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DISCRETISATION METHODS

e In the previous units we assumed a rather heuristic way to
discretise equations by ‘‘finite difference” or ‘finite volume”
approaches

e Let us now come back on this aspect, by looking more carefully to
the different possible choices available to obtain the approximate
solution of a partial differential equation problem

® The figure below summarises the main steps to be performed in the
process of solving partial differential equation problems by suitable
discretization schemes

e The characteristics of the main available discretization methods will
be summarised in the following

Differential DIFFERENTIAL Initial and boundary
equations :> PROBLEM <:| conditions
Choice of Discretizati Geometrical domain

a discretisation method :> 1seretization <::| discretisation
(“gridding”)
ALGEBRAIC PROBLEM

(Equations + initial
and boundary conditions)

Solution of the

Solution of linear and non-linear
|:> algebraic equations

algebraic equation systems

<::| Convergence criteria

APPROXIMATE
SOLUTION

¢ Generally speaking we have three main techniques of discretizing

neutron diffusion and transport equations:

o the finite difference method, i.e., the substitution of partial derivatives
with difference expressions (already considered);

o the finite volume method, i.e., writing equations in integral form over
control volumes (already considered and to be further applied later);

o the finite element methods, i.e., making use of the “weighted residuals
method” to get more accurate local approximations, as in the “coarse-
mesh method” that we will describe below.
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WEIGHTED RESIDUALS METHOD

We search for the solution of the diffusion (or any other)
partial differential equation written in the form

Lo+S=0
that is a compact way to write

divD grad 9—2 ¢+5 =0

with some assigned boundary conditions.

We now search for an approximate solution of this
equation in a narrower class of functions than generally
eligible for the application of the differential operator:

¢app (F) = Z_:Cjuj (7)

where:

e u(7) are trial functions that are sufficiently regular and
must satisfy the boundary conditions;

e C;=appropriate coefficients-

The “residual” of the differential equation, obtained upon
substitution in it of the approximate solution, will be generally
different from zero

L¢app+S=R(F)¢0

In order to obtain a good approximation of the solution of
the differential equation, we can impose that the residual be
sufficiently small in some integral sense.

In this purpose, we search for N “weighting functions”
w,(7) imposing that the weighted residual be zero in the

average over the considered volume:
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[R(F)w,(F)av =0 (i=1...,N)

meaning that

[(28,,+S)w,(F)av=0  (i=1...,N)
Vv
Making use of a notation of “inner product” between
functions (as in vector spaces), we have

:.[R(F)Wi (LZCJ Uj,w ] SW) 0

Since the trial functions and the weighting functions are
known, imposing this relationship implies to select an
appropriate value of the coefficients of the expansion in the
approximation.

In fact, a linear system in the unknown coefficients is thus
obtained:

icj(Luj,wi)+(S,wi)=0
j=1

N
— chal.j+sl.=() (i=1,...,N)

Generalising the concept of orthogonality between vectors to
the case of functions, we can say that the residual is imposed
to be “orthogonal” to each weighting function. So, increasing
the number of weighing functions, we can obtain more and
more accurate approximations (i.e., ‘‘orthogonal to many
functions”).
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The choice of ‘“trial functions” is generally left to good
practice:

¢ they should be simple enough to be differentiated and
integrated at ease;

¢ they should provide trends similar to the expected exact
solution at least locally.

For the above reasons, low order polynomials are often
chosen in this purpose, but their selection is not mandatory.

On the other hand, the selection of weighting functions
characterizes the method according to classical choices

¢ in the GALERKIN METHOD, the ‘“‘weighting functions”
are the same as the ““trial functions”

Wi(;:)zui(’_;)

in the case of a polynomial of n-th degree, for instance, it is:
N
@, (x)= chuj (x)=c,+cx+c,x* +...+c x"
j=0

and a Galerking weighting can make use of

w.(x)zxk (k=0,...,N)

l

¢ in the SUBDOMAIN METHOD, it is assumed that the
weighting function is “unity” in the selected subdomain:

w, (F)=1 reV. and W (7)=0 reV,

1

In the case of neutron diffusion this is equivalent to impose that
the neutronic balance is satisfied
in a global (integral) sense in the volume
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In fact:

I (divD grad ¢

app
Vv,

m

a J' —Dgrad,,, n dS - I2a¢app dV + J' S dv=0
N Vi v,

~-Z$, +8)dv=0

n
. v o J/ o </

Vo ' Vo
leakage absorption source

This is an important requirement that should be required
to any numerical scheme:

the integral balance of neutrons should be satisfied
within each volume by the adopted approximation

It is moreover necessary to impose that
neutron balance is satisfied everywhere in the whole domain
by imposing appropriate
continuity conditions of current at the interfaces.

e in the COLLOCATION METHOD, a Dirac’s ‘“delta
function” is used for weighting

w, (F)=8(7 -7)

This is equivalent to impose that the residual is zero
at a certain point 7;
[(Lg,,+S)8(F-7) av=R(7)=0

%
This means that the partial differential equation is solved
exactly at that location by the approximating function:

of course, this does not mean
that the solution is exact in that place
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SAMPLE APPLICATION
OF THE WEIGHTED RESIDUAL METHOD:

“COARSE MESH” METHODS

Reactor calculations with large meshes are required in static
and dynamic reactor analyses

The considerable complication of composition of nuclear
reactors requires to perform calculations after convenient
homogenization of properties at different levels

1. Cell level homogenisation

Coolant moderator

kY

\
Cladding

e The rod is considered together with the
moderator/coolant assigned to it and to the cladding

e Neutron transport codes are used to obtain the nuclear
parameters with few energy groups

e Many calculations are needed to consider the multiple
values of enrichment, burn-up, burnable poisons, etc..
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2. Fuel assembly level homogenisation

® The fuel element is then considered as obtained by
different homogenised cells

e Actually an assembly calculation can be made even
starting from the original more complex cell structure

Making use of transport codes, the few group constants

are calculated for the different axial locations where the
composition is known

The few group parameters for each large ‘“node” are so

obtained as a function of:

L

composition of the element box;
moderator temperature;

void fraction;

burn-up;

fuel temperature.

These ‘‘libraries” of tables are used to obtain by

interpolation the parameters applicable to each case, in both
static and dynamic calculations

The “coarse-mesh” methods are used to perform

calculations in 3D on the whole reactor on the basis of the
obtained parameters
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They are more efficient than the finite difference methods
since they allow the use of a lower number of nodes with the

same accuracy

This technique is described here since it was developed in
the past at the University of Pisa. Alternative techniques are

used in specific codes set up in different research groups

QUABOX Method

« The reactor is subdivided into parallelepiped volumes
centred on the points in which it is chosen to calculate the

neutron flux

. Each node is considered as ‘“homogeneous” in terms of

material and the neutron flux is approximated in it by a

second order polynomial in the different directions

O(x,y,2) = O(EM,0) = diji (1 + axjji & + byiji E2

+ ay jji N + by iji N2 + azjji C + by ij C2)

where the local coordinates are defined as

X -Xj _Y-yj =Z'Zl
g_ hxi n= hyj C hzl

[-1/2,1/2] and ¢j;) is the neutron flux in the node centre.
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The ““a” and “b”’ coefficients are related to the values of
the neutron flux at the interfaces:

ax b
Oiv.50 = Ojj1 |1 - EX + 4XJ

axy b
Oisvsja = Gijr |1 + EX + TXJ
This allows calculating their values in terms of interface fluxes

Gittgd = Gictsjil Givtagd = 2 Oj1 + Oi-1j
ay = by=2
bij1 it
with similar relations holding for the y and z directions.

It is then imposed that the neutron balance is satisfied in the
node: this corresponds to the subdomain method:

D grad ¢-ndS + J(%f-zajq)w:o

Vijl
Sijl
These integrals are evaluated on the basis of the
quadratic polynomial, obtaining:

2Dij1 >y + 5 + 5 ¢ijl+

hx1 hyJ hzl

bx+ by +b
VE¢iji xT Oy " P2
+ [TI‘L - Za.ile (l + 1 j i =0

Remembering the above defined expression for the
coefficients of the polynomial, a seven point formula is
obtained, relating the interfacial fluxes to the centre flux.
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[ 2
hx1 ¢l+1/2J 1-2 ¢1Jl + 015 j.l
i DiJl 24 a ijl ./2)
Xi
[ 2
h ¢1J+1/21'2¢1Jl+¢ljl/21
+ Dljl + 24 a ijl /2)
yi
[ 2
h,; (VEgij Oij1es - 2 O3 + Oijars
+ Dijl + 54 24 Xa. ijl h /2)2 (*)
zl

DI
+ [%Ll - Za.ijl} i1 =0

It must be now noted that this expression represents the
neutron balance “within the node”. In order to satisfy the
overall balance everywhere in the calculation domain (i.e., in
the system containing all the parallelepiped volumes), it must
be completed by conditions expressing the ‘“neutron balance at
the interfaces between the nodes”:

we have six current continuity equations as the following one

a0 a0
- Dija { - =-Dis1u1 +
X%, X%, 10,
Dija
(3 Gistaja - 4 Oiju + Oivaja) =
hxi
Dit1..1
= (-3 Gis1ja + 4 Givrja - 3 Div1412j0)
xi+1

The other 5 are quite similar.

These equations serve to assure the overall neutron

balance in the domain and allow “to express the interface
NMNR-Unit-3 — More on Discretisation Methods and Sample Applications to Eigenvalue Problems 12



fluxes in terms of node centred fluxes’’, being the true
unknowns of the problem:

4( ;1 ¢i-1/z.j.lj 4(1 1 ¢i+1+1/z.j.lj
4 ¢il 4 dis1j
Gistajl = Gija + Gis1.j.1
A1 h , Dis1.1 41 h... . Diji
h. ,Diji h . Dii1ji

This is very similar to what already noted in the 1D cases,
in which the interface fluxes are eliminated in favour of node
centred fluxes.

The apparent difficulty noted here is that the interface
fluxes, actually, still appear in the final formulations as
coefficients (see the terms in red). Actually, there is no
problem since, in view of an iterative solution, these interface
fluxes are updated ‘“at each iteration”. So, they can be
considered ‘“‘known”’ at each step.

So, as usual, we have that interface fluxes are expressed
as:
Dirrajl = Oiis1jl Dit + Biis1ji ie1 1
It is remarked that this is the same structure obtained for

ID cases (see Unit 1), that is now repeated (with more complex
coefficients!) in three directions.

By substituting this formulation in the balance equation
(*) (see the pages above) we obtain a classical 7-point
Jormulation, as it is in the case of the simple finite difference or
finite volume cases:

Ot Oigt + Wi 0i-1g + Ciga Oiet g + Diga Gige1
+ Mg Oigerg + Diga Gijar + Uigp 0ijas1 =0
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Obviously enough, the coefficients of this expression are
much more complex than the ones obtained by a finite
difference scheme. This means that they need more computing
time to be calculated.

However, the higher accuracy that can be obtained by the
quadratic approximation in the nodes allows the use of a
smaller number of nodes with a final advantage.

CUBBOX Method

In order to further improve accuracy, a cubic polynomial can
be chosen to represent the trend of neutron flux in each node:

1
0(x,y,2) = §(EN,0) = Giji (1 + axjiji § + buiji E2 + xijji § (€2 - )
1
+ayji M+ byijin2 + ¢y ipn M2 -3)

1
+ azj1 § + byiji C2 + ¢451 € (G2 - )

The particular form of the cubic terms (it is actually a linear +
cubic expression), is chosen in a skilled way to simplify
calculations. In fact:

. it does not contribute to the expressions of the coefficients a
and b in terms of interfacial fluxes (it is zero at -1/2 and 1/2)

. since it is an odd-degree term to be integrated between -1/2
and +1/2, its contribution to the neutron balance is also zero

So, the relations obtained for QUABOX still hold in this
case: very nice and simplifying result!

The further effort to be made in this case is the evaluation
of the “c” coefficients. This requires a further use of the
Weighted Residuals Method:
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vY ]
J divD grad o+ 1 ¢- Xy 0| wydV =0
Vij; )

vY ]
J divDgrad o+ 7 ¢-Zy 0 |wydV =0
Vij; )

vY ]
J divD grad ¢+~ ¢ - T, ¢|w,dV =0
Vijl )

The choice in this case is in terms of a ‘“Galerkin” weighting

1 1
wx (§) = §(§2- ) wy(M)=nm2-y

1
Wz (C) = C (CZ - Z)

In further works, a similar ‘collocation” method was
selected (Prof. Montagnini and coworkers):

1 1

Wx (6) = 8(§—3) - 8§ +5)
1 1

Wx (N) = 8(1 —3) - (N +3)

1 1
wx (©)= 8L -2) -8 +73)
Note that both the above Galerkin and the collocation
formulations for the weighting make us of “odd” functions

So, we are now in the position to calculate the ‘“c”
coefficients, which allow a better accuracy than in the case of
quadratic polynomials.
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Continuity equations for currents at the interfaces must
be then imposed to obtain again a seven point formula in the
node centred values of the neutron flux.

We are now in the position to draw some conclusions:

e ‘“coarse-mesh” methods allow for a more accurate
evaluation of neutron flux, with the same number of nodes,
than finite volume techniques

® the formulations obtained are more complex, though they
finally revert to 3 or S or 7 point equations respectively in
1D, 2D and 3D: this is a characteristics embedded in the
different discretization schemes due to the leakage terms

¢ so, the advantage of the greater accuracy is paid by a larger
computational effort per node

¢ the computational effort is larger in the cubic with respect
to the quadratic formulation

e however, a lower number of nodes can be used to get still
better accuracy that by finite volume techniques: this
represents the advantage
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Simplified Example of Eigenvalue Calculations

Foreword

The following material can be used as a basis for hands-on
exercises to be performed by the students, to make them
achieve awareness that even the simplest techniques discussed
during lectures may provide reasonable results

Of course, more sophisticated techniques will provide more
‘“professional” evaluations: however, simplicity of the analysis
is considered an important ingredient to make students “see”
that the basis of complex techniques is already embedded into
the simplest ones

The selected system is an infinite almost-cylindrical reactor,
with a realistic distribution of assemblies, assumed each one to
be internally homogeneous

It must be borne in mind that the use of the simple one-energy
group equation actually makes impossible to accurately evaluate
details like the actual effect of reflector or the effectiveness of
absorbing elements (simulating control rods)

However, the treatment was purposely kept ‘“simple” to have
a student level treatment whose results can be sometime
checked by simple hand calculations

In some sense, with due time and some skills in programming,

students could have themselves produced both the theory and
the software developed for this purpose
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1. Inner iterations

. Balance equation to be discretised

divDgrad ¢p-X30+S=0 (1)

Basic choices:

square domain in 2D (x and y, infinite z coordinate)
nuclear parameters variable from node to node
simple finite volume discretisation

equal discretisation step along x and y

L 4

L 4

<

<

y

N

The discretised form of (1) can be expressed as:

+ (incoming current) x (related lateral surface)
- (outgoing current) x (related lateral surface)
- (absorption rate) x (node volume)

+ (fixed source) x (node volume) =0
or

2 2
- h D;j ((¢i,j - Qi) [ + (i - 0ijre) HJ
2 2
+h D [(¢i+1/z,j - 0ij) [, + (Gij+ve - 0ij) HJ (2)
-h2 %, 0ij+h2S;;=0

i=2,..,N-1) (G=2,..,N-1)
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As we know from previous developments in 1D geometry,
for any internal node we can eliminate the fluxes at the
interfaces by imposing current continuity. For instance

Dj Di+1.j
-2 (¢1+1/2 j- i) = n (QirLj- Giss)) 3

and then

~ Di; ¢ij + Dis1.j Gis1, 4
¢i+1/2-j - DlJ + Di+1,j @

Similar formulations apply for the other three lateral surfaces.
Note that in the above definition of the interface flux, the node
spacing has no role ‘‘just because it is equal everywhere”
(compare with the 1D case in Unit 1).

It can be easily proven that for internal nodes (2) it is:

Oi 01 = W, 0i-1j + 6ij Oirrj + Oij Oijor + Dij Oijo1 + 2 Sij

)
where
W, - - 2 Djj Dj.1 _ 2 Djj Dit1.
)= Di.j + Di-l.j o Di.j + Di+1.j
(6)
~ 2 Di;j Dij1 _ 2 Dij Dij+1
7 Dy + Dy 7 Djj + Dijea
In fact, it is for instance: /
2 Di.j ¢ij + Di-1.j Gi-1.j g}
- h Dj; {(q)i,j - §i1s,j) hJ =-h Dj; [((Pi,j ) Z Djj + Diyj ) h
D;.;

Di.1j
i.j Vi-1.j
D1J+D 1 (¢1,J ¢l l,J)

_hD [ Di.1j ¢i,j - Di-1.j -1 2]
=-hDi | p v Dy h
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It can be also noted that it is:
Oij="Wij+ &ij+ i+ Vij+h2 Ly (7)

(note, again and again, the diagonal dominance of the system
matrix).

In "boundary nodes'', we have to restart from the
balance equation (2) and impose the needed boundary
conditions.

For simplicity of treatment, we will employ some trick
that should not be adopted in ‘“professional” calculations,
since their simplicity is paid by a useless increase in
computational effort, which is not justified in real
applications.

In particular, though the system to be considered is
modelled as a complex boundary on which we should impose
the neutron flux to be zero (‘“‘extrapolated boundary”’), we will
impose the flux to be zero on the boundary of the larger square.
This is simpler and can be obtained assuming that the fluxes in
“fictitious nodes” with indices 0 and N+1 is zero.

External region

Reflector
— ~
= ~
4 N
[V A
Core
\ I\ /1]
N /]
[~ -
~ |
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In particular, the boundary conditions are imposed as:

. i=1 Wi =2 Dy 0o.j=0
- i=N ;=2 Dy Oni1,j=0
8)
- Jj=1 Sij=2Djj Gio=0
- J=N Nij=2Dyj Gine1=0

Let’s consider, as an example, the case i=1. It is:
2 2
- h Dyj| (@1 - 90,) , + (01,5 - 01,-1)

2 2
+h Dy {(¢1+1/2,j - (l)i,j) h + (¢1,j+1/z - ¢1,j) HJ ©)
-h2X;31;01;+h254;=0

(=2, ., N-1)
It is noted that, after we have replaced the interface node with

¢o,; = 0 the “west” coefficient becomes 7Di,j =2 Dj;;.

The way of imposing the “really wanted’” boundary
conditions around the periphery of the reflector is specified
hereafter.

Reactor Model Description

e As seen in the previous sketch, nuclear parameters are
assigned for “core” nodes, and “reflector’ nodes

e It is also possible to redefine single node parameters, e.g. for
simulating localized absorption (control rods)

NMNR-Unit-3 — More on Discretisation Methods and Sample Applications to Eigenvalue Problems 21



The trick adopted to assign the condition of zero flux on the
outer surface of the reflector on the basis of the zero flux
assigned on the external contour of the square region
consists in assigning a very large value of the diffusion
coefficient in the “‘external region’; in fact:

o whatever the leakage current, a large diffusion
coefficient means a low neutron flux gradient

o the low neutron flux gradient, in turn, makes the flux on
the external surface of the reflector to be very close to the
one on the outer surface of the square region (assigned
to be zero)

In addition the absorption cross section in the external
region is also assigned to be large

This numerical trick allows:

o simplifying the input deck and the solution algorithm,
operating on a simple square domain

o maintain the diagonal dominance of the system matrix
(the absorption cross section is large)

On the other hand, the disadvantage of this technique is to
calculate ‘‘useless nodes’, in which the neutron flux is
anyway zero:

an optimized program should not work in this way

Adopted linear system solution methods:

1. Jacobi
®i.j ¢§1;1+1) = mlJ ¢(m) + &y ; ¢(m) + i ¢(m) + O ¢(m)

i.j-1 i.j+1
+h2S;; (10)
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2. Gauss-Seidel
1) _
O ¢§3n+ ) =

Wi ¢§f'1131) + 615 0+ S;5 0™ + O 4 ¢ij1 +h2 S ;

i+1.j ij-1

3. SOR
(m+1) _ (m+1) _ 4(m) (m)
q)i.j =0 ((l)i.j ¢i.j st + ¢i.j
4. LOR

0. . fm+1) .. pm+l) | & am+l) _
Wi ¢i-1.j + 04 ¢i.j &ij ¢i+1.j

+ 0 8ij 0D + O o™ + b2 S

Lj+

+(1- ) E Wi ¢fnl‘)J + 0 ¢§31) - &ij 9™ J

i+1.j

« QOuter Iterations

The power method is used. We put:
M = diag (VXyp);
= i

and then
1 1
A= Moo=y, vy
obtaining
Ko=ko
where
-1 M

I
I
1>
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The iterative process has the ‘“‘theoretical” form:

1 1 (n)
¢(n+ ) _ k(n)I=((Pn (18)

and it is

N
Z‘I’gn+1)
i

kD) = ) = (19)
()
Z\I’i
i=1

Actually, the solution procedure is the following:

. diffusion equations are solved with the chosen iterative
scheme starting with a guessed source

. making use of the new fluxes the source is updated
« the value of k is therefore updated

. iterations are performed until convergence
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FORTRAN Programme

Programma TPRS

c
c

c

c Teaching Purpose Reactor Simulation
c

c W. Ambrosini, Ottobre 1997

c

program core
implicit double precision (a-h,o0-z)
character*80 riga

parameter (m = 101)

common /generl/ h,aleng,rcore,rrefl, omega,n,method, istvid
common /nuclea/ diff (m,m),sigma(m,m),anisif (m, m),source (m,m)
common /flux/ phi(0:m,0:m),oldphi(0:m,0:m),akeff

common /winds/ ce(m,m),cw(m,m),cn(m,m),cs (m,m),co(m,m)
dimension oldsou(m,m),class (m,m)

open (unit=5,file='core.dat")
open (unit=6,file='core.out')
open (unit=7,file='core.pla')
open (unit=8,file='core.txt"')

Q

lettura dei dati generali

Q

read(5,100) riga
read (5, *) aleng,rcore,rrefl,n,method, omega

primo processamento per ottenere costanti di interesse
(first pre-processing for preparing relevant constants)

Qa0

h = aleng / dfloat (n)
halfal = 0.5d00 * aleng
halfh = 0.5d00 * h

pi = 4.d4d00 * datan (1.d00)

lettura delle costanti nucleari del nocciolo
(reading the nuclear constants of the reactor core)

Q0 Qa0

read(5,100) riga
read (5, *) dcore,sigcor,anisic

lettura delle costanti nucleari del riflettore
(option for printing on the video)

Q Qa0

read(5,100)
read (5, *) drefl,sigref

opzione di stampa a video
(option for printing on the video)

Q Qa0

write(*,*) ' Video printing ? (l=yes; 0O=no) '
read(*,*) istvid

assegnazione delle costanti nucleari nei nodi
(assigning nuclear constants in the nodes)

Q Qa0

sumsou = 0.d00

do 10 1 = 1,n

xi = h * dfloat (i) - halfh
deltxi = xi - halfal
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Q Q

Q

Q0QQQ

Qa0

do 10 j = 1,n

V3

= h * dfloat(j) - halfh

deltyj = yj - halfal

radius = dsqgrt ( deltxi * deltxi + deltyj * deltyj )

nodi del nocciolo
(core nodes)

if (radius.le.rcore) then

diff(i,J) = dcore
sigma (i, j) = sigcor
anisif (i, j) = anisic
ratr = radius / rcore

soucor = 1.84d13

source (i, j) = soucor * dcos ( 0.5d00 * pi * ratr )
sumsou = sumsou + source (i, j)

oldsou(i, j) = source(i, j)

class (i, j) = 2.d00

nodi del riflettore
(reflector nodes)

elseif (radius.le.rrefl) then

diff(i,J) = drefl
sigma (i, j) = sigref
source (i, j) = 0.d00
class (i, j) = 1.d00

nodi esterni
(external nodes)

else

diff(i,j) = 1.d05
sigma (i, j) = 1.d05
source (i, j) = 0.d00
class(i,j) = 0.d00
endif

10 continue

assegnazione delle costanti in nodi particolari (npart > 0)
(assigning constants in particular nodes (if npart > 0)

20

read(5,100) riga
read (5, *) npart

if (npart.gt.0) then

read(5,100) riga

do 20 ipart = 1,npart

read (5, *) ip, jp,diff (ip, jp),sigma (ip, jp),anisif (ip, jp)
xip = h * dfloat(ip) - halfh

yvijp = h * dfloat(jp) - halfh
class (ip, jp) = 3.d00
continue

endif

costruzione dei coefficienti dell'equazione della diffusione
(the coefficients of the diffusion equation are set up)

do 30 1 = 1,n

do 30 j = 1,n
if(i.eq.l) then
cw(i,j) = 2.d400 * diff (i, J)
else

cw(i,j) = 2.400 * diff(i,3) * diff(i-1,7)
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/ ( diff (i, ) + diff(i-1,75) )

endif
c
if(i.eg.n) then
ce(i,j) = 2.d400 * diff (i, J)
else
ce(i,j) = 2.d00 * diff(i,j) * diff(i+1,73)
/ ( diff (i, ) + diff(i+l1,3) )
endif
c
if(j.eq.l) then
cs(i,j) = 2.d400 * diff (i, J)
else
cs(i,j) = 2.d400 * diff(i,j) * diff(i,j-1)
/ ( diff(i,j) + diff(i,j-1) )
endif
c
if(j.eqg.n) then
cn(i,j) = 2.d4d00 * diff (i, 3)
else
cn(i,j) = 2.d400 * diff(i,j) * diff(i,j+1)
@ / ( diff(i,j) + diff(i,j+1) )
endif
c
co(i,j) = ce(i,3j) + cw(i,Jj) + cn(i,J) + cs(i,J)
E + h * h * sigma (i, j)
c
30 continue
c
c iterazioni esterne
c (external iterations)
c
call gettim(ihr, imin, isec, icent)
time0 = 3600.d00 * ihr + 60.d00 * imin + isec + 0.01d00 * icent
c
akeff = 1.d00
do 50 itext = 1,100000
c
c soluzione del sistema con il metodo prescelto
c (algebraic system solution with the selected method)
c
if (method.eqg.1l) call jacobi (iter,rspect,itext)
if (method.eqg.2) call gseid (iter, itext)
if (method.eq.3) call sor (iter,itext)
if (method.eqg.4) call lor (iter,itext)
c
oldak = akeff
oldsum = sumsou
c
sumsou = 0.d00
do 40 1 = 1,n
do 40 j = 1,n
source (i, j) = anisif (i, j) * phi(i,J)
sumsou = sumsou + source (i, j)
40 continue
c
akeff = oldak * sumsou / oldsum
c
if(istvid.eq.1l) then
write(*,120) itext,akeff
endif
write(6,120) itext,akeff
c
if (dabs (akeff-oldak).1lt.1.d-7) goto 55
50 continue
c

NMNR-Unit-3 — More on Discretisation Methods and Sample Applications to Eigenvalue Problems

27



55 continue

call gettim(ihr, imin,isec, icent)
timel = 3600.d00 * ihr + 60.d00 * imin + isec + 0.01d00 * icent
tcpu = timel - timeO

if (method.eqg.1l) then
omeopt = 2.d00 / ( 1.d00 + dsgrt ( 1.d00 - rspect * rspect ) )
if(istvid.eq.1l) then
write(*,130) rspect
write(*,135) omeopt
endif
write(6,130) rspect
write(6,135) omeopt
endif

c scrittura dei valori del flusso

area = 0.d00

totpow 0.d00

powmax = 0.d00

phimed = 0.d00

sumasf 0.d00

do 60 1 = 1,n

xi = h * dfloat(i) - halfh
do 60 j = 1,n

yj = h * dfloat(j) - halfh

sumasf = sumasf + anisif (i, j)

phiasf = phi(i,j) * anisif (i, j)

pow = phiasf / ( 2.5d00 * 3.1el0 )

phimed = phimed + phiasf

totpow = totpow + pow * h * h * 365.76d00
if (powmax.lt.pow) powmax = pPoOw

write(7,160) xi,yj,class (i, j)
60 write(8,110) xi,yj,phi(i, J)
phimed = phimed / sumasf
powavg totpow / ( pi * rcore * rcore * 365.76d00 )
fattpc = powmax / powavg
react = ( akeff - 1.d00 ) / akeff

if(istvid.eq.l) then
write(*,170) react
write(*,180) totpow
write(*,190) phimed
write(*,140) fattpc
write(*,150) tcpu
endif

write (6,121
write (6,170
write (6,180
write (6,190
write (6,140
write (6,150

) itext, akeff
) react
) totpow
) phimed
) fattpc
) tcpu
stop
100 format (a80)
110 format (3(1x,el4.7))

120 format (/,1x,' External Iteration n. ',15,' Keff = ',£f12.9)

121 format (/,1x,' External Iteration number = ',1i5,' Keff = ',£f12.9)
130 format (/,1x,' Jacobi matrix spectral radius = ',f12.9)

135 format (1x,' Optimal Overrelaxation Parameter = ',£12.9)
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140 format (1x,' Radial Peaking Factor = ',£12.9)

150 format (/,1x,' Processing time = ',£f7.2,' s ')
160 format (3(1lx,eld.7))
170 format (/,1x,' Reactivity = ',£12.9)
180 format (1x,' Total Thermal Power = ',1lpeld.7,' W ")
190 format (1x,' Average Flux = ',1lpeld4.7,' n/(cm2.s)")
end
O
c
c Soluzione delle Equazioni della Diffusione con Jacobi
c (Solving the diffusion equations with the Jacobi method)
c
O
subroutine jacobi (iter,rspect,itext)
implicit double precision (a-h,o0-z)
c
parameter (m = 101)
common /generl/ h,aleng,rcore,rrefl,omega,n,method, istvid
common /nuclea/ diff (m,m),sigma(m,m),anisif (m, m),source (m,m)
common /flux/ phi(0:m,0:m),oldphi(0:m,0:m),akeff
common /winds/ ce(m,m),cw(m,m),cn(m,m),cs(m,m), co(m,m)
c
c assegnazione dell'approssimazione iniziale
c (the initial approximation is assigned)
c
npl = n + 1
h2 = h * h
do 10 i = 0,npl
do 10 j = 0,npl
c
if(itext.eqg.l) then
if( (i.eq.0).or.(j.eq.0).or.(i.eq.npl).or.(j.eqg.npl) ) then
phi(i,j) = 0.d00
oldphi(i, j) = 0.d00
else
phi(i,j) = h2 * source(i,j) / co(i,j) / akeff
endif
else
endif
c
10 continue
c
oldel2 = 1.d00
do 30 iter = 1,10000000
c
ratmax = 0.d00
del2su = 0.d00
c
do 20 j = 1,n
do 20 1 = 1,n
tm = ce(i,j) * oldphi(i+l,3j) + cn(i,j) * oldphi(i,j+1)
@ + cw(i,j) * oldphi(i-1,3) + cs(i,j) * oldphi(i,j-1)
c
phi(i,j) = ( tm + h2 * source(i,j) / akeff ) / co(i, )
c
delphi = phi(i,j) - oldphi(i, 3j)
del2su = del2su + delphi * delphi
c ratio = dabs (delphi) / ( phi(i,j) + 1.d-10 )
ratio = dabs (delphi)
if(ratio.gt.ratmax) ratmax = ratio
c
20 continue
c

do 25 1 = 1,n
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do 25 j =1,n
oldphi (i, j) =
25 continue

phi (i, 3)

c
rspect = dsqrt ( del2su / oldel2 )
oldel2 = del2su
c
if((ratmax.lt.1.d00).and. (iter.ne.1l)) goto 35
c
if(istvid.eqg.l) write(*,101) iter,ratmax
write(6,101) iter,ratmax
30 continue
write(6,100)
c

35 return
100 format (/,1x,'<<<<< Warning: Convergence Problems >>>>>"')
101 format (' Jacobi Internal Iteration n. ',i6,
E ' Max. Error = ',eld.7)
end

Q

Soluzione delle Equazioni della Diffusione con Gauss-Seidel
(Solving the diffusion equations with the Gauss-Seidel method)

Q0QQQ

Q

subroutine gseid (iter,itext)
implicit double precision (a-h,o0-z)

parameter (m = 101)

common /generl/ h,aleng,rcore,rrefl, omega,n,method, istvid
common /nuclea/ diff(m,m),sigma(m,m),anisif (m,m), source (m, m)
common /flux/ phi(0:m,0:m),oldphi(0:m,0:m),akeff

common /winds/ ce(m,m),cw(m,m),cn(m,m),cs (m,m),co(m,m)

assegnazione dell'approssimazione iniziale
(the initial approximation is assigned)

Q0QQaaQa

npl = n + 1
h2 = h * h
do 10 i = 0,npl
do 10 j = 0,npl

if(itext.eqg.l) then
if( (i.eq.0).or.(j.eq.0).or.(i.eq.npl).or.(j.eq.npl) ) then
phi(i,3j) = 0.d00
oldphi(i, j) = 0.d00
else
phi(i,j) = h2 * source(i,j) / co(i,j) / akeff
Oldphi(i,j) = phi(irj)
endif
else
oldphi (i, j) = phi(i,3J)
endif

10 continue
do 30 iter = 1,10000000

ratmax = 0.d00

do 20 7 1,n

do 20 i 1,n

tm = ce(i,j) * phi(i+l,3j) + cn(i,j) * phi(i,j+1)
tmpl = cw(ilj) * phi(i_llj) + cs(ilj) * phi(ilj_l)

c
phi(i,j) = ( tm + tmpl + h2 * source(i,j) / akeff ) / co(i,])
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delphi = phi(i,j) - oldphi(i, j)
c ratio = dabs (delphi) / ( phi(i,j) + 1.d-10 )
ratio = dabs (delphi)
if (ratio.gt.ratmax) ratmax = ratio
c
oldphi (i, j) = phi(i,J)
c
20 continue
c
if((ratmax.lt.1.d00).and. (iter.ne.1l)) goto 35
c
if(istvid.eqg.l) write(*,101) iter,ratmax
write(6,101) iter,ratmax
30 continue
write(6,100)
c

35 return
100 format (/,1x,'<<<<< Warning: Convergence Problems >>>>>")
101 format (' GS Internal Iteration n. ',1i6,
B ' Max. Error = ',el4.7)
end
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Soluzione delle Equazioni della Diffusione con SOR
(Solving the diffusion equations with the SOR method)

Q00
Q00

Q
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subroutine sor (iter,itext)
implicit double precision (a-h,o0-z)

parameter (m = 101)

common /generl/ h,aleng,rcore,rrefl, omega,n,method, istvid
common /nuclea/ diff (m,m),sigma(m,m),anisif (m,m),source (m,m)
common /flux/ phi(0:m,0:m),oldphi(0:m,0:m),akeff

common /winds/ ce(m,m),cw(m,m),cn(m,m),cs(m,m), co(m,m)

assegnazione dell'approssimazione iniziale
(the initial approximation is assigned)

Qa0

npl = n + 1
h2 = h * h
do 10 i = 0,npl
do 10 j = 0,npl

if(itext.eqg.l) then
if( (i.eq.0).or.(j.eq.0).or.(i.eq.npl).or.(j.eqg.npl) ) then
phi(i,3j) = 0.d00
oldphi(i, j) = 0.d00
else
phi(i,j) = h2 * source(i,j) / co(i,j) / akeff
Oldphi(i,j) = phi(irj)
endif
else
oldphi (i, j) = phi(i,3J)
endif

10 continue
do 30 iter = 1,10000000

ratmax = 0.d00

do 20 j = 1,n
do 20 1 1,n
tm = ce(i,j) * phi(i+l,3j) + cn(i,j) * phi(i, j+1)
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tmpl = cw(i,j) * phi(i-1,3) + cs(i,Jj) * phi(i,j-1)

c
phi(i,j) = ( tm + tmpl + h2 * source(i,j) / akeff ) / co(i,])
c
c sovrarilassamento
c (overrelaxation)
c
phi(i,j) = ( phi(i,j) - oldphi(i,j) ) * omega + oldphi(i, j)
c
delphi = phi(i,j) - oldphi(i, 3j)
c ratio = dabs (delphi) / ( phi(i,j) + 1.d-10 )
ratio = dabs (delphi)
if(ratio.gt.ratmax) ratmax = ratio
c
OIdphi(irj) = phi(ilj)
c
20 continue
c
if((ratmax.lt.1.d00).and. (iter.ne.1l)) goto 35
c
if(istvid.eqg.l) write(*,101) iter,ratmax
write(6,101) iter,ratmax
30 continue
write(6,100)
c

35 return
100 format (/,1x, '<<<<< Warning: Convergence Problems >>>>>"')
101 format (' SOR Internal Iteration n. ',1i6,
E ' Max. Error = ',eld.7)
end

Q

Soluzione delle Equazioni della Diffusione con LOR
(Solving the diffusion equations with the LOR method)

Q0 Qa0

Q

subroutine lor (iter, itext)
implicit double precision (a-h,o0-z)

parameter (m = 101)

common /generl/ h,aleng,rcore,rrefl, omega,n,method, istvid
common /nuclea/ diff(m,m),sigma(m,m),anisif (m,m), source (m, m)
common /flux/ phi(0:m,0:m),oldphi(0:m,0:m),akeff

common /winds/ ce(m,m),cw(m,m),cn(m,m),cs (m,m),co(m,m)

Q

dimension a(m),b(m),c(m),d(m),v(m),alef (m),bet (m)

assegnazione dell'approssimazione iniziale
(the initial approximation is assigned)

Q0QaQaQa

npl = n + 1
h2 = h * h
do 10 i = 0,npl
do 10 j = 0,npl

if(itext.eq.l) then
if( (i.eq.0).or.(j.eq.0).or.(i.eq.npl).or.(j.eq.npl) ) then
phi(i, j) = 0.400
oldphi (i, j) = 0.d00
else
phi(i, j) = h2 * source(i,]j) / col(i,]j) / akeff
oldphi (i,3j) = phi(i,J)
endif

else

Oldphi(i,j) = phi(irj)

endif
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10 continue

c
do 40 iter = 1,10000000
c
ratmax = 0.d00
c
c ciclo sull'indice che definisce le linee orizzontali
c (loop on the index defining the horizontal lines)
c
do 30 j = 1,n
c
c assegnazione dei coefficienti della matrice tridiagonale di linea
c (assigning the coefficients of the tridiagonal matrix for the line)
c
do 20 1 = 1,n
a(i) = - cw(i, Jj)
b(i) = co(i, J)
c(i) = - ce(i,]J)
d(i) = omega * ( h2 * source(i,]j) / akeff
& + cs(i,j) * phi(i,j-1) + cn(i,j) * phi(i,j+1) )
Yy + (1.d00 - omega) * ( - cw(i,j) * phi(i-1,7)
& + CO(i,j) * phl(llj) - Ce(ilj) * phl(l+llj) )
20 continue
c
c soluzione del sistema tridiagonale
c (solution of the tri-diagonal system)
c
call tdma (a,b,c,d,v,alef,bet,n,m)
c
c assegnazione dei valori del flusso sulla linea j = costante
c e valutazione dell'errore massimo
c (assigning the values of the fluxes on the line at j = constant
c and maximum error evaluation)
c
do 25 i =1,n
oldphi (i, j) = phi(i,]J)
phi(i,J) = v(i)
c
delphi = phi(i, j) - oldphi (i, J)
c ratio = dabs (delphi) / ( phi(i,j) + 1.d-10 )
ratio = dabs (delphi)
if(ratio.gt.ratmax) ratmax = ratio
25 continue
c
30 continue
c
if((ratmax.lt.1.d00).and. (iter.ne.1l)) goto 45
c
if(istvid.eqg.l) write(*,101) iter,ratmax
write(6,101) iter,ratmax
40 continue
write(6,100)
c

45 return
100 format (/,1x,'<<<<< Warning: Convergence Problems >>>>>")
101 format (' LOR Internal Iteration n. ',bio6,
B ' Max. Error = ',el4.7)
end
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20

oluzione di Sistemi Tridiagonali con 1'Algoritmo di Thomas
Solution of systems with Tridiagonal matrix
by the Thomas algorithm)

Qa0 aaan

subroutine tdma (a,b,c,d,v,alef,bet,n, 1ld)
implicit double precision (a-h,o0-z)
dimension a(ld),b(ld),c(1d),d(1d),v(1ld),alef (1d),bet (1d)
ub=1.d00/b (1)

alef (1)=c(1l)*ub

bet (1)=d (1) *ub

do 10 i=2,n

1=i-1

gz=b(i)-a(i)*alef (1)

uqgz=1.d00/qgz

alef (i)=c (i) *uqgz

bet (i)=(d(i)-a(i)*bet (1)) *uqz

nml=n-1

v (n)=bet (n)

do 20 i=1,nml

ii=n-1i

1=ii+1

v(ii)=bet (ii)-alef (ii)*v (1)

return

end

Proposed activity: read the programme trying to understand its working
principles. A minimum knowledge of programming structures is needed.

1.
2.

Consider the way in which nuclear constants are assigned

Consider the way in which ‘“east”, ‘“west”, “north” and ‘“south”
coefficients are assigned considering the boundary conditions

Identify the loop for ‘“‘outer iterations” and the computation of K.y with
the “generational formulation”

Identify the loop for ““inner iterations”

Consider the “slight” difference in programming Jacobi and Gauss-Seidel
methods

Consider the difference between Gauss-Seidel and SOR

Consider the structure of programming LLOR by lines and understand
what possible changes should be made for programing the same scheme
by columns (THIS WILL CLARIFY SOME OF THE DOUBTS RAISED
DURING LECTURES)
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APPLICATION EXAMPLES

1. Bare Cylindrical Reactor (file: nudo.dat)
Reference data
Square domain with a side of 300 cm
Square cells with a side of 10 cm
Core radius = 125 cm

Analytical solution:

2.4048
o The neutron flux distribution is: ¢(r) = ¢g J 0[_ R r}

The radial peaking factor is:

0
F, = Omax _ r ¢ =~ 2.316...
¢med
do 2.4048 r
n R2 Jo R 2t r dr
0
2.4048) 2
where B2 = [%J

o Assuming:
Y, =0.08 cm-1 vie=0.0807 cm-1 D=0.4 cm
it is expected

VZg

Kerr =5, ) g2 ~ 1006887

Input deck:

aleng roore rrefl n method omnega
300. 125. 125. 30 1 1.
docore =igocor ani=ic

0.4 0.08 0.0807
drefl =igref

0.3 0.o10
npart

1]
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Run this case by the following procedure:

o copy by a text editor the content of ‘“nudo.dat” into the
file ““core.dat” and save

o click on Critical-32.exe or Critical-64.exe for 32 bit or
64 bit processors)

o select “1” on the screen if you want displaying the
iterations

o open the *“core.out” file by a text editor and look at the
results; for this case you have a long file whose last part
is:

[ TextPad - [CAWAZ\Universita\Didattica [E=red
File Modiica Cerca Visualizza Strumenti Macro Configura Finestra 7 =
o0& §ERB = 20 @V HE FTCH| . "2

Jacobi Tnternal Tteration n T Wax T 4970344E+04 =
Jacobi Internal Iteration n. 10 Hax. 0.7975000E+03 B
Jacobi Internal Itsration n 1 Mam Error = 0 1280312E+03
Jacobi Internal Iteration n 12 Max Error = 0 2053125E+02
Jacobi Internal Iteration n. 13 Maz. Error - 0 3312500E+01

External Iteration n. 334 Keff = 1.006835900

Jacobi Internal Iteration n 1 Max. Error = 0 1134611E+11
Jacobi Internal Iteration n 2 Max = 0. 1816368E+10
Jacobi Internal Iteration n. 3 Hax. = 0.2908500E+09
Jacobi Internal Iteration n 4 Max = 0. 4658512E+08
Jacobi Internal Iteration n. 5 Max. = 0.7463502E+07
Jacobi Internal Iteration n 6 Max. Erro: 0.1196079E+07
Jacobi Internal Iteration n 7 Max 0.1917356E+06

Jacobi Internal Iteration n. g Max. 0.3074506E+0%

Jacobi Internal Iteration n 9 Max. Erro: 0.4931562E+04
Jacobi Internal Iteration n. 10 Hax. 0,.7912500E+02
Jacobi Internal Tteration n 11 Max = 0.1270312E+03
Jacobi Internal Iteration n 12 Max = 0.2037500E+02
Jacobi Internal Iteration n. 13 Hax. = D0.3281250E+01

External Iteration n. 335 Keff = 1.006836000

Jacobi Internal Tteration n 1 Max.  Error = 0 1125813E+11
Jacobi Internal Iteration n 2 Max = 0. 1802266E+10
Jacobi Internal Iteration n. 3 Hax. = D0.2885893E+09
Jacobi Internal Iteration n 4 Max = 0. 4622264E+08
Jacobi Internal Iteration n. 5 Max. = 0.7405372E+07
Jacobi Internal Tteration n b Max Erro 0 1186755E+07
Jacobi Internal Iteration n 7 Max 0.1902396E+06

Jacobi Internal Iteration n. g Max. 0.3050500E+0%

Jacobi Internal Iteration n 9 Max. Erro: 0. 4893031E+04
Jacobi Internal Iteration n. 10 Max. 0.785093BE+02
Jacobi Internal Tteration n 11 Max = 0. 1260000E+03
Jacobi Internal Iteration n 12 Max = 0.2021875E+02
Jacobi Internal Iteration n. 13 Hax. = D0.3281250E+01

External Iteration n. 336 Keff = 1.006836099

Jacobi matriz spectral radius = 0.162037868
Optimal Overrelamation Parameter = 1 006651682
External Iteration number = 336 Keff = 1.006836099

Reactivity = (0.006789684
Total Thermal Power - 1.98G4153E+09 W
iverage Flum = 1.0770552E+14 n-(cn2 =)
Radial Pesking Factor = 2.336601094

Processing time =  3.01 s

L«
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It can be noted that:

o the Keff is close to the analytical prediction for a ‘“cylindircal
reactor” (ask yourself if the present one is really cylindrical...)

o the radial peaking factor is also close to the theoretical prediction
o the spectral radius of the Jacobi iteration matrix is quite low

o the thermal power was assigned arbitrarily: never mind...
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o on your PC you will certainly find different computing times
(maybe different from time to time...)

o you can see how many ‘“‘outer iterations” are needed for this case
without proper acceleration

o open the MATLAB file “critical.m” and run it to visualize the
core description and the flux distribution (click on the first figure
to see the second one)

Reactor Composition

o run now with different values of “method” (2 to 4) for GS, SOR,
LOR you will find not so much difference in the number of inner
iterations because in this case the spectral radius of the Jacobi
matrix is already low; potspone judgement on this feature...

2. Cylindrical reactor with reflector (file: reflect.dat)

aleng roore rrefl n method omega,
300, 125. 150. 30 1 1.0
docore sigcor anisic

0.4 0.08 0.os07?
drefl zigref

0.3 n.01o0
npart

Reactor Composition
EALAAALALALALALALALAL

AT
_ / m'?g”’ﬂh“ { -
) ;/Il 0’0‘0‘0‘“ \§§

g
0o
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NB: There is a bug in the Matlab file that I was not able to identify. It is cutting one
line and one column in the visualization (see above). Sorry ! Whoever solves it will
have 0.1/30 more on the final vote of his examinations ;-) .

Repeat the same analyses with the reflector case (again, copy the
content of the input file into the core.dat file); you will find:

¢ a greater value of the Keff: why?
¢ a slightly different nrutron flux distribution (not so much);
¢ an increased number of inner iterations:

e e.g., with Jacobi you will find the following:

B TexPod - [CWAR v i e cacore R . - e

File Modificc Cerca Visuglizza Strumenti Macre Configure  Finestra ? =)=

IEEEIEEECIEEET e

2T @Y HERTEB e K

Jacobi Internal Iteration n. 18 Max. Error = 0. 3849331E+03 =
Jacobi Internal Iteration n 19 Max. Error = 0 1734102E+03 ‘
Jacobi Internal Iteration n. 20 Max. Error = 0.7670703E+02
Jacobi Internal Tteration n 21 Max. Error = 0 3445776E+02
Jacobi Internal Iteration n 22 Max. Error = 0 1524634E+02
Jacobi Internal Iteration n. 23 Max. Error = 0. 6831543E+01
Jacobi Internal Iteration n 24 Max. Error = 0 3023926E+01
Jacobi Internal Iteration n. 25 Max. Error = 0.1352295E+01

e
=
3
=
a

f 1.00712409
Hax. Error
Max. Error
Max. Error

External Iteration n =
1
2
3
4 Max.  Error
5
13
7
g

Jacobi Internal Iteration
Jacobi Internal Iteration
Jacobi Internal Iteration
Jacobi Internal Iteratiom
Jacobi Internal Iteration
Jacobi Internal Iteration
Jacobi Internal Iteration
Jacobi Internal Iteration
Jacobi Internal Iteratiom
Jacobi Internal Iteration
Jacobi Internal Iteration
Jacobi Internal Iteration
Jacobi Internal Iteration
Jacobi Internal Iteratiom
Jacobi Internal Iteration
Jacobi Internal Iteration
Jacobi Internal Iteration
Jacobi Internal Iteration
Jacobi Internal Iteration
Jacobi Internal Iteration
Jacobi Internal Iteration
Jacobi Internal Iteration
Jacobi Internal Iteration
Jacobi Internal Iteration
Jacobi Internal Iteration

9799531E+10
158E506E+10
2567884E+09
£294B5BE4+08
2395182E+08
9104388E+07
4215003E+07
1506691E+07
7382RAFELDG
2662377E+06
1287122E+06
4728368E+05
2237175E+0%
9523R41E4+04
4316646E+04
1910632E+04
8633486E+03
3819016E+03
1720425E+03
7610156E+02
3418604E+02
1512573E+02
6777344E+01
3000244E+01
1341309E+01

Max. Error
Hax. Error
Max. Error
Max. Error
9 Max. Error
10 Max. Error
11 Hax. Error
12 Max. Error
Max. Error
14 Max. Error
15 Max. Error
16 Hax. Error
17 Mamx. Error
18 Max. Error
19 Max. Error
20 Max. Error
21 Max. Error
22 Mam. Error
23 Max. Error
24 Max. Error
25 Max. Error

AR

HEEEEEEEEESEEEESEESEEEEEY
-
&
Ccoccoocoococooocoooooooooooo

External Iteration n 288 Keff = 1.007123993

Jacobi matriz spectral radius = 0.441352149
Optimal Overrelamation Paramster = 1 054110671

External Iteration number = 288 Keff = 1 007123993
Reactivity = (0.007073601

Total Thermal Power = 1.9859830E+09 ¥

iverage Flux - 1.0773632E+14 ns(cm2.s)

Radial Peaking Factor = 2.074418384

Processing time = 3.7% =

b
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Selecting the GS method it is found:
BT e - comaieto G e

File Modificc Cerca Visuglizza Strumenti Macre Configure  Finestra ? =)=

|lozu garE w82 (=220 (@Y 4R B 0w R

GS Internal ILteration n. 15 Max. Error = 0.1139081E+02 =
G5 Internal Iteration n 16 Max. Error = 0 2828461E+01 ‘
External Iteration n 286 Keff = 1. 007124192

G5 Internal Iteration n 1 Max Error = 0 1075167E+11
GS Internal ILteration n. 2 Max. Error = 0.9719195E+03
G5 Internal Iteration n 3 Max. Error = 0. 1319742E+09
GS Internal Lteration n. 4 Max. Error = 0.3865041E+08
G5 Internal Iteration n 5 Max Error = 0. 1204603E+08
G5 Internal Iteration n 6 Max Error = 0. 2883436E+07
GS Internal Lteration n. 7 Max. Error = 0.6178800E+06
G5 Internal Iteration n & Max. Error = 0 1507029E+06
GS Internal Lteration n. 9 Max. Error = 0.4001303E+05
G5 Internal Iteration n 10 Max. Error = 0. 1063700E+05
G5 Internal Iteration n 11 Max. Error = 0 2794934E+04
GS Internal Lteration n. 12 Max. Error = 0.7218618E+03
G5 Internal Iteration n 13 Max. Error = 0 1817609E+03
GS Internal Lteration n. 14 Max. Error = 0.4540347E+02
G5 Internal Iteration n 15 Max Error = 0. 1128852E+02
G5 Internal Iteration n 16 Max. Error = 0 2805206E+01
Exzternal Iteration n 287 Keff = 1.007124092

GS Internal Lteration n. 1 Max. Error = 0.1068788E+11
GS Internal ILteration n. 2 Max. Error = 0. 9661371E+03
G5 Internal Iteration n 3 Max. Error = 0. 1308010E+09
GS Internal Lteration n. 4 Max = 0.3830888E+08
G5 Internal Iteration n & Max = 0. 1193956E+08
GS Internal Lteration n. & Max = 0.285B107E+07
GS Internal ILteration n. 7 Max 0.6124523E+06
G5 Internal Iteration n 8 Max 0.1495429E+06

GS Internal Lteration n. 9 Max 0.3370141E+05

G5 Internal Iteration n 10 Max. Erro: 0. 1061335E+05
GS Internal Lteration n. 11 Max 0.2773218E+04
GS Internal ILteration n. 12 Max = D0.7161978E+03
G5 Internal Iteration n 13 Max = 0.1803210E+03
GS Internal Lteration n. 14 Max = 0.4504007E+02
G5 Internal Iteration n 15 Max = 0.1120715E+02
G5 Internal Iteration n 16 Max = 0. 2782288E+01
Ezternal Iteration n 288 Keff = 1.007123993

External Iteration number = 288 Keff = 1007123933

Reactivity = (0.007073601
Total Thermal Power = 1.9859830E+09 ¥
iverage Flux - 1.0773632E+14 ns(cm2.s)
Radial Peaking Factor = 2.074418384

Processing time = 3.37 = @

IK ;

5613 61 Lettura Ssc_Blocco | Sinc Reg Maius

i.e. the same Keff, but with a lower number of inner iterations: not
halved as asymptotically expected... why? try answering...

Obviously it is because now the spectral radius of the Jacobi matrix
has increased (look in the output of the Jacobi case) because of less
average absorption; shifting to GS is now more effective. Try now
with SOR and the suggested optimal ® parameter.

Further suggested activity: Play with the radius of the core restricting
it very much (small fissile region) in order to see increasing the
spectral radius of the Jacobi matrix. Use now the different numerical
schemes to see the difference: Jacobi vs. GS vs. SOR vs. LOR.

3. Cylindrical reactor with reflector and four control rods
+ at the vertices of a square (file: 4rodssqu.dat)
+ at the reactor core centre (file: 4rodsmid.dat)
+ placed laterally (file: 4rodslat.dat)
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Reactor Composition
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Compare the different configurations of the control rods an

draw conclusions about their worth.
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e Play with the different numerical solution schemes and
draw conclusions

4. Cylindrical reactor with reflector and many control rods

(file: manyrods.dat)

Reactor Composition

SE=

|

SHaEE=E
L-_i_.d

50 100 150 200 250

|

‘
I
i

u:

e Play with the different numerical solution schemes and
draw conclusions

Finally, discuss with your teacher the limited realism
obtained by the use of a single energy group equations
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FURTHER PROPOSED ACTIVITIES

1. Study the effect of a single control rod placed in different
locations in the reactor

Hint:

make plots of Ap as a function of the local squared neutron
flux

2. Study the best positioning of four control rods for getting
the minimum K

3. Optimise the positioning of the control rod pattern starting
with the file manyrods.dat
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