given in Chapter 2 results in
weight averaging of the nuclear constants with products-of the basis
functions and their dérivativ;s, as given by the approximate trial
functions.

A useful homogenization procedure which is commonly used in
reactor physics analysis is to homogenized the nuclear material within
each mesh region by flux weighting with an assumed flux shape determined
a priori within that region in order to preserve reaction rates,

JIP ()} (x)dr

n’n" ' én ‘

<Zn> =" J?wn(r)dr (4.1)
n
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where ¢n(r) is the assumed flux shape in region n.

In large reactors the core is usually composed of a lattice of
heterogeneous fuel subassemblies containing fuel, clad, coolant
channels, and possibly control rods or coolant-filled control rod
channels. Each subassembly can be divided into several distinct
homogeneous regions whose microcell macroscopic group const;nts are
found by multigroup energy-dependent calculations [63]. Detailed
subassembly solutions are then found for each subassembly by assuming
that the current on the outside boundary of the subassembly is zero.
Flux weighting the nuclear material in each subassembly with the
corresponding detailed subassembly solution for each subassembly
region (according to Equation 4.1) then results in regional homogeneous
nuclear constants which may better approximate the physics of the
region.

Proper use of detailed flux weighted constants can lead to accurate
criticality measurements, but the detailed fine flux structure within
each region is lost since it appears only in crosssections homogenization
and not in the approximation. The present finite element synthesis
method is intended to solve this difficulty by combining the detailed
subassembly solutions with finite element basis functions in the flux
approximation, so that the fine structure can be retained in the flux
solution. The application of this method to 1-D problems has been
- shown to be successful [30]. The purpose of this chapter is to extend
the finite element synthesis method to 2-D diffusion problems using

bl-linear basis functions.
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4.1 Derivation of the Difference Equations

4.1.1 Linear Basis Function Approximation in 1-D

The proposed finite element synthesis method, utilizing linear
basis functions and defined as nonzero within each mesh region k,

k =1 to K in one-~dimension, is given by

U (2) = ¥, (O ¥ (0) (1=x)B, + ¥ (1) x B, ] (4.2a)
(e = -t -1
f(z) = VG Y "(0) A-x)Pf + ¥, "(1) x Pk, ] (4.2b)

V() = n G0N0 AR + YRR, ]

* 5 DY) (02, -4 (P, 1 (4.2¢)

VE(z) = nEGO HETH(0) (mm0rg + UL xR )

1 -1 -1
+ 5, D0 OO WRL, ${T 7 ] (4.24)

where: Pk is the unknown approximate group flux column vector at point
z,.» and v, Wi, N and Nk are GxG diagonal matrices composed of detailed
group flux wg,k(z) and group current ng,k(z) solutions, and their adjoints,
defined as nonzero only within region k. Because of the variable
transformation between z and x, lbk(O) represents wk(zk), and wk(l)

represents wk(zk+1); neither of which for the moment is allowed to

be zero for any region. The detailed current solutions are given from
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the detailed flux solutions by Fick's law as

.dibk(Z)'

nk(z) = -IDk(Z) -3 (4.3a)
le!{;(Z)

nﬁ(Z) = +Dk(2) iz (4.3b)

As a result, the current trial functions are related to the flux trial
functions by analogous expressions. Also, be definition of the detailed

flux solutions,

R (0) = n (1) = E(0) = ™(1) = 0

From the forms of the trial functions, we see that the flux

continuity conditions are obeyed since

Uk(O) = Uk—l(l) =P, (4.4a)

UR(0) = Ux, (1) = P*, (4.4b)

The current trial functions, however, are discontinuous. It is evident
that this approximation reduces to the simple linear basis function
finite element method if detailed flux solutions for each group are
taken to be constant. The detailed derivation and the resulting
difference equations using approximation Equations 4.2 are given in

Chapter 3 and Appendix C of Bailey's thesis [30].

4,1.,2 Bi-linear Basis Function Approximation in 2-D

The flux trial functions for the finite element synthesis method
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using bi-linear basis functions and defined as nonzero within each

mesh region (1,j), 1 =1 to I, j =1 to J in two-dimension, is given

by
_ -1
Ui,j (XQY) - \bi,j (XQY) [wi,j(o’O)Pl(X)Pl(Y)Pi,j
+ ‘Pﬁj (1,0, (X)P, (9P 4 + l[);]"j (L1)P, IR, (Py 11
SR ICENNCERC I (4.52)
-1
Uf Gy) = U G WYY (0,008 (IR, (7)PY
UL OP, P (IPE, L+ U ja 1, 0P, (NP 14
+ U573 (P P,OIPY 4 ] (4. 5b)
where
Pl(x) =1 «x
Pz(x) = x
are the univariate linear basis functioms, Pi j is the unknown approxima-

tion group flux column vector at point (X, ,Y.), and ¢ y V% . are GxG
177 1,37 "1,3
diagonal matrices composed of the detailed group flux solutions
Wg i j(X,Y) and their adjoints, respectively, defined as nonzero only
9 ’

within region (i,j). For the moment, we assume that wi 3 is nonzero
H4

at the region boundary.

The detailed current solutions are given from the detailed flux
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solutions by Fick's law as

where gi j
’

solutions and ny

solutions,

{H

£y, (x¥) = - D, ;(xy) g—,; by 3 &)

=

xi

,H

EX Gy = =Dy (xS vE G

=2

xi

ni’j(x,y) = - %—Di,j (x,y) %5; wi,j(x.y)

M|

n;"j(X.y) = %;j—lli’j(x;y) -g-}; w;,j(x,w

and E; j are X~-direction detailed current and adjoint current
’
and n¥ , are Y-direction current and adjoint current

»J 1,3

Then the X-direction and Y-direction current trial functions

which obey Fick's law are given by

Qg G6) = £y 4 YTV (0,007 (P P,

-1

-1

L -1
+ 97 (0,B; (IR, (P, 4]

+ Dy Yy IV (0,004 (P (P |

xi

+ w;fj(1,05q2<x>P1(y)Pi+l,j + w;fj(1,1>q2<x>22(y>ri+l,j+1

-1

9%



R, S Gy) = ny (Y)W (0,007 GORy (P, |
P (OB OB Py o+ ¥ (LB GOR, Py 4y

+ wi L(0,1)P, ()P, (3)P ]

i,j+1

*‘Ei;*ni,j(x’Y) by ) W (0,007 (g (P

+ w;fj(1,0>P2<x>ql<y>ri+1,j + w;fj(1,1>P2<x>q2(y>ri+1,j+l

-1 A
u TUFLCRORSACOLPLC2L Ry (4.6b)

Qf ;(xiy) = Ef G IUF ] (0,002 (OB (3)PY

i,]

+ w ta, 0)P, (x)P, (¥)B% 4 3 w ta, 1P, (x)P (y)Piﬂ’jﬂ

1,3 i,3

+ 93730, 102 (OB, (1)BY 4]
1
- F}:mi,j(x’}’)@,j (XQY) W (0 O)QI(X)P (y)P j
+ w;j§<1,0>q2<x>rl(y>P;+1’j+ w;:}<1,1>q2(x>P2<y>Pg+1,j+1

+F730,10q; (OB, (PF 41 (4.6c)
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R} () = nf () [wij (0,0)P; ()P, (y)P |

+ w* (1,0)p, (x)P (y)Pi+1:l w (1 Lp, (x)P (y)p*

1+1,§+1
+ VIO, GO, 0)FY 4y )
1 -1
TR Pag Y N 0,08, ey 02
+ UL 0P, (e (IR, ¢+ U (L DR 00, MIPEy 4y
+ 973 (0,10P; (0, 0IPY 4] (4.6)
where
q,(x) = - a; P, (x) =
q,(x) = - %; Py(x) = -1

We note that the flux trial functions are continuous only at the

mesh points and are discontinuous at the interfaces of mesh regions in

general, The current trial functions are discontinuous also across

region interfaces. Also, be definition of the detailed subassembly

solutions

£y 400y = &y ;(,y) = & (0,) = £ ,(1,y) = 0

ni’j(XQO) = ni’j(x’l) = n;’j(x’o) = ni,j(x01) = O
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Since the flux is not continuous across region interfaces while

Fick's law is still valid within regions, the suitable variation

equation to be used is Equation 2,15. For two-dimensional case,

Equation 2.15 can be written in the form

I J 1 1 T
izl jzl hxihyjjo dx fo dy[Gug’j(x.y) ﬂ\i’j (x,y)Ui’j(x,y)

- GQi j(x’}’) ]Di J(x’y)Qi j(xs}’) (SRi j(an) Di j(XQY) j(st]

ot T
+% Eh f dy[8UF 5 (1,y)-8U%,, ;C0,3)171Qy, 4(0,y)4Q s(1,y))
1=1 j=17
1 I J-1 1 T
+ 5 1-21 jzl h IO dx[8UF | (x,1)=6UF 4., (x,0)] [Ry 441 (%:004Ry (x,1)]

! T
+% }: jzlh J dy[8Qf,,, 1 (0sy)+ Qf, Lyl (U4, 5070y (L))

I 1
) Elh Jodx{éRi j+1(X,0)+5RI’j(1,Y) ]T[Ui’j+1(x,0)-Ui’j(x,l)]=0
i=1 j= ’

+
Nl

4.7)

Substitution of Equations 4.5 and 4.6 results in the equation

I+1 J+1 +
L1 Py jlaay gP g gp taby Py g tae Py ogu
i=1 j=1
+
+-b-§-i,jPi,j—l +hby —1,] F1,3 bey bey,if1,5m
= .8
+ ca + b, 4.3 Pn '3 +eey Pi+1,j+1] 0 (4.8)

£ay sPi41,4-1
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where "undefined" quantities (corresponding to points that would lie
outside the physical limits of the reactor) are always set equal to
zero. The GxG matrix coefficients {ééi,j’ éhi,j"_-" ggi’j}are
integral quantities having the mathematical form A —'%B and

are defined in detail in Aprendix E.

Zero flux boundary conditions are easily imposed. For example,
if zero flux conditions are imposed on the ieft boundary of the
reactor, we can set Pl,j= 0, j=1toJ+ 1, This also requires
that P;,j’ j =1toJ+ 1be zero, which in turn requires the GP"j
coefficients in Equation 4.8 to vanish. If all four sides of the
reactor have zero flux conditions, then allowing arbitrary variations
in Pi,j’ j =2 to J, results in a system of (I-1) (J-1) equations in
(I-1) (J-1) unknowns. Zero current boundary conditions are found
using symmetry considerations. If, for example, zero current
boundary conditions are imposed on the right boundary, then "boundary
condition equations" can be derived by assuming pseudo-regions

(I+1,3), j = 1 to J of width h_ 's having mirror

and height h
o1 & y

3
image properties of region (I,j), j = 1 to J, about line X=XI+1:

DI+l,j(x’y) =iDI’j(l—x,y) (4.9a)

s j=1toJd

MI+1’j(x,y) = ﬂI’j(l-X.y) (4.9b)

and the detailed flux and current solutions for these regions are
assumed to be symmetric and anti-symmetric in the X-direction,

respectively, to the corresponding detailed flux and current solutions
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in the regions (I,j), j =1 to J:

UI+1,j(x,y) = UI,j(l-x,y) (4.10a)

U?H‘l,j (X’Y) = U%,j (l—x9Y) (4010}’)

s J=1toJ

VI+1,j(x’Y) =—VI’j(l—x,y) » (4.10¢)

VI+l,j(x’y) = -Vi’j(l-x,y) (4.10d)

The addition of pseudo-regions (I+l,j), j = 1 to J to the summation
in Equation 4.7 results in the calculation of coefficients 28, ., j
9

(j=2 to J+1), ab (3j=1 to J+1), ac (j=1 to J), ba (j=2 to J+1),

—I+1,] —I+1,j —I+1,j
bb (j=1 to J+1), and bc (3=1 to J) in Equation 4.8. If all

—T+1,j 22141,
four sides of the reactor have symmetry conditions, then allowing
arbitrary variations in P;,j’ i=1 to I+l, j=1 to J+1, results in
a system of (I+1l)(J+l) equations in the same number of unknowns.
Like the situation in one-~dimensional case [30], a serious
drawﬁack of the approximation given by Equations 4.5 and 4.6 is that
it does not allow the use of detailed flux solutions containing
explicitly zero flux boundary conditions. However, such detailed
solutions can be allowed by modifying the trial function forms in
the boundary regions., For example, if a zero—-flux condition is
imposed on the left boundary and a detailed solutions wl’j(x,y) is
given such that wl’j(O,y) = 0 in the region (1,j) for a particular

j, the trial functions of Equations 4,5 and 4.6 can be modified for
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this region as
-1
Ulsj (x,y) = wl’j (x,y) [wl,j(l’o)Pl(Y)P-'z"J
+ VDR, 0P, L) (4.11a)
US L Gey) = VR G V(L0 (P

+ VI ADP,PE ] (4.11b)

-1
Qi’j(x,y)=£1’j(x,y)[wl’j(l,O)Pl(y)Pz’j

-1
9] y@GDP (DR 4] (4.11c)

Qf {Goy) = Ef Gy 9 (1,00 (IR
+ w;:§(1,1)rz(y)P§’j+1] (4.11d)
. 1 1
Rl’j(x,y) = nl,j(x’y)[wl,j(l’O)Pl(y)PZ,j + wl,j(l.l)Pz(y)Pz,j+1]

1 -1
+ E—Dl,j (X,Y)ll)lj (X,Y)[wl’j (l,O)ql(y)Pz’j

pA

-1
¥ @DG,0R, 4] (4.11e)
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-1 -1
Ri"j (x,y) = ﬂ;’j x,y) [wf’j(l,O)Pl (Y)Pa"jﬂl’f’j (1,1)P2(Y)P’2”j+1]

. * -1 *
hyj’Dl,j(x,y)wl,j(x,y)[wi’j(l,O)ql(y)pz’j
+ w;',';r(l,nqzcy)P;, 141] (4.11£)

The above equations are equivalent to fixing the X-direction basis

functions for this particular region (1,j) so that

|
=

Pl(x) =0, Pz(x) =

q(x) =0, q,(x) =0 (4.12)

in Equations 4.5 and 4.6. 1In this way, the imposed zero boundary con-
dition is explicitly given by wl’j(x,y) rather than by the form of the
trial functions. The use of these special trial functions in the
boundary regions alters the definitions of some of the matrix coefficients,
but the whole system of equations are of the same form as that of the
ordinary zero-flux boundary conditions.

Regardless of the types of boundary conditions imposed, Equation

4.8 results in an NxN matrix problem of the form

A£=%\-Bg (4.13)
where A and B are independent of A, The order N of the matrix equationms,
which depends on the chosen boundary conditions, is given in Table 4.1.

Careful examination of the matrix coefficients given in Appendix

E shows that neither A nor B are symmetric matrices in general. Only
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Table 4.1 Matrix Order N of the Bi-linear Finite

Element Synthesis Approximations as a

Function of the Imposed Boundary

Conditions.

1l - Zero Flux

2 - Symmetry

Boundary Condition-Type. .

Matrix Order

Left Right Top Bottom N
1 1 1 1 —_— G(1~-1)(J-1)
1 1 1 2 > G(I-1)J
1 1 2 1
1 2 1 1
GIL(J~-1)
2 1 1 1 >
1 1 2 2 —_— G(I-1) (J+1)
1 2 1 2
1 2 2 1 13
2 1 1 2
2 1 2 1
2 2 1 1 e G(I+1) (J-1)
1 2 2 2
) 1 ) ) > GI(J+1)
2 2 1 2
9 5 9 1 > G(I+1)J
2 2 2 2 _— G(I+1) (J+1)
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when the geometry of the problem is symmetric about the 45° line, do

A and B become symmetric.

4.2 Calculational and Programming Techniques

The matrix equations which result from the approximations given
in this chapter are of the form of Equation 4.13, which is identical
to Equation 3.9 in the previous chapter except that A and B are not
symmetric in the present situation. The conventional group indexing
followed by spatial indexing within each group in ordering the un-
knowns is assumed. For the double spatial indexing, we shall order
the unknowns first by Y-direction indexing, j, followed by X-

direction indexing, i, for each j.

Because of the complexity of the matrix coefficients {aa i
s
Ehi,j’ - Esi,j} encountered in the approximation, it is difficult

to find a systematic way for assembling the coefficients so that a
single computer program can be used to find the eigenvalue A and
corresponding eigenfunction directly when the geometry and regional
detailed nuclear constants are the input. Therefore, the calculations
were performed in four steps as follows:
(i) Calculation of the Detailed Subassembly Solutions:

Calculation of the two-dimensional subassembly detailed fluxes
and adjoint solutions were performed using the existing code PDQ-7
[64]-[661]. The PDQ-7 program solves neutron diffusion-depletion

problems in one, two, or three dimensions in rectangular, cylindrical
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or hexagonal geometries. Up to five energy groups, including two
overlapping thermal groups, are permitted. TFor the present applica-
tion, the non-depleting option for two dimensions, rectangular
geometry, one or two energy groups was needed.

The boundary conditions imposed were zero-current conditions
on all four’boundaries, in dccord with the definition of detailed
subassembly solutions. Also, subassembly (i,j) is divided into MxN
homogeneous subregions having widths of z ,m and z ,n’ raspectively,
in the X and Y directions. Omitting group subscripts, the detailed

flux solutions for each group in subassembly (i,j) is represented

by a set of (M+1l)(M1l) points

wi,j (XSY) => {q)m’n; m=1’M+1O n=1’N"'1} (4.14)

(i1) Calculaiiou of Doublc and Linear Tntegrals:

The matrix elements required for use in the approximation
methods are combinations of various double and linear integrals of
products of subassembly detailed solutions and polynomial functioms.
The double integrals are calculated for each subassembly (i,j) from

the basic integral ypit

1 1 .
DIAi,j = Jo dx JO dy fi,j(x’y)gi,j(x’Y)Ci,j(X’Y)x y (4.15)

where the functions fi j(x,y) and 8 j(x,y) represent flux and/or X-
s 9’
or Y-direction current solutions for the same or different groups.

Ci j(x,y) represents a group nuclear constant which is homogeneous
b

in each subregion (m,n) of the subassembly (i,j)
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Ci,j(x’Y) ='{Cm o5 m=lLM, n=1,N} (4.16)

and k and 2 are positive integers in the ranges 0 < k,% < 2.
If we assume that for the detailed flux solutions of the form

Equation 4.14, the average flux in subregion (m,n) is given by

1
fm,n -4— (wm’n + wml’n + wm—l-l ’n+1 + ‘Pm,n_ﬂ) (4.173)
the average X-direction current in subregion (m,n) is given by
Dm,n
= e — -]
8n,n 2z_ m[(“’mﬂ,n V0 T V1, 01 Vi, n1)] (4.17b)
]

and the average Y-direction current in subregion (m,n) is given by

m,n
gm,n = 22y nkwm,n+1 - lpm,n)-{”(wm+1,n+l - wm+l,nn

’

(4.17c)

then the basic integral unit can be broken into sums over each sub=-

region (m,n)

}f Izq 1 1
DIA, . = £ g C
i,] mel pe] MR m,n m,n (k+1) (41D
k+1 k+1l, , 241 2+1
g~ % 20 — Y, ) (4.18)

The linear integrals are integrations along the subassembly
interfaces. For a horizontal interface between subassemblies (i,j)
and (i,j+1), the line integrals can be calculated from basic integral

unit of the form

1 .
k

105



where fi j(x,l) is the detailed flux solution at the bottom edge of
’

the subassembly (i,j), (x,0) is the detailed flux soltuion at

81,9+

the top edge of the subassembly (i,j+l1), Di j(x,l) is the diffusion
b

constant at the bottom edge of the subassembly (i,j) and 0 < k < 2.

If we assume that the average fluxes along this particular

interface are given by

1
m, M 3-(1!)11'1,1‘14'1 + lpm+l,N+1)sub.(i,j) (4.20a)

0Q
]
=

(wm,l * lpm-i-l,l)sub. (1,3+1) (4.20b)

then Equation 4.19 can be written as

M
= 1 k+l kil :
DIA = ] £, w180, P, N TobD) Tl m ) (4.21)
m=1
Programs DOBl and DOB2 which calculate quantitiesiEi j(a,b;c,d),
’

defined by Equation El and consisting of combinations of various
double integrals, in one-group and two-group, respectively, are
listed in Appendix F. Programs LIN1 and LIN2 which calculate various
linear integrals in one-group and two-group, respectively, are also

listed in Appendix F,

(1iii) Computation of Matrix Elements:

This step involves the calculation of matrix elements from the
results of the previous step. Careful bookkeeping is necessary in
order to insure the accuracy of the computation. However, for a

reactor system consisting of a relatively small number (< 4) of
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different subassemblies, this is not a difficult task; it usually

takes several hours of work.

(iv) Calculation of Eigenvalue and Eigenfunction:

The source iterative scheme and power method discussed in
Section 3.3 are used to find the largest eigenvalue A and corresponding
eigenfunction once the matrix elements foriLg,]Mg, ng,, and ng, are
knownf The inverting procedures for Kg =1L +]Mg’ however, must be
changed becauseil(g is not symmetric. Thus, instead of using the
Cholesky scheme of matrix factorization, the Gauss-Jordan method
[42], [55] was used to invert Kg.

Programs MAN1 and MAN2 which calculate the eigenvalue A and
its corresponding eigenfunction for one-group and two-groﬁp problems,

are listed in Appendix F.

4.3 Numerical Results

In this section we present the results of three cases obtained
through the use of the finite element synthesis method. Each case was
also analyzed by the pure linear finite element method using detailed
flux weighted nuclear constants. These results are compared with
reference solutions obtained from the finite difference code CITATION

[67].

4.3,1 Case 1l: 25 Subassembly Reactor Configuration Made up of 2

Different Types of Subassemblies - One Group.
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The reactor configuration and its 2 different types of sub-
assemblies are depicted in Figure 4.1. The one-group nuclear constants
of subassemblies are given in Table 4.2. The detailed flux solutions
for each subassembly were found using the finite difference code PDQ-7
with symmetry boundary condi:cions and a 20x20-mesh region per sub-
assembly geometry as indicated in Figure 4.2. The resulting detailed
flux solutions for Sub. 1 and Sub. 2 are shown in Figures 4.3 and 4.4,
for y = 0 cm and y = 4 cm, respectively., The detailed-flux-weighted,
homogenized, subassembly nuclear constants are given in Table 4.3,
and are used in the linear finite element calculations.

The reference solution for this problem was found using the same
mesh intervals in each subassembly as in the calculation for detailed
subassembly solutions. With the symmetry about X=20 cm taken into
account, this is a 50x100-mesh region problems for CITATION.

The graphical results for the one-group approximation methods
for this case are shown in Figures 4.5, 4.6 and 4.7 for three
elevations Y = 12 cm, 20 cm and 24 cm, respectively. The flux dis-
continuity across subassembly boundaries, which is inherent in the
approximation, is shown in Figure 4.6, and more clearly in Figure
4.7. The magnitude of the gap along a boundary depends on those two
bordering subassembly detailed flux solutions at that boundary. It
is seen that the present synthesis method using a coarse mesh of
8 cm gives reasonably good results compared to the reference solutions.

They are farther better than finite element method using the same

108



Subassembly 1

Subassembly 2

-’Llea cm

il(—lu:

1l com 4 cm) 8 cm 1’$? 4 cm
o 2k o K
k 8 cm ;{ }{ 8 cmr >{
x
1 2 1 2 1
Y = 12 cm-ﬁi
2 2 2 2 2
Y = 20 cm fO cm
¥ = 24 Cm'—Br* 1 2 1 2 1
2 1 2 1 2
1 2 1 2 1R
% 40cm 9'

Figure 4.1 A 25 Subassembly Reactor
Its 2 Different Types of

Case 1
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Table 4.2 One-group Nuclear Constants of Subassemblies
of Figure 4.1 - Case 1

Subassembly 1

Material 1 (fuel) Material 2 (moderator)
Zf(cm‘l) 0.0232927 0.0
Za(cg“l) 0.04 0.015
D(cm) 0.3 0.1
v 2.5
Subassembly 2
Material 1 (fuel) Material 2(absorber)
I (en™) 0.0232927 0.0
Za(cm_l) 0.04 0.500
D(cm) 0.3 0.5
\Y 2,5

Table 4.3 Homogenized

Subassembly One-group Nuclear Constants

- Case 1
Sub. 1 Sub. 2
D(cm) | 0.2790721 0.3108547
I (en™)| 0.03738401 0.06496583
vl (en ™ty | 0.05213841 0.05507131
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< 8 cm

8 cm

A

Symmetric Partitioning in Both X- and Y-directions:
1(1.0cm) + 4(0,5) + 3(0.25) + 1(0.15) + 1(0.1)

Figure 4.2 Mesh Geometry in a Subassembly -- Cases 1 and 2
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Case 1
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coarse mesh.

Comparisons of eigenvalues, A, obtained from different methods
are shown in Table 4.8 (p.146). We see that the present synthesis
method gives a much better eigenvalue than the linear finite element

method using identical coarse mesh.

4,3.2 Case 2: 25 Subassembly Reactor Configuration Made up of
One Type of Core Subassembly and One Type of
Reflector Subassembly - One Group

The difference between case (1) and case (2) is that in (1)
fuel is present right up to the edge of the reactor, while in (2)
there is a reflector zone of moderator subassemblies. The reactor
configuration and its two different types of subassemblies for case
(2) are depicted in Figure 4.8. The one-group nuclear constants of
subassemblies are given in Table 4.4. The detailed flux solution for
Sub. 1, obtained by using PDQ-7 with geometry indicated in Figure 4.2,
is shown in Figure 4.9 for y = 0 and 4 cm. The detailed flux weighted
homogenized nuclear constants, used in finite element calculation, are
given in Table 4.5. Note that for reflector subassembly, we assume that
the detailed flux solution is constant over the whole subassembly,
because there is no fission inside. The resultant flux weighted
homogenized constants are thus the same constants as for the reflector
subassembly itself.

The reference solution for this case was found using the same

mesh intervals in each subassembly as in the calculation for detailed
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Table 4.4 One-group Nuclear Constants of Subassemblies of
Figure 4.8 - Case 2

Subassembly 1

Material 1 (fuel) Material 2 (moderator)
Je(en™) 0.0228646 0.0
I, (en ) 0.045 0.015
D(cm) 0.4 0.4
v 2.5

Subassembly 2 (reflector)

Jelem ™) . 0.0

I, (™) 0.02

D(cm) 0.6
\Y

Table 4.5 Homogenized Subassembly One-group Nuclear Constants

- Case 2
Sub. 1 Sub. 2
D(cm) 0.4 0.6
I (en™h) 0.04179954 0.02
VI (em ™) 0.05106339 0.0
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subassembly solutions. Because of the quarter-core symmetry, the
problem size was 50x50.

The graphical results for this case are shown in Figures 4,10,
4.11 and 4.12 for elevations Y=12 cm, 20 cm, and 8 cm, respectively.
The magnitude of flux discontinuities across the interfaces of two
different types of subassembiies is much less than that of case’l.
This is because there is no strong absorber present in the reactor
core and thus the subassembly 1 detailed flux shape is relatively
flat. Also, because of this fact, the results obtained from the
linear finite element method and linear synthesis method are closed
to each other and both predict quite good flux shapes and eigenvalues

(Table 4.8) compared to the reference solutioms.

4.3.3 Case 3: 49 Subassembly Reactor Configuration Made up of 2
Types of Core Subassemblies and One Type of Reflector
Subassembly - Two Groups

The reactor system for this problem consists of a 25-subassembly
core made up of 2 different types of subassemblies surrounded by a ring
of 24 identical water reflector subassemblies. The reactor configuration
and its 3 different types of subassemblies are depicted in Figure 4.13.
The two-group nuclear constants for three different kinds of materials,
(fuel, absorber and water moderator) which form the three types of
subassemblies, are given in Table 4.6.

The detailed subassembly flux and adjoint flux solutions are

found using PDQ-7 with a 1l4xl4-mesh region per subassembly. The
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partitioning of mesh intervais is 4(1l.5cm) + 6(1.0) + 4(1.5) in both
X and Y directions. Figures 4.14 - 4,17 illustrate these subassembly
detailed solutions for Sub. 1 and Sub. 2., For water subassembly,
Sub. 3, the detailed solutions are constant over the whole region.
The homogenized two-group constants for each type of subassembly are
given in Table 4.7.

The reference solution for this case was found using the same
mesh intervals in each subassembly as in the calculation for detailed
subassembly solutions. The total number of mesh regions is 49x49,
because of quarter-core symmetry.

The graphical results for this two-group problem are shown in
Figures 4.18 - 4.21, It 1is seen that the coarse-mesh linear finite
element method cannot predict the thermal flux peaks and dips in the
reactor. This indicates that finer meshes must be used to obtain good
results. The linear synthesis method, whether calculated by adjoint
weighting or flux weighting, gives reasonably good general shapes both
for fast and thermal fluxes in the core region. However, the magnitudes
of thermal peaks in subassemblies of type 2 can be very different com—
pared to those of reference solutions. The cause of this phenomenon
is the inability to predict the thermal flux peak in the reflector
near the core-reflector interface by using flat flux shapes in the
reflector subassembly and treating each subassembly as one mesh-region.

One way to overcome this difficulty is to put more mesh points
in the reflector region by partitioning the reflector subassemblies

further. Another way is to use some prescribed flux shapes in the

125



Subassembly 1 Subassembly 2 Subassembly 3

cm >

T

9 cm 18 cm

2 cm
18 cm k 18 cm 91
x
3 3 3 3 3 3.
Y=27 (‘;15
3 1 2 1 2 1 3
3 2 1 2 1 2
Y=63 cm
- 126 cm
3 1 2 1 2 1 3
3 2 1 2 1 2 3
3 1 2 1 2 1 3
3 3 3 3 31 3 3l v
le
e 126 cm >|
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and Its 3 Different Types of Subassemblies ~ Case 3
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Table 4.6 Two-group Nuclear Constants of Three Different

Materials in Subassemblies of Figure 4.13 -
Case 3
fuel absorber moderator
Material 1: Material 2 | Material 3
Dy 1.436 1.092 1.545
21 0.02647 0.003185 0.028824
Ve 0.007293 0.0 0.0
1oy 0.01596 0.0 0.02838
Xy 1.0 — —_—
D, 0.3868 0.3507 0.3126
Zz 0.1018 0.4021 0.008736
Vi, 0.1531 0.0 0.0
X2 0;0 —— —
Table 4.7 Homogenized Subassembly Two-group Nuclear
Constants - Case 3
Sub.l Sub., 2 Sub. 3
D, 1.4030165 1.4464270 1.545
Zl 0.02423738 | 0.009547083 0.028824
szl 0.006593731| 0.006596349 0.0 -
221 0.01442972 | 0.01714810 0.02838
D, 0.3854548 0.3749848 0.3126
22 0.1129898 0.08698106 0.008736
Vg, |0.1473952 | 0.1287213 0.0
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reflector subassemblies instead of flat shapes.

Figure 4.22 shows the average X-direction flux shapes for water
subassemblies at the left side of the reactor, found from the reference
solution. The Y-direction flux shapes are assumed to be flat. These
fast and thermal flux shapes 1“ffer from those obtained by a simple
1-D calculation involving only one 18-cm region of water and one 18-cm

region of fuel:

0-flux | Water 1 Fuel ] O-current
0 18 36 cm

by 2% at most, using the same mesh intervals (14) in each region.
Therefore, in the actual calculation where we normally would not have
the reference solution in advance we can obtain the flux shapes from
some simple auxiliary calculations. The flux shapes for water
subassemblies at other three sides of the reactor can be found by
symmetry considerations.

Figure 4.23 shows the flux shapes for the top-left corner water
subassembly, again from the reference solution. Simple auxiliary

2-D calculation involving 3 water regions and 1 pure fuel region:
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0 18 36 cm
Water Water
0-flux 18 O-current
Water Fuel
36 cm O-current

shows that these flux shapes differ only slightly (<3%) with each
other.

For the modified calculation which follows below, we shall
use Figures 4.22 and 4.23 as the regular flux as well as adjoint
flux shapes for various water subassemblies.

The use of the flux shapes shown in Figures 4.22 and 4.23 is not
legitimate in our present approximation, since these shapes do not
have zero normal currents on all four subassembly boundaries. How-
ever, we can show that for the present case, use of these flux
shapes merely adds some leakage terms to the calculations of those
matrix elements (Appendix E) which correspond to reflector-core

interfaces. These terms are of the form
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h 1 -1
vi xT *T -1
71 T -1
- wl,j (1’0)51,j(1’Y)w2,j(0’ym2,j (0’1)]

for the interface between subassemblies (1,j) and (2,j) for a par-
ticular j, and where m and .. are either 1 or 2. The two terms in
the square brackets are of the same sign.

A rough estimate, using the maximum absolute value for the
first term and minimum absolute value for the second term, gives a

largest value of

N
(o]

%-[(1.003)(0.0111) - (0.0111)(0.981)] = 0.00073

for the fast leakage and a largest value of

hﬂh‘
o
Wl

[(1.053)(0.00433) - (0.00433)(0.936)] = 0.00152

for the thermal leakage. These values are less than one tenth of one
percent of the original leakage matrix elements. The results shown in
the following pages are the results obtained by ignoring these
additional small terms.

The results obtained by using these modified shapes for reflector
subassemblies along with the previous shapes for core subassemblies
are shown in Figures 4.24 - 4.27. It is seen that the flux shapes,
especially the thermal flux shapes, improve significantly in the core

region (X > 18 cm). The eigenvalues obtained from various methods are
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compared in Table 4.9. It is observed that: (i) the linear FEM
using flux-weighted constants gives better results than the linear
synthesis method and (ii) flux-weighted results are better than
adjoint-weighted results in linear synthesis method. Although
there is some mathematical reason to expect that the adjoint-
weighted result should be better than the flux-weighted result,
there is no proof of this expectation and it is common that in many
numerical problems the reverse is true (as in this case). |
From the above example, we conclude that the method of
synthesizing detailed subassembly solutions with finite element
basis functions in two-dimensional diffusion problems is quite
encouraging. Thus, instead of the calculating of a large, fine-
mesh problem to obtain the eigenvalue and detailed flux shape
throughout a geometrically complicated core, we can solve the
same problem by first determining a few, much smaller, fine-mesh
subagssembly solutions and then perforﬁing a very small coarse-mesh

calculation.
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Methods - Cases 1 and 2

Table 4.8 One-group Eigenvalue A Obtained from Different

Case 1 Case 2
Reference 1.0081406 1.0071173
Linear FEM 0.9447535 0.9918033
(-6.29%) (-1.52%)
Linear Synth. 1.0017971 0.9919463
(-0.63%) (-1.51%)

Table 4.9 Two-group Eigenvalue A Obtained from Different
Methods - Case 3

Case 3
Reference 1.0428543
Linear FEM . 1.0397139 (-0.30%)

Adjoint 1.0593464 1.0319060
Linear - Weighted | (+1.58%) . (-1.05%)
Synth. Flux 1.0510194 1.0380392
Weighted |(+0.78%) (-0.46%)
Unmodified Modified
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions of the Study

Our proposed approximation,vwhich couples detailed subassembly
flux solutions together with bi-linear finite element basis functioms,
has a mathematical structure that is very similar to a coarse mesh
bi-linear finite element approximation in which detailed flux shapes
have been used beforehand to flux-weight the nuclear constants in
each region. However, the two methods are conceptually different and
become equivalent only when all of the coarse mesh regions are homoge-
neous, The proposed method is also similar to existing synthesis
methods which use detailed flux solutions or other known flux shapes
directly in the trial function for the flux, However, it is different
in that it does not require full core, detailed flux shapes as input
but instead stitches together a few fine-mesh subassembly solutions,

The numerical results indicate that the proposed scheme is
able to predict criticality accurately as well as the detailed flux
shapes for each group. The results indicate that although both the
proposed scheme and the finite element method with flux-weighted
constants give good criticality estimates, the actual detailed flux
behavior is much better approximated by the proposed method than
the finite element method using coarse meshes.

As in any coarse mesh approximation method, inaccurate results
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can occur when the coarse mesh region sizes chosen are too large.
Thus it would be useful if there were error bounds that could be
ascribed to the finite-element synthesis method. The accuracy of
finite element methods is known to improve geometrically as the mesh
sizes is decreased, Thus there is a useful error criteria for the
finite element methods. On the other hand, the inability to predict
error estimates has always been a major drawback of synthesis
techniques, even though through proper physical insight and ex-
perience, accurate results can be obtained, Whether or not error
bounds can be found for solutions obtained by‘combining synthesis and
finite element flux shapes is not yet known.

Another thing which is lacking in this study is the computation
time comparison between various methods. This is because of our
inability to generate computer code for which the eigenvalue and
flux shapes of a problem‘can be obtained directly without any
intermediate matrix eléments calculations, and we have to obtain the
results step by step.

In conjunction with the study, we found some interesting results
related to the finite element Hermite basis functions approximations:

(1) Under certain conditions described in the end of Chapter 2,

Fick's law is a natural consequence of using the variational

functional F3'

(1i) The solution that is found by applying a variational

method using continuous cubic flux trial functions and

148



discontinuous Fick's law current trial functions is not
necessarily the best. We found in Chapter 3 that the cubic
Hermite méthod, which defines continuous flux trial functions
in such a way that the current trial functions are also con-
tinuous throughout the problem domain except at singular
points, yields more accurate results even though the trial

functions space is more limited.

5.2 ‘Recommendations for Future Study

For future study of the finite element synthesis method, some
areas which deserve closer attention are:

i) Development of error bounds for the finite element-
synthesis method. The close similarity between the present method and
the finite element methods may allow an extension or generalization of
error estimates previously developed for finite element methods.

ii) Examination of the matrix properties of the synthesis
method. -This is necessary in order to guarantee convergence to a
positive eigenvalue and an everywhere positive‘flux solution.

The Si—linear finite element synthesis method can be extended
to three-dimensional diffusion problems as well as to a higher degree
of Hermite.basis polynomials. The mathematical principles are the
same as for the present method, and the main concern would be the

algebraic complexity of handling large numbers of lengthy equations.
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Also possible is the extension of using the proposed trial function
forms in spatial overlapping synthesis methods for multi-dimensional
reactor problems, where the discontinuities of flux and current

trial functions occur at different places.
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o(x), ¢*(x)

J(), I*(0

APPENDIX A

TABLE OF SYMBOLS

Energy group index which runs from the highest to the
lowest energy group as g = 1 to G.

The pésition vector.

Scalar neutron flux in eﬁergy group g at
(neutrons/cmz—sec).

Neutron current vector in energy group g at r
(neutrons/cmz—sec).

Diffusion coefficient for neutrons in energy group g

at r (cm).

Macroscopic total neutron removal cross section in énergy
group g at r (cm-l).

Macroscopic neutron scattering cross section from energy
group g' to energy group g at 5_(cmfl).

The eigenvalue of the diffusion problem.

Fission spectrum yield in energy group g.

Macroscopic fission neutron production cross section

in energy group g at r (cm-l)i

Scalar group flux column vector of length G and the
corresponding adjoint flux vector.

Vector group current column vector of length G and the

corresponding adjoint current vector.
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D(x)
M(x)
T(x)
F(r)

A(x)

GxG diagonal group diffusion coefficient matrix,

GxG diagonal group removal cross section matrix.

GxG group scattering out cross section matrix.

GxG group fission-~production cross section matrix,

GxG group removal, scattering, and production matrix.
Ohe-dimensional spatial index which runs from the left-
most first region to the right-most K-th region, as
k=1 to K.

Two-dimensional spatial indices. For horizontal direc-
tion, i runs from the left-most first region to the
right-most I-th region as 1 = 1 tq I and for vertical
direction, j runs from the top first region to the
bottom J-th region as j = 1 to J.

Unit vectors in- the X and Y directions in a 2-D problem.
The one-dimensional axis variable divided into K regioms
such that each region k is bounded by nodes Zy and Z 41t
The two-dimensional axis variables divided into I and J
intervals, respectively, such that each region (i,j)

is bounded by lines X = Xi’ X = Xi+1’ Y = Yj’ and

A dimensionless variable defined in each region k as
X = (z-zk)/(zk+1-zk), such that 8 < x < 1 as

Zy <z< zk+1. It is also used as the dimensionless
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U(x),0*%(x)

V(@ ,V* ()

Q,5°%, 5"

wk(Z) ’u)k*(z)

nk(z) an*(z)
¥i,5°%1,5"

£1,3°51,5"

*
N1,35°M4, 5

variable in X-direction in a 2-D problem.
A dimensionless variable in Y-direction in a 2-D problem,
defined in the same way as x.
Scalar group flux and adjoint (or weighting) flux trial
function (column vectors of length G).
Vector group current and adjoint (or weighting) current
trial function (column vectors of length G).
X~-direction group current and adjoint current trial
function (column vectors of length G in region (i,3)).
Y-direction group current and adjoint current trial
function (column vectors of 1ength G in region (1,j)).
Detailed one—dimensional subassembly flux and weighting
flux solutions in coarse mesh region k.
Detailed one~dimensional subassembly current and weight-
ing current solutions in coarse mesh region k.
Detailed two-dimensional subassembly flux and weighting
flux solutions in coarse mesh region (i,]).
Detailed two—-dimensional subassembly X-direction
current and weighting current solutions in coarse mesh
region (i,j).
Detailed two-dimensional subassembly Y-direction current
and weighting current solutions in coarse mesh region
(1,3).
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-]

Discretized‘matrix form of the GxG group diffusion,
absorption, and scattering matrices.

Discretized matrix form of the GxG group fission-
production matrix.

The unknown approximate group flux solution vector which

may contain group current unknowns,

160



APPENDIX B

INNER PRODUCTS FOR HERMITE BASIS FUNCTIONS

Nonvanishing inner products for the univariate basis functions

uﬁi(x) for m = 1,2 (as defined by Egs. 1.10 and 1.11) are listed

below:

(1) m=1
(s upr) = g (wp s wp ) = 5
@, W =1 W, Oy =1
k * Yk 3 Y %+’ T 6
I o N d 0 Oy a--2
dx'k ° k-1 2 ax "k * Y%k 2
d 0+ 0+ _1 d o0+ 0=, _1
(dx k ? ) = 2 (dx Y o uk+l) 2
0 A0y d_ 0= 4 0~y
dx k * dx k-1 ax "k ® ax uk
(do{udo-»)=1 @O 4 0=y
dxk ® dxk dx %k ? dx Yk+l’ T

(ii) m= 2
WO WOy . L @0 Wity .13
Ye » -1’ T 70 | Yk * %-1’/ T %20
0- 0-, 13 0- 1- 11
(we » 9y ) =35 (e > ue ) = - 3535
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G ulm O 1
dx k * Yk-1 10
a 1- o0-. 1
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1- 1- 1
(ue » w ) =155
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Y » % 7 T 105



d 1+ 1+

. 1 d 1+

d 1+ 0-, _ 1 d_ - .1

(dx Ye s Yer1) T T 10 3= % * Yet1? T 60
.‘.i-_o--d——-o-*-):—é (d—- 0—-9-/1+)=—L
dx Yk * ax “k-1 5 dx "k * “dx k-1 10
(51._ 0'9._0‘)=.§_ .‘.1...0 11_.1").-.-.__1._
dx % * dx % 5 G % 3 % 10
Ao O 4 0H _ 6 @ O 4 Iy

dx uk ? dx uk 5 dx uk » dx uk
(El._o'*'.‘l_uo').-_é. (.‘_1__0"'9...1‘)=..1_.
dx Yk * dx Yk+l 5 dx Yk * d&x %+’ T 10
_d___l—i__0+)=1__ (51... 1‘51._1"')-_1-...
dx % * dx %k-1’ ° 10 ax Yk * dx k-1 30
d -4 0 __1 4 Jd- 4 iy .2

ax "k * dx %k 10 dx %k * Ix %k 15

d_ g+ 4 O+ 1 4 g+ 42
dx "k ? dx % 10 dx %k * dx Yk 15

d_ 1+ d_ "y = - L d_Jdr 4 -y . L
ax % ° ax Yl 10 ax % * dx S+l 30

The inner products for multivariate basis functions can be determined

using the univariate inner products.
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APPENDIX C
DIFFERENCE EQUATION COEFFICIENTS RESULTING FROM USE OF

THE FINITE ELEMENT APPROXIMATION METHODS IN CHAPTER 2

The GxG matrix coefficients reéulting from the linear finite
element approximation and tne cubic Hermite finite element approxima-
tion in multigroup diffusion theory are defined below in various
sections. The coefficients are given in terms of assumed homogeneous

regional nuclear constants through the use of the GxG group matrices
: 1

Dy and IAk. Since A, =M - T, 3 s these coefficients are of

the form A - % B. Various inner products of the finite element

basis functions used to facilitate the calculation are listed in

Appendix B,

C.1 Coefficients of the Linear Finite Element Method Equations

(as defined by Eqs. 2,.20)

Interior Coefficients; k = 2 to K:

1
a =% Mg ey Py /My

wir

By By + Myhy) + (D /gy +1D /1)

1
% =6 M P "Dy
Symmetry Boundary Condition Coefficients:
b, = }HA h, +ID./h
1 3711 11
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c.2

1 - = -
¢, = g My - Dy/hy = ¢ (k=1)

1
s = § My - Dl = 4 (67 D

1 .
besr = 3 My * P/

Coefficients of the Cubic Hermite Finite Element Method Equations

(as defined by Eq. 2.38)

Interior Coefficients; k = 2 to K:

9 6 _.
al, =55 Dy B3 =3 Dy 1/Pp1

13 a1 1
a2, =~ 355 M1 Pre1 P17 10

_13 6
bl = Fe( M Py g + Oy B ) =(my /by g + DBy

b2, = i- 2

-1 2 -1
= 570 (PP Pp1 ~ My Py )

9 6
cl, = Sghby -3 Dy /by

13 2. -1

1
2, =750 MNP P 0

13 1. 2 1
a3, =50 Dyl M1 M1 T 10
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1 - 3 11 -1
ab = = 775 Pp-1 Mec1” Meea Prc1 ~ 30 P11 P

11 -l -1

2
b3, = 570 (Pyo1 Py 2 My D by A

1

1 1., -1
b4, =705 Py ihk 1 Mg Pyt mkm )*'"(hk P10, )

13

L1 l2, L1
k=" %20 P MMt IH

1 1.3 11, -1
k=" 150 Dp BN -3 e Dy

Zero Flux Boundary Condition Coefficients:

_ 1
b4, = 155 Dp hl

-1, -1
Ay Dy + 15 h, D,

13 -1.2

1
c3; = -390 by hA +yg=ced (k=D

__.l .-1.3 S U }
chy = -qz75D; by A D) - Fghy Dy =chy (k=1)

13 _-1.2 1 -
alp.1 = 7200k Prfx ~ o = 23 (k= K+

= - ..L -1 -1 _ -
a4K+1 = 140 hK IAK]D 30 hK DK a4k (k = X+1)

_ -1
bhpi = 105 Dy hxﬂ\xm 15 hy Dy
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Symmetry Boundary Condition Coefficients:

1 6
bl =354 by + 3Dy /hy

6

= -9—- =N e = =
cl1 =35 Il\l h1 z ml/hl clk (k = 1)
2. =33 p w2 ploLl o o (k = 1)

1 42071 1 1 10 k

9 6 ~

alyy = 70 Mg b -5 Dy/hy = aly (k = K1)
13 2 _-1 ) )

a2y = " 2o Mg by Dy + 75 = a2 (k = K¥l)

13 6
Plevs = 35 M P ¥ 5 Dy/iy
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APPENDIX D
DIFFERENCE EQUATIONS RESULTING FROM USE OF CUBIC FINITE
ELEMENT APPROXIMATIONS WITH DISCONTINUOUS FICK'S LAW

CURRENT TRIAL FUNCTIONS

The difference equaticuns resulting from the cubic (and bi-cubic)
finite element approximations with discontinuous Fick's Law current
trial functions in 1-D and 2-D are given below. The nuclear constants

are assumed to be homogeneous in each region.

D.1 Difference Equations in 1-D (derived from Eq. 3.3)

For simplicity we define

d[a,b]k = dah, mk + db mk/hk

and

d[a,b](k’k') = d[a,b], + d[a,b],,

and with the understanding that all nuclear constants outside the
reactor region should be set equal to zero, we have

(i) From taking arbitrary variations in all Pﬁ, k=1 to K+1:

3.3 1 .13
505 ~ 21 Pe-1 Y005 Mk Q-1+

1.13 P+ 1 .11

5057 60 o B Y Tol Mk U

111 3.3
1ol Me-1 % ,- T 3507 -2k Ben

. . ”3
3;.;. - = . = Dl1.1
]0[42, l]] lel, 0o k 1 to K+1 ( )
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(11)

‘1 11

From taking arbitrary variations in all Q; + k=1 toK:
| IR

1.1 1 .13
10021 e P Y 315 20 4 Tola20 "k Pien
1,11 0, =0 ; k=1toK (D1.2)
3014 Tk Y, - 5

(iii) From taking arbitrary variations in all Q; s k = 2 to K+l:
]

(iv)

)

113 -1 3 2111
10052> -1 Pir ~ 30005 Mier Qe+~ 0050 e B
+2t 21 Q@ =0 ; k=2toR+1 (D1.3)
15170 2leq U - 3 .

Zero flux boundary conditions:

Eliminate k = 1 and k = K + 1 equations from Eqs. D1.1
and set P1 = PK+l = 0,

Zero turrent boundary conditions:

Eliminate k = 1 from Eq. D1.2 and k = K + 1 from Eq. D1.3

and set Q1,+ = QK+1,- =0
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D.2 Difference Equations in 2-D (derived from Eq. 3,8}

For simplicity we define
h h

- Al X1
d[a,b,c] = dahxihyjmi;j + db D j + dc D

h

1,3 xi

d[a!b!c](i’j+il’jl) = d[aQb'c]i,j + d[a’b’c]il’j'
With the understanding that all nuclear constants outside the

reactor region should be set equal to zero, we have
(0,0)*

(1) From taking arbitrary variation in all Pi,j s imlto
I+1, j=1 to J+l:
'f%[% o1l i P
T -131; 3 4 Pi_ﬁj’?i +)
+ 320[32, -13, g]i_lj LRy ](.Ojli =
+ 4%(3)0[:13' ~1l41,5-1 Fi- iljli 1
+ T35129,261 0 0 s iy Pifgli”
+ %g[%g-; 2, -1, -1 1,(; 2 )
- {%?[%§,~%, R PR Pi(; g) -)
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+

13 13 0,1)
350042217 4-1,5-141,3-1) Pi,9-1 P

1 143 13

1 143 13 (1,1)
5700142 * 2 * ~1lly L

1,3-1 F1,3-1 D

iléo[igs’ 33’ 1,51 Pi(§ i) (2)
Tstgp Lol ,3-1 P1+§?591
3%3{%2,-%, -131; 4 Pi+§f§9; -
5ol 13- 31, 1,3-1 Piig ;)1 )
Z%%BP%%’ Ll P1+£}5ii (2)

3 39 P(O 0)

750122726590 (41 3-144-1,9)

13,13 p(Ls 0)
350[42’ L 1](1 1,3-1+3-1,3) L 1,j +)

1 .33 9 (o 1)
175[—2'8-’-11’411 1,3 i 1,j (+)
;l;.éé - p(0,1)
175038 11'411 1,4-1 Pi-i,3 ©

1 143 1,1)
Toolar 113y 4 Py @
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1 143

13

- 3700t52 » 11 5

‘78 13

17504221 ) (1-1,3-141,3-241-1, +4,3) 74,3

1 143 13 11]
175442 *2 ° (1,3-1+1,3) "4,3

13

1-1,5 Fi-1,]

p{Lal) (4

£(0,0)

p(l 9 @

e -NETO I LS
sl 1’%—3'](1-1,:]+1,j) é?jl) )
T s P41, o1, 501 i?jl) =)
Frsian 1 1y, e

Sl 1, 10, 1 ﬁjl) 2)

3%5[%’ 1, 1,51 il D o)

Frosta L1l g 2P @

5128 7260 94 g1, Pind
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13 .13

F50l42> 1 Mg g-141,3) P13

133
175'28°

L33
175'28°

1 [143
2100442 °*

1 [143
2100%42 °

-11,

-11,

11 13]

. -11]

9 (0 1

Wi,5 Paa,y

9 (0 1)

W1,9-1 B,y O

p(L1)

]_ ..__
] i,j i+1,j

(2)

(1 D)

1,3-1 Piwa,y

(0,0)

-1 Pi-1,341

i-1,j

p(1,0)

7B P15 @)

9 (0,1)

- 31,9 Pio1, 34 O

-1] p (1,1

1-1,1 P1-1,941 4

(0,0)
26) 4-1,5+1,3) Ti, 341

p(1,0)

“HL Py O
p(1,0)
1-1,7 T1,3+1 =)
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(i1)

13,13
350°42°

1 143 13

+ 3700l42 » 2> "1

2

1 143 13

2 )
+ 175058 1
_13 9

350128° ~ °

1 .39
- 350038 13,

13 .13
* 200052 ~1s

i=1

From taking arbitrary variations in all P

5100142 * 2 °

p(0,1)

1, '1](1-1,j+1,j) i,j+1

p(L,1)

i,] i+1,j+1(3)

)

i-1,3 ij+l(3)

-l P @
'1]1,j Piﬁlgil
-1314 1,3 iﬁ 33-1 =)
- 'g'li,j Pﬁigu )
-3, , ¢ 0D

0

toI+1, j=1toJ+1

=1ltoI, j=1toJ+ 1:

133 9 (0,0)

75l35 7 1y i,i-1 T1,3-1
103 (1,0

il 30~y 5 Pyl D
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1 143 13

13 0,1)
7100042 » 7 ~11l P

1,j-1 B4, 3-1 9

1 .13 13 (1,1)

1050042> 3 » 1y 4.1 Py 301 D

FIETINC 0,0
350028> ~ 2* "131y 5-1 Piad,j-1
3 }__ l _ (190) -
350128 2° "1y ,5-1 Paa1,3-1 O
13 13 . _ (0,1)
Z300142° ~1» ~1] Pi+l

i,9-1 Ta41,5-1 P

1 .13 13

21 .13 13 1,1
1400052 9 » ~1 P

i,4-1 Fi41,4-1

1,143 13 (0,0
17502 » 70 M, 5-141,1) Pi,j

2 13 (1,0)
52500 13 3 (g, 5e1, 9 P13 P

11 11

1 (0,1)
71000212 1» 11y 5 B )

i,3 1,3

11 11

11 (0,1)
2100[21’ 1, 1] P

ij-1 "1,] (_)

111 22 (1,1) .
050 21° 3 ° lli,j 1,3 ()

1 .11

2 1,1
To50lz1> 3 * 1 P S

i’j'l i’j
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+ 13 .13 (0,0)
* 350laz "B (g, gm1et,9) Paed,j

3 .13 13 (1,0)
350042° 9 * M1,3-141,9) Pav1,g O

-51%3[71»'[2!'3" -1, %éli,j Pi-!(-?.:;) )
2100[1%33’ -11, -2]:2]1’:]_1 Pﬁiﬂ -)
Tioolstr 50 Uiy Paiay @
Teoolst 351y ,3-1 iif} (3)
1‘37‘5[-3%, %, —11]i,jpi?5d?_i
TRl 7 -l P0G
Tosolar T Ui,y Pign @
139 _9 5 p (0,0
350128° ~ 2 1,5 P11, 341
-3-15["23-—’ %’ -1y 4 Pﬁi?;);ﬂ =)
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+

13 .13

(0,1)
4200[42’ -1, -1], , P

1,1 Ti+1,3+1
113 13 (1,1)
1500042° 9> ~1y 4 Pyaq’

=1tol, j=1ltoJ+1

=)

1,) F1+1,440 ) = 0

(p2.2)

(1ii) From taking arbitrary variations in all P(1 0)* -),

=2toIl+l, j=1+toJ+1:

+
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3%3%%%, - %3 - 131 4, Pigi?;—l
3%6535’.%’ l]i— 1,j-1 Pii ?; 1(+)
4%80[%%’ -1 '111—1,j_1 Pi?if;_l +)
1430[22’ ;3’ _1]1—1,j_1 Pi}if}_l(l)
=32, 7 pe PR Pi?;?i
1%5[i4’ 3, =21, 4 ,j-1 ilei -)
5%55L%§3,-%3, -1y 54 iojli +)
,i%gaf%%"%é’ 1,34 iljli (2)



13 [13
350°42°

(0,0)
"1, #1509, 9-144-1,1) Ti-1,3

3 .13 13 (1,0)

P

350052° 9 (i-1,4-141-1,3) Fi-1,3 P

1 143

13 P (0 l) +)

3100052 » M 7 lio1,y Pl

111
1400'21°

1 [143
175742 ?

2 13
52514 °

11 (L
2100°21°

111
210021’

111
1050 21°

1 [11
1050 21°

1143 13 p(0,1)
7100042 » M 311,941 Bi-1,5 O
111 22 .. p(L,1)
140021> 9 » Mi1,9 Pa-1,3 D

22 p(1,1)

oo g 401 Bi-1)y @

13 (0,0)
7 Mlio1,3-101-1,4) P13

1,0
13, 3] (i'loj-l+i'lsj) Pi’j =)

5 (0,1)
bty Py @
1, 1] p{0,1)

i-1,3-1 F1,5 O

22 (1 1)
_3—’ 1]1'133 i,3 (2)
22 9, p(L,1)

30 Uiy 5-1 850
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(0,1)

1.3

s 2 3,y P,y O
1 13 . 13 (1,1

* 1050042> ~1» 3 li-1,4 Pi-1,9

5(0,0)

1 143
+ 17l 1 T (o1 54,9 Pig

11 .11

11 (1 0)
3100121° )

1, l]i . i 3

11 11

=L p(1,0)
2100°21°

1, 11, 1,5 71,3 )

p(0,1)

2 .13
53505 3 Bl gaa, Bi,5 0 )

111 22 (1,1)
Tosolzr 1§ Ji,9 P4,y D

111 . 22 (1L,1)
T050021° 1* 3 li-1,9 1,5 @

1 .33 9 p(0,0)
+ 175058 -1 ] 1,9 Pi+1,3
1143 13 p (1,0)
- 31000z " T,y Baaly O
13 (0 1)
i <2 3y Py OO

113 13 L,
1050142° ~1* 3 4,1 Pii1,5 2
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1 .39 9 (0,0)
+ 350028 1% " 2lia g Pie1lgk
13 .13 1,0)
*%20052> "1 Myl 3 P 3 @)
33 1 0,1)
- 3500280 1> 2)i1 5 Pi-1L94 O
1 13 (1,1)
T Two0th2e "L 9 11,3 Pa-1, 5 @
13,13 (0,0)
*350la2 b M a-1,344,9) B30
‘1 (143 13 p(1,0)
*3100i42 » 20 Ty g P ja )
1 143 13 »(1,0)
- 7T00l42 » 2 Mg,y B O
S & R 13, p(0,1)
350042° 1 9 (i-1,3+1,3) Py »J+1
111 22 »(1,1)
* ool b 504 .3 Pi,34 O
1 .11 p(L,1)

~ T400021° L 9 ]i Piyn @

1 .39 9

39 0,0)
350028° ~13 - P

+ 71,1 Pisd, 11

_ 1313 (1,0)
G200042> 1 "1y 5 Byil g O
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3 -3 1, (0,1
- 355058 ~1» 34,5 Paatnge O

113 13, 5 @D

Taoolaz L 9y, Py B =0

+
=1ltoI +1, 3=1toJ (D2.4)

(v) From taking arbitrary variations in all P(0 Ly* ),

i=1toI+1, j=2toJ+1:

L3 _3 (0 0)

_ 13 13 (1 )

S B R (0,1)
350028 ~1» 304-1,5-1 Pa-1.901 P

1 13 4, 13 (1,1)
T500042° ~1» §714-1,3-1 Pi-1,5-1 D

13 13 : (0,0)
otz b "M-1,3-141,5-1) Pi,31

p(1,0)

" Emeeiaz 02 e,y Py O
143 13 p(1,0)
+ Fooler 5~y ,3-1 Py 3-1 O

3 .13 ‘13 (0 1)
350042 1 9 ](1—1 §-1+1,3-1) By ,3-1 +)
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111, 22 2 (1,1)
1400021 1 5

» 9 11,5-1 By,3-1 @D

Twotar b 54n ,3-1 iljli 2
ol -13, - g]i’j ) Piig’g)l
~Hoolay 1 -1, -1 p o g)l( )
'5%5[%5’ -1, %]i,j-l Pi-?-if;-l +)
Tl b 50 1,5-1 p, ;)1 (2)
'1%_5%'!33" -11, 211 1,3-1 Pig ?;
_2%6'6[21732' -11, ']Zéli-l,j—l Pﬁi(’); (+)
—1%-5-[%:’ 2, 3144,5-1 Pifg:;) )
113 13 (1,1)

1050 42> ~1* § J4-1,3-1 Fi-1,3 4

1 143 (0,0)
175042 » 11 ; ](1- 1,3-1+1,5-1) 1,3
11 .11 p(1,0)

2100071 1o Hy,5-1 Fq,50
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+ 5%]0;6[%’ 1, 11, 4 ,3-1 ﬁjO) =)
ey PG L &
- Tosolar 1;211 -1,3-1 ﬁjl) (3

+ Tos5laD b gz]ij 1 iljl) (4

S X S ] p (0,0
175t28> ~1b 7 »J-1 T1i+1,3
+ Fioolaz ~1hs 3311,3 -1 S—l?; =)
+ '1%"5'[%5’ =2, 3]y 4o Pi-f-g ;) =)
- 1'(175‘5[714%’ -1 %‘3']1 »i-1 g-lj:; 3 0
=1toI+l,j=2toJ+;'
(vi) From taking arbitrary variations in all P(T jl) (1)

=1toI, j=1toJ:

11 .11

—[= (0 0)
2100"21?

Loy 53

1 .11 22

——[, =2 (l 0)
105021 3 °?

¥ Hy,9 24,4

)
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1 .11 22
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1400"21* 9 °?
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105042’
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1 .13

- _.._.__[_.._. 1
1400'42°

1
4200[14’ 1, 1]

=1 to

(vii) From taking arbitr

-1, 5=

3 P(0,1)

li,3 1+1,9+1

=)

p (1,1 -
13 B+l j+1(3) =0

I, j=1toJ

ary variations in all P(l L* (2),

1=2toI+1, j=1toJs
- Tz 1 %23.1-1, 3 igi?;
- Tl%ﬁt%’ _g_g_’ Uy 1,3 &0; )
- 35365%%’ -1, §3]1 L §011§ )
- Tosslir 3 Uia 3 Pifl,l) )
- i%%ﬁb%%? Loty Pi?EO)
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- 4%80[23’ "L -1l Pigi?;+1

- Tl]o;f).(')'[?lf%’ %._lj’ -1, 1,1 Pi-(-i (j)-z-l +)
+‘I%55[%%s 1’-;311_ » i(g ;il =)
+ -1 3 p (L,1)

PSR PERR PR O

1 143 13 (0,0)

- 7100042 » 7> "yq,5 By 341
13 13 »(1,0)

+ 1050[42’ 3o g,y 8 O

1 .11

(AL g 22 p(0,1)
1400 21°

Loglig,g By, O

NS H »(1,1)
1050 *14°

31,3 Pa,301 9 = 0

i=2tol+1, j=1¢toJ (D2.7)

(1,1)*

(viii) From taking arbitrary variations in all Pi 3
1)

3,

i=2toI+1, j=2 to J+ 1:

13 .13

(0,0)
T200(52> "1 "1 P

i-1,§-1 “i-1,§-1

L1313 (1,0)
1400 42> 5 ~1li-1,4-1 Py, 31D

187



881

‘1 T=0T-F,_ ¢ € ¢1Z,0501

) oy [T 'z /T
Fer, T-F1-T,_ (. (TC,001C

(o‘o)a [T 1 TI] 1T
1~ T, oT- -C1-F, . (€ ¢¥1,050T

$2 (1¢ I) [t T I] T

Er-r, 1-F°T-7,_€ o «29;060T
) e 0? [ex T 173

fe1- T, T-FT-T,. ¢ 6 <TZ,00%T
S (‘D¢ 'z T

Fe1-7; I—F‘t-t[_g_‘

(0‘0) €1

= ot

T- F‘T T-FT-T.€ ¢ «¥T,060T
@ (repd S L

T-f* P, T -C1-T, 6 «. <TZ,00%T
™) (1¢0)d 7z T 751

) T-f¢ ¥, -F*1-7

£ 21,0501
(o* T)

- ‘& 7

1-F7. T-F*1-T

_ «_C «Z%,00T2
(0¢0)& [11 =]

€T T 1

T-FT-F, T-F“T-T.. «. «¥1,00Z%
(1) (1D d [T ‘1 €] +

T

d

T-F1-T, T-F‘1-F, 6 ¢, <Z¥,00%T
M (140) =



111 (0 1)
- To5slae 1 504 -1 F -)

2 1

1 p(1,1)
+ 1575017

1, 1]i 1,j-1 i 5]

3 =0
=2tol+1, j=2toT+1 (D2.8)

(ix) From taking arbitrary variations in all P

(1,1)*
1,3 4,

=1toI, j=2toJ+ 1:

- At T My
- s 3 Uy 20
- 3%665%%’ 1, 32]1 o1 iojli )
- 0561 b i B @
- mooter b Uy, 5 Pigi?;—l

1 .13 13

113 13 (1,0)
1400052° 9 » ~ P

i,4-1 "4i+1,3-1 -

113 13 P(o 1)

Ts0072 1 5714 o1 Pl g-1

1 .13

113 (1,1)
4200'14° 1> 1] P

i,5-1 Pi+1,3-1 ©
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S S 5 p€0,0)
Froolzr s 1y 41 L
111 22 (1,0

1],

1050121 3 * i,5-1 84,3 P

";T(lﬁ'o_[%’ 1, §Z]i ,i-1 Pj(_?jl) )
R Uy Ty @
-tz M g Pl
+ srolats 32, 11 p(1,0)

1,5-1 Pir1,5 ©)

1 13 p(0s1)
105052 1 T4 ,3-1 Ti+1, -)

111 dD () -
500150 3 1y,5-1 Byea,3 0
1=1toI,j=2tod+1 (D2.9)

(x) Zero flux boundary condition on the left:

p{050) ,(0,0)*

Set
1,3 1,j

=0, j=1¢toJ+1, thiswill

eliminate J + 1 equations from Eq. D2,1. Zero flux
boundary conditions on other edges can be treated in

the same way.
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(xi) Zero current boundary conditions on the left:

(1,0)

1,1 *) = GP(l’o)(+)* =0, j=1toJ+1,

»Set P 1,3

this will eliminate J + 1 equations from Eq. D2.2.
Zero current b, c. on other edges can be treated in the

same way.
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APPENDIX E
DIFFERENCE EQUATION COEFFICIENTS RESULTING FROM
‘USE OF THE FINITE ELEMENT SYNTHESIS APPROXIMATION

METHOD IN TWO-DIMENSION

The GxG matrix coefficients resulting from the finite element
synthesis method using bi-linear basis functions in two-dimensional
multigroup diffusion theory are defined below.

In order to simplify the forms of the coefficients, it is

convenient to define the following GxG matrices:

Ki’j(xoy) = ‘p j(xs\y) IA (x9Y)h Yj wi’j(x’)’)
X
Ei’j (x,y) = Ei j(x.y)m (X ¥)h yj Ei’j(x,y)

Y *T -1
]Li,j (x,y) = ﬂi’j (x,y) mi,j (X’Y)hxilg,j T\i’j (x,y)

W S GuY) = By (e by b

i,]

m‘i(’j(x,w = nfj Gy) ¥y Gy,

(x,y)h

w;‘fj (x,y) & o3

X
Mi,j(x’y) 1,3

(x,y) = IP (x,y) n (x,y)hKi

1,3 1,3
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h
X AT vi.,
Ri’j(x.y) = tpi’j(X.y) mi’j(x,y) By 7% (x,y)

h,
Ry j(x,y) = ‘1’1 j (6:9) Dy 4 (x,3) = - “’1 ,3®7)

for each region (1,3j), and

h

Si,-j(x) = rwi j(x 1)1D (x,O) wi’j(X.O)

bA
s =T 0D, (6,0 (x,1)
1,3=% TR by, 30 Dy 5 (x,0) %y g%
hxi *T ,
Sy g @ 7 R Vg (00 By s D) by 500
h,
Si,j_,_(X) = —-;j-wi j(x 1) D, j(X.l) wi’j_,_l(x,o)

for each horizontal region interface and

i *T
Ty 0 - Efi RN N CRORNCRY

h

*T ‘
T, O ;,ﬁ by 3009 By L (0,3) by (L)

h *T
T,y O = ;}-‘il R (ROR TN ROLAENERY

h *T
Ty, = -ﬁﬁ by, W Dy @) by 0,

for each vertical region interface.
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Also define the GxG matriximi fa,b; c,d) as
2

1

. 1 X
iEi’j(a,b; c,d) = Jodx f dy <ﬁa(x)pb(y){[IKi’j(x,y) -]Li’j(x,y)

0

—Iai’j(x,ﬂ]pc(x)pd(y) - mﬁ,j(x,y)qc(:t)pd(y)

- L y)p (0L M} F a4 @, MM | (x,7)p (x)p,(5)
1,777 % e d a b 1,3 c d

+ B ), p ] + 2,08, T (2,90, PO

+ mi,j(x,y)pc(x)qd(y)]> (E.1)

where a,b,c and d are equal to either 1 or 2 and

p;(x) = (1-x)

py(x) = x

a0 = - Sp ) =1
4,0 = - o p,(0 = -1

for each region (i,j), 1 =1 to I, j = 1 to J. Then with the under-
standing that all nuclear constants outside the reactor region should

be set equal to zero, we can write the matrix coefficients in the

following form:
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(1) Zero—current O Symmetry Boundar

v Conditions on All Four Boundaries

-1

*T -1
an s = VT e D By @02 1D ¥y 5000

1 ~1
1 *T v X
+1 fodYPZ(Y)Pl(Y){wi-l,j-l(l’l)[]Ri-l,j-l(l’Y)

X -1
—:mi-l,j—l(o’y)]wi—l,j-l(o'o)

+ wIEl’j—l(l’l)Ti—l—,j—l(y)wi:é,j—l(l’o)

-1

*T -1
- wi.j_l(o:1)T+i_1’j—l(y)wi_l’j—l(o’0)}

1 -1
1 *T Y

-RY -1
Ri"l,j-l(x’o) ]wi_l’j_l(o ,0)

-1
*T _1

-1 _

*T -1
- wi,j_l(l,o)Si_1’+j_1(xni_l,j_l(0,0)}

j=2tol+1l,j=2toJ+1
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b =T A1) E 2,2;1,200°L. . . (0,1)
ab; 5 =V, @) By &2 L2005 5140

-1
*T . 1
+y g GO E, ) (2,151,197, 1(0,0)

1 -1
1 *T X

X -1
- R 4O W 50,0

-1
FO @0 T G, 4,0

-1
91T 00T, S OW (0,00}

1 ' -1
1 *T X
+1] ARG SO E PR

X -1
- ]Ri—l,j-l(o’Y)]wi‘l,j‘—l(o’l)

-1

*T
+ V5,51 @DT (1,1)

-1 .
i-1,§-1 949 51

-1
*T -1
- wi’j_l(o,l)T_l_i_l’j__l(Y)llii_l,j_l(o,l)}

1 1 ( *T"l
+ 3 .[o dxpz(X)Pl(X) 11’1.1,;1-1(1"1)[Sﬂl---l,'j (x)

-1 .
= Sy, 514105 0,00
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*
24,5 T ¥i-1,3

| |

-1
tVi1,3 1,0)[s (x)—Si_l,j_(x)]w iﬂl,j—fo’l)}

1-1,+j~1

i=2toI+1,j=1ltoJ+1

T—l

-1
L0 T,y 4(2,11,295, 40,1

1 -1
1 . * _ X
+5 .[o dyp; ()P, (N i':r_l,j (1,0l Ry 1,5 1,y)

X -1
= ]Ri—].,j (O’Y)]ll) 1-1,3 (0,1)

-1
+ lp i-1 ,j (1 ’O)Ti"l-,j (Y)'-p i-2,j (1 ,1)

-1
- w’fj (o,o)TH_l’j(y)w;fl’j(0,1)}

1 , s | %
n %-Jo dxp, (P, (g 41,0 (K (x,0)

Y -1
- Ri—l,j x, D]y i-1,3 (0,1)

*74 (1,0)

-1
T V11,3 S3-1,3+ Wi, 11

(0,0)
s 1,1 -1 0.1
- 1Pi—l,j-—l( ’ )Sj__]_;.j (x)wi—l,j( » 1)}

{=2toI+1, j=1¢toJd
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st 1,1) E (2,232,107 1,0
ba; 4 = ¥y q,5-1 D) By 5102252, Yyoq,3-1(10
st 1,2;1,0¢°%. (0,0

+wi’j_l(0’l) Ei,j"l( 9 ’ 9 )wi,j"l( E] )

1t < [
+ E'Jo dypy (e M {py_g 5 GO 5, O)

| -1
= T4, 5190104, 5-1 (050

-1
*T -1
+ wi,j"l(o’l)[T-Fi—l,j-l (Y)-Ti—,j—]_(y)]wi—l,j_l(l’o)}

1 -1
1 <. KT Y
+3 [0 dxpl(x)pl(x){wi,j_lcoil) DRi,j—l(x’l)

Y -1
Ry (6 OIY] (0,0

-1 -1
P T ODS g G0y 0D

-1
-y (0,08, L G 0,00)

1 -1
1 *T Y
+ E Jo dxpz(X)Pz(X) {wi—l,j-l(l’l) uRi-l,j-l(x’ 1)

X -1
"Ry, 31 ®O W 5,30

-1 -1 v
*T (1,1)s (V. L, (1,1)
* Vi) 41 1-1,3-1="""1-1,3-2

*T'l

=y 1,0}

: -1
ERIERIC DU PP
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i{i=1ltoI+1l,j=2toJ+1

bb | = ¢*T_l(o 0 E, . (1,131,197, (0,0)
—1i,] i,j v 1,777,307
e T (1,0 E, . (2,132,195, (1,0
ST Rt o I AT W R

-1
*T . . _1
+ wi_l,j_l(l,l) Ei_l’j_l(z,z,2,2)\pi_1’j_1(1,1)

+ ¢*T—l (0,1) E (1,251 2)11,'l (0,1)
1,3-11 77 B g1t Ay a1t

1t *1 [
+3 fo dyp, ()P, My 5 0,00[T,, , ()

-1
- Ti—,j (Y) ]wi_l’_j (1, 0)

ST a O[T , . (y) - T 1L, (0,00}
Yyog, 3 B OIT_ g 500 = Ty g4 59194 5(0

1t wrt 1
+ —EJO dyPZ(Y)Pz(Y){Wi_l,j_l(l’ )[T—i,j—l(y)

-1
= T4, 31y 540D

o -1 1,1
+ wi’j_l(o’l)[T+i-1’j_1(Y)—Ti—,j—l(y)]wi—l,j_l( , )}

-1

1 1 *T
+3 fodel(x)Pl(x) {Ipi’j_l(o,l) [Si,-j (x)
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-1
- Sy yo14 1 V] ,(0,0)

*T_l

Vi3

(0,0)[8; 4y 1 (0-5, ;GO (0,1))

i,+j-1

1 1 Y, *T-l [
+-§ IO dxpz(x)pz(X) wi—l,j—l(l’l) Si-l, (X)

-3
811, -16® ]wil’j (1,0)
+¢2ifmePLﬁ4u>- 1O L aD)
=ltoI+1,j=1ltoJ+1
-1

*T . -1
beyj T Vi, (WLOE 4 (2,152,209, 7, ,a,1)
w1
+‘1’ij (0, O)IE (1 1,1, 2)wij(o 1)
1 -1
1 *T
+3 Jo dypl(Y)Pz(Y){l,Ui’j (0,0) [T+i—1,j 69
-1
- Ti_’j(y) ]xpi_l,j (1,1)
s Wt 0,1)}
+ "’i—l,j(l’o) [T-i,j(Y)'T1+1+,j(y) wi,jm, )

1 o1
*% Io dxpl(x)pl(x){wjL 5 (o, o>[m 3(x:0)

Y -1
_Ri,j(x’l) ]wi’j(o’l) 200



*T“l

* ¥

©,008, 4, G (0,0

i,j+

-1
*T -1
- wi,j_l(o’l)si,"j (x) wi’j (0’1)}

1 -1
1 g *T Y
+3 [o dXPZ(X)pZ(X){wi_l,j(l,O)[Imi_l,j(x,o)

Y -1
- mi—l,j (X, 1) Nfi_l,j_l(l.l)

-1
*T -1
MATETICUL L I I L LR S

-1
*T -1
- wi-l,j_l(l,l)si_l’_j(x)wi_l’j(l,l)}

1=1toI+1,3=1¢toJd

T 1,232,107, (1,0
24,5 T V1,3 OD By (L22DY 4, (4.0

-1

1
+~% Io dypz(y)pl(y){wzfj_1(0,1)rni’j_1(0,y)

-1
- R)i(.,j—l(l’Y)]wi,j-l(l’o)

*T—l -1

-1
kT -1
Uy g DT W A,00)
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1 -1
1 \ o *T Y
+3 Io dxp1CX)p2(:c){\Ui’j_l(0,l) [ lRi,j_l(x-.l)

..Y -1
_Ri,j_l(x,O)]wi’j_l (1,0)

-1
*T -1
+ Wi,j_l(O,l)Si’j_1_(x)wi’j_2(1,1)

-1
*T -1
by 5 (0,008, L G5 41,00}
i=1toIl, j=2toJ+1
b, . = *T-l(o OE (1,1:2,1)0 1. (1,0)
—...i’j wi’j 1] i,j 2"y “> ‘Pi’j 1
-1

*T . -1
+ wi’j-l(o’l) Ei,j—l(l’z’2’2)wi’j—-1(0’1)

1 -1 '
1 *T X X: -1
+ 5 fo dypl(y)le){wi’j (o,o>[ni,,j(o,y)- Ri,j(l’m ",‘,1,5(1:0)

-1
* -
+ wifj (0’0)T1+,j(Y)wiil,j(0s0)

-1

T .
+wi—1,j (l’O)T—i,j(y)wi,j(l’O)}

1 21
+1 fo ayp, (P, Wy 41 (0,11 B0

X -1
- Rj_’j_l(l.y}]wi’j_l(l,l)
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-1
*T -1
+ wi53_1(0,1)Ti+’j_1(y>wi+1’j_l<a,1)

-1
*T -1
- wi_l’j_l(1,1)T_i’j_l(y)wi ’j_l(lﬁl)}

1 [ { w7 s =S T
*T'l

-1
1oy QOS; 4 GO=S; , GIW] (1,1}

+ Y

1i=1toI, j=1ltoJ+1

T—l

* -1
E‘_g‘.i’j = wi’j (090) mi’j(l’l’zbz)wi’j(ltl)

1 -1
1 *T X
+3 fo dypl(y)pz(y){wi’j (0,0)[2R1’j(0.y)

-1 B
X -1 *T -1

_1 ‘
*T -1,
- wi_l’j(1,0)T_i’j(y)wi’j(1,1)}

1 -1
1 *T Y
+3 fo d"pl(x)l’z("){‘pi,j (0,0) [lRi,j(X,O)

-1
Y -1 *T _ ~1

sl -1
- ¥y (OuDS, GV, (1,1)]

i=1 toI, j=1¢toJ
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(i1) Zero Flux Boundary Condition on Certain Boundaries

If the left boundary has a zero-flux condition and the
other three boundaries have symmetry conditions, then we should use

the following equations:

bby,1F2,1 ¥ BS 1Fp 2 t By 1F3 1 F 8 1F3 2 = 0
b2,,5%2,3-1"202, 572,528 5P2, 301782 5P 3, 51" Ps 3P3, 5728 4P 5, 3070
$8 jJ=2toJ
bay 3+1%2,5 VB2 54aP2 341 t S22 54aP3,0 * Ly 54af3, 541 = O
ab +ac +bb +be +cb

—-—ili—ll—-—i11—12-—-1111-—-1112—-—:lli+11

+cc =0; 1=3tcI+1

i, l i+1,2
L T R P LT - TS T U - TR G- PR L

*they sPy ey 3P, -1 T Ry yPaer, g T8, P, 34 T O

s 1=3tcoI+1

j=2toJ
28 541%5-1,0 F 3By snfio,oen Y B2y 541Pa,0 T BBy 5Py
+ ca + cb =0; 1=3tocI+1

—~—i J+1 i+1,J  —i, J+1 i+1,J+1
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where the matrix coefficients are defined the same way as in (i). The
equations and coefficients for zero-flux conditions on other-boundary
or boundaries can be found similarly.

The implied zero-flux boundary conditions, as defined by trial
functions Equations 4.11, will result in equations having the same forms
as ordinary zero—flux conditions. However, the matrix coefficients
must be changed by putting the appropriaté modified basis functionms,

similar to Equations 4.12, in the corresponding regions.
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APPENDIX F
LISTING OF THE COMPUTER PROGRAMS

FORTRAN listings of programs LIN1, LIN2, DOB1l, DOB2, MANI1,
and MAN2 are listed in only the first five copies of this report in

the following six sectioms.
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