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THE FINITE ELEMENT RESPONSE MATRIX METHOD

Horácio Nakata* e William R. Martin**

ABSTRACT

A iifw technique is developed with an alternative formulation of the response matrix method implemented

with the timte element scheme. Two types of response matrices are generated from the Galerkin solution lo the weak

form of the diffusion equation subject to an arbitrary current and source. The piecewise polynomials are defined in

two levels, the firs' tor the local (assembly) calculations and the second for the global Icorel response matrix

calculation!. This finite element response matrix technique was tested in two 2-dimensioiial test problems, 2D-IAEA

benchmark problem and Bibm benchmark problem, with satisfavory results. The computational time, whereas the

current code is not extensively optimized, is of the same order of the well established coarse mesh codes. Furthermore,

the application ot the finite element technique in an alternative formulation of response matrix method permits the

method to easMy incorporate additional capabilities such as treatment of spatial'y dependent cross-sections, arbitrary

gpomeKicHl configurations, and highly heterugeiieous assemblies.

INTRODL ;TION

The finite element method (FEM) has been widely used in structural analysis and recently
its application to the reactor analysis has increased considerably'14'. Some of attractive features of FEM
is its flexibility in the chuice of appropriate basis functions in arbitrary degrees of approximations
allowing the method to be applied to quite'irregular geometries including local refinements of local
heterogeneities. In addition the theoretical foundations of the FEM are well established'71 and definite
analytic ertor bounds can be predicted for most applications of interest.

In the present work an alternative formulation of the response matrix method11 is
implemented using the finite element method in order to perform relatively fast coarse-mesh calculations
with satisfatory accuracy. The basic idea of the present approach is to construct for each coarse-mesh,
two types of response matrices applying the finite element method to solve the fixed source diffusion
problem subiect to an arbitrary current in the boundary of the coarse-mesh. First response matrix gives
the outgoing partial current due u he diffusion of the incoming current and the second the outgoing
current diffusing from the source within the coarse meshes (inscatter, fission or external source). These
local response matrix are projected on the independent global basis functions and the global solution is
obtained by balancing the partial currents defined on this global oasis functions. The transformations
between the local and global current distributions (and vice-versa) are performed in the global iteration
procedure, yielding a global partial current distribution which takes into account local heterogeneities
which are capable of being resolved by the finer grid used for the local respor:; matrix calculations but
which would not be resolved by the grid at the global level. The utilization of FEM to implement the
response matrix method allows the method to be capable of treating the spatially dependent cross
sections, feature which is very convenient for burn-up calculations'6'. Local quantities such as flux and
power distributions are explicitly defined over the entire core even in heterogeneous assemblies (e.g.
water hole or poison pins) by the FEM in the local level calculations. Furthermore the use of two types
of issponse matrices, for currents and sources, make the multigroup eigenvalue calculations
straightforward and conventional solution techniques can be applied.

• Divisão de Física de Reatores
*' Universidade de Michigan



Response Matrix Method

The alternative formulation of the lesponse matrix method suitable for finite element
implementation is described following closely the standard formulation of response matrix method from
Weiss and Lindahl1131.

Assume the domain V in vvhich the Solution for the neutron diffusion equation is sought be

divided in N subdomams V j . i l N. and they will be referred to as coarse-meshes. Each
coarse-mesh V, is bounded by a piecewise smooth boundary S, with the outward directed normal
wpctor n (rsl. where rs is the position vector on S r

It is assumed that an arbitrary accurate solution for the inhomogeneous neutron diffusion

equation (D/. 1<pl ~i.a,<t>, + Q, = 0) can be found 'n coarse-mesh V, subject to the boundary condition on

S,. corresponding to the irradiation of Ŝ  by an arbitrary current ^| (rs). The emerging partial current

J* (rs) on S| can be obtained from the solution for the neutron flux.

Because of the linearity of the neutron diffusion equation the relationship between J* (rs> and
J, (r5) and Q, lr5) can be concisely expressed by a linear transformation.

R ;

where.

* (r's - rs) is the response kernel for outgoing partial current due to diffusion of incomings _

current

R" (r_ • rsl is the response kernel Tor outgoing current due to diffusion of neutron produced

within V1 (e.g. inscatter, fission, source),

Qj I r) is the toial production inside V ; due to fission, inscatter, source.

Defining H1 (rj - rs), i, , - 1, . . . N, as the probability that a neutron leaving the surfaces at

rj reaches rb on the surface S r the inward partial current JJ" (r,) for the coarse mesh V, can be related to

rhe outward (wrtial current X* (rs) from the coerse meshes V-, j - 1, . . . . (M, by the compatibility

J (r ) - I H, (r' - r ) / (r'>, i - 1 N.
' -? | = i i J J ' J

(2)

In most cases of interest this compatibility equation expresses continuity of partial current
normally imposed by simple re-indexing or permutation. For some special problems additional
calculations are required like in spent fuel storage problems.

As a byproduct of the response kernels calculations, the neutron flux inside the coarse mesh V|
can be given by

*,< D " *,, M'(r, - r) J- (r,)d r, • /v . M* {/ -* r) O^r'ld r' ( 3 )



where Mf (r$ -» irj and M* (j '̂-« i) are response kernels yielding the flux due to an incoming current

and neutron sovirce. respectively.

Thus the difference between the alternative formulation of response matrix Equations (1) - (3)
and the standard response matrix Equations'*3' is the definition of source response kernels, R* (j^ -» r j
and M* ! L ~ ~ I ) - These kernels will be shown to be very convenient for eigenvalue calculation by
conv?ntional solution techniques.

Numerical Approximation

Trie response matrix Equations (1)—(3) can be cast in a numerically manageable form by
expanding tt\t partial currents, fluxes and sources in appropriate polynomials.

Let the coarse ineshes V,, i = 1 N, contain L interior nodes and K boundary nodes on S,,
and define the polynomials «k (<_), I = 1, . . . ,L, with unitary value at the node I and zero at the
remaining nodes, and polynomials l 'sk |rs), k = 1, ,K, with unitary value at the node k and zero at
the remaining nodes.

Then the partial currents, the neutron flux and the neutron source can be approximated for
each coarse mesh V( by an expansion of the form

L
»nd O.l_r) = Z Q: * , < i ) , . for i=1 N

1 ' 1

where Jr . <t> , Q are the partial current value at the node k on the boundary S , the neutron flux value
'k '| '| I

and source value at the node I in the coarse mesh V , respectively.

Inserting these expansions into the response matrix Equations 11)-(3) and applying the
Galerkm weighted residual technique the matrix equations for the expansion coefficients are obtained as

J* Rs • J" + R" • Q

, - M^ • J -+ fvT • Q.. • = 1

j t , c o l ( j i ,

• , - COl (* , , ^ 4»! )

O,- coi (Qi,,Q i 2 Q,L)



and the matrices R" R? H, . M" , M* are generated basically from inner products of appropriate basis

functions and the kernels R* ( j_ - - r ). Rf ( r , - * r s l . H ; ( r j ->r s ( . M^U' - * t) and Mf |rs ->• f). oectively.

A compact representation of the response matrix equations for the domain V in which the
solution or the diffusion equations is sought can be obtained with the following definitions,

/ col (J*. J* j£)

* - col ( * v * 2 %,)

Q = col ( Q , . Q y Q j , )

and R \ R^. Mf. M^ as NxN diagonal block matrix with elements Rf' R*. M|, M", i = 1 N,

respectively, and H as NxN block matrix with elements H i j = 1. . . . , N.
_||

Then the response matrix equatioc.s can be succintly expressed as

i - fv . J; + gu . o (4)

J = H . / (5)

* - Ms . J" + Mv . Q (6)

Solution Algorithm

The solution of the response matrix Equations (4)-(6) for a fixed source problem is
immediately obtained from Equations (4) and 15) as:

/ - R5-H -/+gv-Q

nut for practical problems the direct inversion of ij_ Rj*H) is prohibitively expensive and the iterative

method must be applied as:

i * ' " - 2s - H - / " " • R v - Q . t = 1. 2 . . . . (7)

The response matrix method formulated in the previous section is in the suitable form to treat
the eigenvalue problems, where the neutron source, in one group, is given by:

Q = L F 4
ktff



where F matrix is composed of fission neutron production cross section and keff is the multiplication
factor, the largest eigenvalue to be determined. Therefore the eigenvalue problem can be solved by the
standard outer (source) iteration and it is given by the algorithm

/ " ' = R 5 . H . r " - " • R v - Q l r ~ " . t = 1 . 2 . . . I8.a)

Q l r ) = r—— F • (M 5 • H • J + < t l + M v - Q ( r 1») r = 1 , 2 . . . . (8 b)
keff(r - 1) = = = - = -

where t denotes the inner (fixer1 source) iterations count and r denotes the outer (source) iterations
count.

Extension for multiyioup eigenvalue problem is immediate.

Calculation of the Response Matrices with FEM

The response matrix equations can be solved whenever the response matrices are computable. In
particular the solution by the FEM fur the neutron diffusion equation in the coarse mesh as described
below presents some attractive aspects, e.g. the freedom in the geometry choice, the capability to
include heterogeneous assemblies or spatially dependent cross-sections. In addition the choice of suitable
basis functions is facilitated since the definitions are local and in piecewise manner and the natural
boundary cond'tions are not necessary to be satisfied by the basis functions in the weak formulation.

The diffusion problem to be solved inside the coarse mesh Vn is

VDJOV*>„(£) + I a j £ > 0 n f r ) = q n l i ) . l 6 V n , n = 1 , N (Q.a)

where

Dn (O is the diffusion coefficient,

l^ n [r] is the total absorption cross section,

qn (_r_) is the arbitrary neutron sourse,

subject to the irradiation of an arbitrary inwaro partial current J~ (r,l on the boundary Sn,

i« ( f . l = \ <t> i t ) * - D J r ) \l<t> A t ) • n (r ), r, €S n , n = 1 N <9.b>

where ri lr$) is the vector normal to the surface Sn, and also requiring the continuity of flux and current

to be satisfied inside the coarse mesh Vn,

The solution is assumed to be in the energy space H£ defined as:

H F =•• i f ( £ ) e C ° | l ( V j ( r ) + \ i r ) I a d r < ~ },
' n



and defining Vnll>. an arbitrary element ct space HE of trial functions, the weak formulation of

problem(9) corresponds to finding a solution 0 n U) in H£ for

K Dn<l'V0n(j:>V^nlL)dr + J la n0n (L)^n l l»dr + 1 J s jL ^(r$>*B lrs)drs =

= K qn«L.#n<lWL + ífe W ^ W * ^ « U l > e H E . n = 1 N. (IO)
n n

foi all iAn(O E H E .

The finite element solution of problem(9) is obtained from the weak formulation by defining
the trial functions within a particular finite dimensional subspace Sh contained in H E .

In order to construct the finite element subspace Sh, let the coarse mesh Vn contain Ne nodes

and define ^nj(£), • — 1 Ne, \ í *niW^^ • P'ecewise continuous polynomials with unitary value at

the node i and zero at the remaining nodes. These polynomials are the basis functions for the subspace

Sh. and every member or Sh can be given as a combination of \i*nj( r_).

for Sh as
If the solution 0 n ( l ) is then sought within the space S , <(> {rj can be expanded in the basis

N e h h

n i - 1 " ' — —

w h e r e . 0 - c o l ( 0 . , 0 , . . . . , 0 )

4/ ( r ) - c o l ( ^ . ( r ) , 0 A T ) ,••••, 4> ». i r ' ' " ^ )

and requiring the weak form (10) to be valid for this particular aproximation of 0 n ( l ) for all basis

functions <i/ I r ) ' S , j = 1, . . . , Ne, the resulting matrix equation is

where,

i, I 1 Ne;

dnrl sirxx- An is symmetric positive definite for Dn |r) > 0 and I a f ) l£) 5*0, the solution for 0n can be

determined as

The local response matrices for the coarse mesh Vn is obtained from the diffusion expression
for the partial current

; n =1 N, (14)
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by expanding j * (rs) in the boundary basis function Vjni(rs). i = 1 Ns,defined as piecewise

polynomials with unitary value at the boundary node i and zero at the remaining boundary nodes,

j * (rs) = 2 j * ^ s <r,> = | \ l / h (rs)J • j *, n = 1, . . . , N, (15)

where.

^ (rs; = COl (»íí5 ( r s i , 4>s tr
s> ^ s

 ( r j ^

•f . + +

J" - COl (J~ . . . . J~., ).

Inserting me Equations (11), (13) and (15) into the Equation (14). and applying the weighted
residual technique, the local response matrix equation is obtained as

+ > '

'n = R q n * ÍÍD+ R i n " ID n = 1 N> U6)

where R and R are the resulting local response matrices.

The Equations (13) and (16) together with continuity of partial currents

N

where H^m is composed of appropriate inner products of local basis function and of the kernels

H n m l r j - > r s ] defined in Equation (2), represents the finite element solution for the diffusion

Equation (9) in the coarse meshes. Vn n = 1 N.

Global Response Matrices

The solution in the domain V can be obtained by assembling all the individual local response
matrices in such a wjy that in the global solution the number of unknowns is not large compared with
other coarse rr.esh methods. To this end recall the global response matrix equations derived in the
Equations (4), (5) and (6), and since qn 10 and j ^ (rs) are quite arbitrary, it is convenient to define

these quantities as Qn (r) and Jn(rs), respectively, and expand in the global basis functions + ( (x),

I I . . . L, and ^5k(r$), k - 1, . . , K, respectively, as

q ( r) i |>lM r ) | T • Q , n = 1 , . . , N ,
n — f n

and jn(r_f) = l * , ! ^ ) ] 1 • J^. n = 1 N,

where, * I D ' col ( * , [r),*2(r) * L <1>)

^ (r) = col {% (r ), +, (r ) * , (r )).and



Therefore q n and j n defined in Equation (12) can be expressed as

q = T - Q , n = 1 N. (18.a)
Zü qQ n

and j = Tj- J \ n = 1 N. (18.b)

where T Q and T( are matrices composed of appropriate inner products of the local and global basis

functions.

CjtJibining Equations (16) and (18)

L" = *V 2Ü
 + V V n= 1 N- " 9 >

which gives the local outgoing current due to an arbitrary global source a.td an arbitrary global incident

current.

The global outgoing current. •i^{fs). cannot be equated to the local current, jp(r$), because there

is no unique way to compute the expansion coefficients J* but we can require the global current to

equal the local current in a weighted residual sense, yielding

i» - T (20)

and combinine Equation (20) with Equation (19) we have the desired global response matrix equations.

j * = Rv • Q + R • J" ; n - 1 N. (21)
**n n n n n

Where R* and R* are the desired composite response matrices consisting of several products and

sums of individual matrices.

Similar manipulations yield the global flux equation for coarse mesh Vn .

% ' ?Ê ' 9ü + ^ 2 ' Jl • " = ' N" 122)

Combined with the compatibility equation the global response matrix Equations (21) and (22)
can be solved m an iterative manner as described in the Equations (7) and (8).

Numerical Results

In the present work the finite element response matrix method (FERMM) were applied to the
two-dimensional problems and the geometry of the coarse mesh was chosen as a rectangle, since most of
the practicil problems in reactor calculations can be solved in this geometry, but extension to the
triangular geometry or other geometries, and extension to three-dimensional problems is immediate and
does not impose any conceptual difficulties.

The serendipity elements'7' were chosen as basis functions fc, both local and global volurr-e
basis functions. The global basis functions were defined either in quadratic or in cuoic approximations
and the basis functions used to generate the response matrices in the local (assembly) calculations for



the coarse meshes were chosen to be quadratic elements with the degree of approximations obtained by
varying the number of nodes in a coarse mesh. For special assemblies (eg. Control rod assemblies) finer
grid are possiole to be used 'n the local calculation in order to represent with higher accuracy the actual
flux shapes in the assembly. The partial current were expander in Lagrange polynomials on the
boundary in the piecewtse manner with discontinuities at the corners in order to allow for the
discontinuity of partial current defined by the diffusion theory (Eauation 9,b).

The numbering sheme for rectangular coarse meshes resulted in global matrix equations
(Equations (4) and (5)) recognizable as a 2-cyclic block-Jacobi matrix equation'8' and the iterative
solution applied to its solution is the Gauss-Seidel method represented by the algorithm

rltl(i.i) = fiili.il '|Tj " i + l t j 3

T4 • J ' i I l d , j - i ) | + R / l i . j ) -Qti.j). t = 1. 2

where (i,j) in (x.y) coordinates refers to the numbering scheme n of the coarse meshes Vn

n - 1,2. . . , N, and the matrices Tk , k - 1, . . . . 4, are composed of permutation matrices.

The eigenvalue problems were solved with source iterations method described in Equation (8),
and the standard acceleration schemes were tried in order to accelerate the outer iterations convergence
rate Accelerations by source extrapolation method110', coarse mesh rebalancing'4' and Chebyshev
polynomial method'5' were tried and the best result was obtained with the last method when the
overall computational time were reduced by about a factor of 2. The results presented in the next

section were obtained with the outer iterations accelerated by Chebyshev polinomial method.

The evaluation of the FERMM for realistic configurations was perfo med by applying the

method to two benchmark problems: the two-dimensional IAEA benchmark p oble'vi and the Biblis

benchmark problem. The short notation to denote N fine meshes per ..oarse mesh in the local

calculations and M coarse meshes per fuel assembly in the global quadratic/cubic calculations will be

described as N/M quadratic/cubic calculations. The processing times are for AMDAHL/V-8 computer at

the Computing Center of the University of Michigan.

2 D IAEA Benchmark Problem

For Se zone loading PWR core the two-dimensional IAEA benchmark problem were

calculated and the results compared with the extrapolated VENTJRE calculation11'.

The convergence criterion for the partial current in the inner iterations y is 10 2 and for the

neutron fluxes in the outer iterations t *, is about 10"' with maximum of 150 outer iterations and the

summary result of the calculation with quadratic and cubic global basis functions is presented in the

Table I. One concludes that with an increase in the number of subdomains for response matrix

generation the solution converges faster and the results are improved. Better results are also obtained by

increasing the number of coarse meshes per fuel assembly but with the penalty of increased

computational time due to the slower convergence. The decrease in convergence rate with small mesh

sizes is due to the fact that spectral radius of the response matrix increases with decreasing size of

coars. meshes'1^'.

The results are, in general, well within the accuracy expected from a coarsp nesh method

and at the same time economical in view of the fine-mesh finite defference codes'1 .

(31
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Tablet

Sumary of 2D-IAEA benchmark calculations

(Referer x (VENTURE) keff = 1.02969)

Calculation

4/1 quadratic

9/1 quadratic

16/1 quadratic

9/4 quadratic

16/4 quadratic

4/1 cubic

9/1 cubic

16/1 cubic

9/4 cubic

16/4 cubic

N? of outer

iterations

64

61

66

50

66

42

160

106

150

90

91

72

99

64

83

59

149

93

150

85

i.xiO-'

1.x10"4

1.x10"s

1.x10"4

1x10"5

1.x10"4

3.x10-5

i .xiO'4

2.x 10" *

1.x10"4

1.x10~s

i .xiO'4

1.x10"5

1.x10~4

1.x10~*

i.xiO '*

1.x 10"*

1.x10"4

1.3x10"'

i.xiO'4

CPU

(sec)

7.1

6.9

8.2

6.6

10.2

7.9

47.4

34.8

49.8

32.4

16.3

13.1

18.3

12.8

18.0

14.3

82.9

54.3

86.4

53.9

keff

1.0293

1.0293

1.0296

1.0296

1.0296

1.0296

1.0295

1.0294

1.0294

1.0293

1.0298

1.0298

1.0299

1.0199

1.0298

1.0298

1.0295

1.0295

1.0294

1.0294

maximum

/AP//P(%)

4.25

4.04

1.76

1.52

.83

.64

1.41

1.18

.77

.26

2.04

1.83

1.36

1.47

1.16

1.39

.64

.65

.26

.63

Example of the assembly averaged power distribution is presented in Figure 1 for 9/1 cubic
calculation. The thermal neutron flux distribution in the core is illustrated in Figure 2 together with the
detailed solution obtained with FEMB111 (second order Lagrange polynomials in rectangular elements of
5 cm x 5 cm in size). The agreement is relatively good considering the mesh size of 20 cm x 20 cm (9/1
cubic approximation) although some flux discontinuities are observed, as the result of formulation of
response matrix method itself where only the continuity of partial currents were imposed.
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2D IAEA Benchmark Problem

• . 2 1 " ^
4.221 4

I
1
1
1
I

1
I
1
11
1
•1
|
1
1
|
1
1
1
1
1
1
1

1
1

7
7

8
8

.31

.378

.401

.55

.064

.109 \

- . 6 1
8.165
8.215

-.63
8.308
8.361

8.250
8.302

ZONE 2

ZONE

- . 1 8
6.830
6.842

- .38
7.401
7.429

- . 4 6
7.566
7.601

- . 1 9
6.727
6.740

ZONE 3

1

ZONE 4

• .70 1
3.469

r3.445

• .15
6.053
6.044

-.14
6.654
6.663

• .35
S.483
5.464

•1.35^
2.694 '
2.658

<.S1
5.311
5.284

• . 2 2

5.867
5.854

• .12
6.055
6.048

• . 4 9
5.147
5.122

•1.14
3.917
3.873

' • . 2 4
3.313
3.305

• .45
5.304
5.280

• •39
5.390
5.369

• .20
5.519
5.508

• .04
4.781
4.779

-.09
3.369
3.372

• .
4.
4.

• .
4.
4.

- .
3 .
3 .

\

19
275
266

26
168
157

31
898
910

1 (Calc.-Ref.)/Ref.(D
Calculated
Reference (VEmURE)

Fijur« 1 - 2D-IAEA *«embly averaged power diftribution obtained with 9/1 cubic calculation*&p > 10"').
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Flux (arbitrary units)

0. 20. 40. 60.

Flux (arbitrary units)

• • • • Ffrffl solution
0.0

0. 20. 40. 60. 80. 100. 120. 140. 160.
X(an)

Figuw 2 - 2D IAEA thermal neutron flux distribution obtained with 16/1 cubic calculation {e$= 10"*).
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Biblis Benchmark Problem

The finite element response matrix was also tested in a checkerboard loading PWR core, Biblis

benchmark problem111 ) . a highly non-separable (x-y separability) core configuration, and the results

compared with the results obtained with the well estabilished coarse mesh NEM code191 calculation with

5.781 cm x 5.781 cm mesh size. The Figure 3 shows the core configuration with zon» assignment and

the diffusion parameters are presente 1 in the appendix.

• X(on)

1

(1,1)

1

1

8

(1,2)

(2,2)

1
Y (an)

symmetry l i n e : -

2

(1,3)

8

(2,3)

1

(3,3)
\

6

(1,4)

2

(2,4)

8

(3,4)

N

2

(4,4)

fuel assembly dimensions:

23.1226cjnx23.1226cm

1

(1,5)

8

(2,5)

2

(3,5)

8

(4,5)

" 2

(5,5)
\

7

(1,6)

1

(2,6)

7

(3,6)

1

(4,6)

5

(5,6)

* 4

(6,6).

1

(1,7)

1

(2,7)

1

(3,7)

8

(4,7)

4

(5,7)

4

(6,7)

3

(7,7)

4

(1,8)""

4

(2,8)

4

(3,8)

4

(4,8)

3

(5,8)

3

(6,8)

3

(7,8)

3

3

(2,9)

3

(3,9)

3

(4,9)

3

(5,9)

IZD zone assignment

fuel assembly identification

Figure 3 - Biblis benchmark problem ' 5 6 1 .
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From the summary of Biblis benchmark calculations presented in Table II, one concludes that

the 11.561 cm x 11.561 cm coarse mesh calculation, i.e., the 16/4 quadratic and 16/4 cubic calculations,

yields essentially the same results as the 5.781 cm x 5.781 cm NEM coarse mesh calculation'11'.

It is also noted that 16/1 quadratic and 16/1 cubic calculations yielded results acceptable
(within 2% for assembly averaged power levels) for coarse mesh methods but with a significant
improvement in computational time, compared with the 16/4 quadratic and 16/4 cubic calculation.

The example of the assembly power distribution and the thermal neutron distribution in the
core are illustrated in Figures (4) and (5), respectively.

Concluding Remarks

In the present investigation an alternative formulation of the response matrix method
implemented with the finite element method for application to coarse mesh reactor analysis has been
developed.

Tabled

Sumary of Biblis benchmark calculations
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Biblis Benchmark Problem
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Figure 4 - Bibds assembly imaged power distribution obtained with 18/1 cubic calculation
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The present formulation of the response matrix method, utilizing two types of response
matrices, avoided the expense of recalculating the response matrices as a function of keff in the
eigenvalue problems. These response matrices, one for the partial current and another for the neutron
source, are calculated only at the beginning of the eigenvalue problem, and the outer iterations are
performed using conventional solution technique. They are generated with finite element method
embedded within the response matrix scheme with a two level structure, in the lower level (assembly or
local) the calculation of the local response matrices for each assembly using the weak form of Me
diffusion equation subject to an arbitrary current and source is performed. The upper level (global or
core) calculation is the response matrix calculation for the global partial currents and sources. In the
local level two sets of basis functions are defined, one for the interior of the assembly and another for
the boundary, and for the global level two additional sets are defined. These definitions allowed
convenient calculation of separate response matrices and in addition the treatment of any arbitrary
heterogeneous assemblies is possible with the availability of local fluxes.

The present method was applied to two idealized PWR cores, a zone loading 20-IAEA benchmark
problem and a checkerboard loading Biblis benchmark problem, with very good results. The error in the
assembly averaged power distribution were within the error observed in other coarse mesh methods"1 -"
and the computational time is relatively small compared with the conventional fine-mesh production
codes111.

Furthermore, the unquestionable potential to incorporate additional capabilities such at
treatment of spatially dependent cross sections, irregular geometries, and highly heterogeneous fuel
assemblies, makes the present technique very attractive for further developments.

APENOIX

Two-Group Diffusion Constants for Biblis Benchmark Problem.
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RESUMO

Dest:nvolveu-se uma nova técnica baseada em formulação alternativa do método de matriz resposta

implementada com a técnica de elementos finitos. Dois tipos de matriz resposta ssb gerados pela técnica de resíduos

ponderados de Galerkin aplicada para resolver a forma fraca da equaçSo de ditusâo sujeita à condição de contorno

especifica. Os polinômios slo definidos em domínios discretos e em dois níveis: o primeiro para cálculos locais (nível

de elementos de combustível) e o segundo para cálculos globais (nível de caroço do reator). A presente técnica foi

tesuida em dois problemas bt-dimensionais. reator de teste 2O-IAEA e Biblis, obtendo-se resultados satisfatórios. O

tempo computacional é da mesma ordem de grandeza dos programas de malhas grossas atualmente em escala de

produção. Ademais a utilização da técnica de elementos finitos para a soluçSo da formulação modificada do método de

matriz resposta permite que o método seja capaz de tratar as seções de choque espacialmente variáveis dentro de uma

malha grossa. Há também facilidade de se tratar diferentes configurações geométricas e elementos de combustível com

alta heterugeneidade IOCJI.
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