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Abstract
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position principle - is described in some detail
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1. INTRODUCTION

The AFG-MONSU program complex is designed to calculate the flux
in cylindrical fuel pin cells into which axial heterogeneities
are introduced. The heterogeneity consists in changing the com-
position of a central cylindrical region in axial intervals re-
peated regularly along the axis.

The purpose of this procedure is to calculate the effect of
introducing a reqular array of poisoned fuel pellets separated
by normal fuel pellets.

The solution is obtained by application of a superposition
principle proposed by B. Fredin (1) which transfers the problem
into one excellently suited for Monte Carlo calculation.

2. THE SUPERPOSITION PRINCIPLE

2.1. The general principle

The principle can be formulated on a gquite general form.

Suppose a stationary solution to the neutron transport equa-
tion exists in an arbitrary material configuration subject to a
suitable boundary condition.

A certain material composition, A, exists in subvolume V in-
side surface S. The flux, as a function of position vector r and
‘direction § in all space , is called OA. Now the material compo-
sition inside S is changed to another composition, B, for which
a stable solution OB exists in all space .

Then if A and B do not imply any sources inside V the solu-
tion OB may be expressed as

l. Forr €V

B
$ = OB(Q') (2.1.1)

where $5 1s the solution in all space with material configura-
tion P inside V derived from a surface source on §

o = oM, 2 men) res (2.1.2)



n is the vector normal to S and directed into V. All other
sources are ignored in the calculation of 0'(Q‘).

2. Forr § Vv
L. 0pla,) + o (2.1.3)

A formal proof, which has been worked out by G.K. Kristiansen,
is given in Appendix I.

2.2. The practical gmncauon

In the practical application the ordinary flux solution in the
cylindrical symmetric fuel pin cell is first obtained by inte-
gral transport theory. FProm the solution the angular flux on the
surface of the poisoned pellets as expressed by the first six
components of its spherical harmonic expansion is derived by in-
tegration from the centre of the cell. This part of the calcula-
tion is performed by the program AFG (Angular Flux Generator).
The flux found by APG is the multigroup solution of the pin cell
eigenvalue problem.

The angular components are used as weights for starters, Q.,
on the surface of the poison pellets in the subsequent Monte
Carlo calculation of .B (Q.), which is performed by the program
MONSU (Monte Carlo Superposition). The multigroup Monte Carlo
treatment takes place only in the thermal groups. This means that
no sources appear inside the poison volume V except slowing down
from epithermal, which may be neglected. The slowing down sources
in the moderator appears only indirectly through the thermal flux
solution o* trom APG, This implies the following assumptions.

1) No slowing down source in the fuel-(poison-)region, 2) The
distribution of thermal slowing down sources in the moderator
is not influenced by the change in the fission distribution
caused by the introduction of the poison. 3) No absorption by
the poison in the non-thermal groups.

When 0 (Q ) has been calculated the flux in the poisoned
cell 0 is calculated through (2.1.1) and (2.1.3), The eigen-
value k‘eff in the AFPG solution is found as the rltio between the
total number of fissions and absorptions. When P has been found,
new values of absorption and fission in the thermal groups can
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be determined, by which the change in k.“ under assumptions 1,
2 and ) can be estimated.

3. THE AFG PROGRAM
3.1. General formulation

The program solves the neutron transport problem in cylinder
geometry by use of integral transport theory applying the so—-
called DIT (Discrete Integral Transport) method originally pro-
posed by Kobayashi and Nishihara (2) and further developed by
Carlvik (3).
The problem solved in each energy group can be formulated
in the following way
R
#(r) = [ 2nr* Q(r®) T(r,r') ar’ (3.1.1)
0
9(r) is the flux at radius r, Q(r’) = #(r') I  + S(r’) on the
right side is the emission density. The source term, S(r') may
have contributions from both up~ and down-scattering from other
groups as well as fission.

3.2. The black boundary condition

The calculation of the transfer kernel T(r,r') goes by way of
first considering the case where the cell boundary (r = R) is
black.
As shown in Appendix II the corresponding transfer kernel
Tb(r,r') may be written
2 Tleas*
Ty (r,r’) = 1/(47%) [ (X4l (t(py))
“Tleast

+ Ki1(t(py)))/ (SQRT(r* 2-y?) sorT(r?-y?)) &y
(3.2.1)

Kil is the first crder Bickley-Naylor function corresponding to
the general formulation



n/2
Kin(x) = [ expl-x/cosv) cos™ 1y av (3.2.2)
0
Fleast 18 the least of the two radii r and r'. 7 ) and tz(y)
are the optical distances shown in Fig. (I1.2).

The symmetric property
T, (r,x') = T (x',r) (3.2.3)

is a direct consequence of (J.Z.f): However, T, (r,r) 1is singular
and cannot be calculated by (3.2.1).

The outgoing current Is at the cell surface S can be ex-
pressed in the following way

xs = [ 2%r Q(xr) T(S,r) d4r (3.2.4)
(<]

As shown in Appendix Il referring to Fig. (IX.4) the trans-
fer function T{(S,r) may be expressed as

r
T(S,1) = 1/(47°R) [ (Ki2(1(p}))
’ -r

+ K12(1(p,))) /SorT(r2-y?) ay (3.2.5)

3.3. Discretization

As originally proposed in (2) the integrals in equations (3.1.1)
and (3.2.4) are performed by Gaussian quadrature over the sub-
intervals representing the different material regions, e.qg.,
fuel, cladding and moderator. To each Gaussian interval point,
k, corresponds a Gaussian radius, Iy, a weight, wk, including
the appropriate interval length as a factor, a point flux
% = O(rk), a point source Sk = S(rk), and a cross sec.ion Zk =
Lglry).

In this way the integral equation (3.1.1) is transformed
formally into a system of linear equations

N

o = 121 21r, W (0,L, + 8,) T(r, 1) (3.3.1)
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In the same way Is is expressed as

N
g = 1 2nx W, (¢

+s,) T(S,r,) (3.3.2)
i=1 . 1

ily

3.4. The neutron balance

Because of the singularity the term "x'Tb‘rk"k) has to be found
indirectly through the neutron balance equation, which takes the
form

R
1 =[] 2nmri(r) T (r,r') dr + 2R T(S,r’) (3.4.1)
0

The right side expresses the probability that a neutron emitted
at r' either collides in the cell or escapes.
On discrete form (3.4.1) becomes

N
1= J
i=

2 W BT (r e ) + 27R T(S,ry) (3.4.2)

1 k

from which a formal value for T(rx,rx) satisfying the neutron
balance equation can be found

Tir,r) = (1 -5 2n -
b (T r Ty ( i;k Ty W DT (rgn) - 21R T, )/ (2nr W 1)
(3.4.3)

3.5, The white boundary condition

As shown in several works(s)’(7)

the white boundary condition in most
cases are preferable when a fuel pin cell is transformed into
an equivalent cylinder cell, This implies that the current Is is
reflected back into the cell as 1if it came from an isotropic
source distributed on the surface S.

Direct derivation or reciprocity considerations lead to the
following expression for the first flight flux contribution at

radius r from this source
¢s(r) = Is T(r,S) = 87R T(S,r) Is (3.5.1)

The fraction of neutrons from this source which passes uncollided



through the cell is

R
A= (2%R IS - g 2rr Iir) Ig T(x,S) dr)/(2xR Is)
R
=1~ 4 2nr L(r) T(S,x) ar
0
=1-4 E g, LW r(s,:k) (3.5.2)

Assuming a greyness of the cell surface represented by a factor
G where 0 < G < 1, the escape current through repeated passages
and reflections generates a surface source, Qs equal to

I. G

= . . > 2 - S
Qs = Is G(l + A-G + (A-G) + .ee) m (3.5.3)

The matrix element T, = T"i"k) corresponding to the wvhite
boundary condition can now be expressed as

Ty = Ty(r,5) + T(S,x,) Igic T(ry,S) (3.5.4)

As a direct consequence of (3.2,3), (3.5.1) and (3.5.4) the
reciprocity property

Tix = ki (3.5.5)

can be derived.

3.6. Integration procedure for transfer kermels and functions

By a variable transformation x = y/r' and x = y/r, respectively,
the interval of integration in (3.2.1) and (3.2.5) is transferred
into -1 < x < 1. The same singularity 1/SQRT(1-x2) will appear

in both cases. This makes the integrals excellently suited for
Gauss-Chebyshev quadrature

1 n
| £(x)/SQRT(1-x%) dx = } n/n f(cos(m(2i-1)/(2n)) (3.6.1)
21 1=1

Since the functions f (x) are even in both cases, it is conveniert
to choose n, even, n = zm, which changes (3,6.1) into
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1 =
2 [ f(x)/SQRT(1-x%) dx = | =/m flcos(¥(21-1)/(4m)))
0 i=l
(3.6.2)

For each Gaussian radius r, as defined in (3.3) optical distances
1(z;) and 1(92) corresponding to the values Yy =, cos(x(2i-1)/(4m))
is found and the appropriate tera »/m t(co'(yi)) added to the
sum (3.6.2).

The contribution to the integrals (3.2.1) and (3.2.5) from
the 1(p,)-term may have singularities in its first de-
rivative at y-values that indicate passage from one material
composition to another along the y-axis. This will, however, not
cause great difficulties, because the 1(91)-t¢:-. which is smooth,
will dominate. Practical experience has shown that m = 10 gives
satisfactory results deviating very little from values obtained
with m = 20,

Tb(ti'rk) = Tb(rk,ri) for r, > rk and ?(s,rk) are calculated
by use of this integration procedure from (3.2.1) and (3.2.5)
k‘ is then calculated from (3.4.3) and
finally 'rk1 = Tik from (3.5.4).

The equations (3.1.1) transformed into

respectively. Tb(rk,r

= T -1 2 nooo' .
o kzl anr, W, 'rik(ok.k +5) i ' 2, (3.6.3)

is solved groupwise by the usual iterative multigroup technique.

3.7. Angular flux calculation

Owing to the cylindrical symmetry the angular flux can be pres-
ented by the following expansion

- e
Aoy 2 - m .
320, 0) eZO mZO (2-8, 1) O (r) Mo(u) cosmé (3.7.1)

where L = cos9 and Q, © and ¢ are directed as shown in Fig., (II.3).
n: is defined as follows:
n:(u) = (=1)™ SQRT((e-m) !/ (e+m) !) P:(u) (3.7.2)

where P:(u) is the associated lLegendre function.
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In AFG the first six non-zero componsnts

are used in the expansion of 0‘_

Referring to (4) the components 0‘.(r) may be related by
vay of the differential equatioa (9.57) on page 27¢. Unfortunate—-
ly, there is a sign error in this formula, which should be cor-
rected by changing the sign between first aand second term inside
all four parantheses.

In the present case, where both scattering and the derived
sources are isotropic, ve have S = I'I(Ct)s Shn = S(r)/(4r)
whereas all the remaining terms s‘ and s._ are zero. For I the
transport cross section has to be taken.

The following relation between the components (3.2.3) are
obtained.

i,’ &+ /D e 4 (LoD % * SiH) =0 (3.7.4)
e=]l; m=1]

/3 4 /2 4 /24 - .

(TR 9 "Il Y20t ITE Y0 "IN =0

(3.7.5)

e=2: m=0

2/3 4 /2 4a

e=2: ms= 2

_/g - I VRN 1"% G- /o ey, ¢ .’-F- & - Vo,

Since y(r,Q) cannot contain cosmé terms for r = 0, components
011, 022, 031 and 033 must be zero for r = 0, 000 = §(r)/4r 1is
known from the calculation described in 3.1 to 3.6, and 020 is

found in the following way. Defining Iz(r) as the number of



neutrons passing through & surface unit perpemdicular to the
i-direction at r from, say upper half space, !3(r) can be ob-
tained by integration of the six relevant terms of (3.7.1) over
2 in the corresponding half part of phase space. Since only
;terns with m = 0, because of the factor cosmd, 3r€¢ nomrzero

the following relation inwvolving oaly and 020 can be set up:

) = §/x Iz(r) -4 (3.7.8)

20 %o

In Appendix 11X is given the derivation of an integration proce-
dure from wvhich I’(t) can be calculated by help of the transfer
kernels TZ(r,.,r") and L3 (r)
R
I(r) = Jj 2xr' Q(x') TI(r,r')ar" + Lz(r)Qs (3.7.9)
0

Renaming the variable in (3.7.4 to 7) r’ instead of r we obtain
by integration from r’ = 0 to r’* = r

(3.7.4) multiplied by r'

r

#,(n) = g r'((I-I ) 4, (r’) - S(r)/4m) ar'/(/4/3 r)

%
(3.7.10)

(3.7.5) multiplied by (r')?

9,,(r) = 1//6 ¢ ) - /7% %o (T

20(:
2 ,F
+ 1/r g (SLey,(r") + /I(seoo(r')-ozo(r'))/lj dar’
(3.7.11)
{(3.7.6) multiplied by r’

r
95,(r) = 7/ (3/8) 0,,(r) + UUr g L 772/ 9,0(r') £’ dr’
(3.7.12)
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(3.7.7) multiplied by (r')3
¥y,5(r) = 1//1% 04, (1) - 7./5/(3/5)011

3 F 3
+1/r° [ (14//30 Io,,(r') (r*)
0

+ (56/(3/T0) 0, (x") - 4//T5 o (z) (1D ar’

(3.7.13)

For use in the MONSU programme the values oem(r) should be cal-
culated on the Gaussian radii T inside the fuel pellet and on
the radius Tfuel of the fuel pellet,. °oo and 020 are known on

the Gaussiar, radii. The remaining components are determined from
the equations (. 7.10 to 13) in the quoted order. The integrals
are built up stepwise using the trapezian rule on the interval
between successive Gaussian radii. To start the process the value

of the two non-zero components ¢ and 020 has to be extrapolated

00
tor =0,

The oem values on the fuel surface is found by Newton inter-
polation of the values in the Gauss points inside the fuel and
the first Gauss point outside the fuel surface.

3.8, Stucture of the AFG-program

The program AFG is written in Algol for the Burrough 6700 com-
puter and is quite general in structure,

Any number N of conc2ntric re fions can be treated. The
regions are defined by the radii RO[1:N] the region I lying be-
tween RO[I] and the preceding radius RO[I-1], formally RO[O]= 0.
The number of Gaussian voints in each region is determineﬂ by the in-
teger NG[1:N). By this the Gaussian radii RG[1:N1], N1 = | NG[I]
are determined. I=1

The number, GRP of energy groups is arbitrary, but the num-
ber, NTHG of thermal groups must be specified in order to obtain
the solution of the multigroup equation. NTHG will also deter-
mine the output for the Monte Carlo calculation. The number MM
of Gauss=Chebychev points (3.6) is input as well as a greyness

factor, G (3.5). In order to improve the convergence of the iter-
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ative subroutine SOLUTION a relaxation factor OMEGA is used.
Both over- and under-relaxation may in certain cases save the
convergency, but normally it is sufficient to have OMEGA = 1.

Necessary multigroup cross sections for each material region
are as follows:

Fission spectrum, universal for all regions, FS[1:GRP]. Ab-
sorption cross sections, SA[1:N,1:GRP]. Transport corrected
scattering matrices, SC[1:N,1:GRP,1:GRP]}. Fission cross sections,
SF[1:N,1:GRP}] and ny times fission cross sections, NSF[1:N,1:GRP].

From these data the program calculates a transport cross sec-
tion in each group and region. For each group a volume averaged
diffusion constant, DAV, is also calculated. A geometrical buck-
ling, input BUCK, takes the overall leakage into account by add-
ing to the absorption cross section in each group and region the
product of DAV and BUCK,

Since the output from AFG should normally provide the necess-
ary input for the MONSU program, the fcllowing input not used in
AFG calculations is needed.

The number of regions in axial direction, NH. The axial dis-
tances RH[1:NH] measured from the underside of a (poison) pellet.
The number of Gaussian points, NGH[1:NH] in each axial interval.
The number of poisons present, e.dg. two, 55Gd and 57Gd. The atomic
density of the poisons DPOI[1:NPOI,1:N1H,1:N1], NIH = ) NGH[I].
Absorption cross sections and scattering matrices of tﬁzlpoison
SAPOI[1:NPOI,1:NTHG] and SCPOI[1:NPOI,1:NTHG,1:NTHG].

Although the input structure of AFG is more general, the fol-
lowing restrictions are necessary when used to produce input to
the MONSU program.

Only three radia2l material regions representing fuel, clad-
ding and moderator are permitted, N = 3, Only two axial subdi-
visions representing poisoned and unpoisoned fuel pellets are
permitted, NH = 2,

The input scheme of AFG is given in Appendix IV,

When the AFG calculation is finished the relevant informa-
tion for the MONSU program is written on a file called MONSUDATA
in the computer system whence it can be retrieved, when this
program is run. The structure of the MONSUDATA is given in Ap-
pendix V.
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4. THE MONSU PROGRAM

4.1. General formulation

The purpose of the program is to calculate by Monte Carlo tech-
nique the flux @,(Q.) from (2.1.1) and (2.1.3) derived from the
surface source Qs defined in (2.1.2).

In MONSUDATA generated by AFG the first six non zero angular
components according to (3.7.1) of QA(E,Q) are given on the Gauss
radii inside the fuel and on the radius of the fuel surface.

4.2. Geometrical frame work

The fuel cell in which the M.C. calculation takes place (Fig.
4.1) is bounded by the cylindrical cell boundary and two planes
of symmetry perpendicular to the cell axis. One plane divides
the poison pellet in two symmetrical parts and one plane does
the same to the interval between poison pellets. In the M.C.
calculation all plane boundaries are treated as totally re-~
flecting, whereas the cylindrical boundary is treated as a white
boundary, compare sect. 3.5.

The fuel cell is divided in annular subregions (Fig. 4.2) in
which the actual scoring takes place. These subregions are de-
fined by dividing planes and cylinders respectively perpendicular
to an concentric with the cell axis.

The distance between the dividing planes and between the
dividing cylinders are scaled as the Gauss weights so that a
Gaussian circle corresponding to a Gauss radius and a Gauss
height is contained in each subregion.

4.3, The starters

Neutrons are started on the surface of the ooison pellet. The
distribution of the starters between the plane surface and the
curved surface is determined by the ratio between the areas of
the two surfaces. On each surface the starters are distributed
over the Gaussian radii or heights respectively. The distribution
is oroportional to the Gaussian weights., On the curved surface
these are the streight forward weights. On the plane surface
these are multiolied by 27 times the corresponding Gauss radius.
In this way the sum of Gauss weights corresponding to a set of
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Gauss points declared in a region will add up to respectively
the axial height and the annular cross section area of the re-
gion.

When a start height or radius has been chosen by the random
process, the energy group is chosen also by random process its
probability being provortional to the 000 values of the particular
Gauss point. Then the direction into the poison pellet is found
randomly from a cosine distribution. When the direction is deter-
mined the starter is weighted with the angular flux according to
(3.7.1). For each star% into the poison pellet a start is also
generated in the opposite direction weighted with the appropriate
angular flux and according to (2.1.2) with negative sign.

4.4. Tracing procedure

The subsequent tracing of the fate of the starters is conven-
tional. However, since the AFG result is based on the transport
cross section concent, the M.C. procedure has to be based on the
same concept. Thus the track length is determined by the trans-
port cross section, which is also used to determine the ratio
between absorption and scattering. The energy group after scatter-
ing is based on the scattering matrix, which is also transport
corrected, and the direction after scattering is chosen from an
isotropic distribution according to the transport cross section
concept.

The tracing is carried on until an absorption occurs.

4.5. The flux scoring

To get an estimate of the flux picture, the entire configuration
is subdivided in annular-shaped scoring regions, and by aid of a
suitable flux estimator the flux scorings in each region and for
each energy group is recorded. After a final statistical preoces-s-
ing estimates of mean fluxes and their variances is obtained.

The problem is to choose an unbiased flux estimator which has
a reasonable overall efficiency. Absorption or collision esti-
mators will be inefficient when the regions are thin. For the
present work an estimator based on the track length will proB@y
be the best choice. The socalled 'modified track length estimator’
will in most cases be able to reduce the variance. It works in

the following way:
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A scoring track in a region begins when either the neutron
enters the region from outside or emerges from a scattering
collision (or a source point) inside the region. In any case, let
D be the actual deposited track length and D___ the distance
along the flight track to the prospective point of escape. Three
possibilities exist:

1) D = Dnax' passage: Scoring = D.
2) D < D-“, scattering: Scoring = D.
1-e~LeP(z, De1)

}) D <D absorotion: Scoring = —

max'’ I (l-egttb)

t

Here Zt is the transport cross-section for the actual region and
group.

We see that in the cases 1) and 2) we use the usual track
length estimator. The estimator in case 3) is equivalent to re-
placing the actual D bv an average over all values in the interval
{o; Dmax] that could have been.

A discussion of this and other related estimators is found in
(S).

4.6, Poison Burn up

After the flux scoring the total flux picture can be established
according to (2.1.1) and (2.1.2). Inside the poison pellet the
flux is used in each region to determine the number of poison
atoms which are burned away during a specified time step. From
this new poison cross sections are calculated resulting in new
absorption cross sections in each poison subregion. A new M.C.
round can now be started of course based on the same APG results
as before.

No fuel burn up is taken into consideration during this burn
up history. However the APG-MONSU orogram is only used to check
and fit other more approximate procedures of simulating the axial
heterogeneous poison distribution.
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This approximation may consist in concentration of the poison
in a homogeneous cylinder of smaller radius than the fuel and to
fit this radius and the poison density until the best possible
agreement with the MONSU-results is obtained. For this purpose
the burn up of the fuel is not essential.

4.7. Structure of the MONSU program

The MONSU program is written in FORTRAN IV, The program is strongly
CPU time consuming. Trial calculations show that with a numerical
uncertainty of 5% by fresh GD-poisoning increasing to 10-15% un-
certainty by the end of the GD-burn away each burn up step of

2.5 days (fluxZime 0.33E + 19 - 1.20E + 19) demands 3000 sec
CPU-time on the B6700 computer. A complete burn up history will

use 50-75 steps of each 2.5 days.

This has necessitated the introduction of a RESTART/DUMP
crocedure in the program. Since intermediate dump data can be
analysed by auxiliary programs it is recommended to dump after
each time step.

The input scheme of MONSU is given in Appendix VI.



- 18 -

REFERENCES

(1)

(2)

(3)

(4)

(5)

(6)

(7N

B. Fredin, private communication.

K. Kobayashi and H. Nishihara, The Solution of the Integral
Transport Equations in Cylindrical Geometri using Gaussian
Quadrature Formula. J. Nucl. Energy AVB 18 (1964) 513-522.

I. Carlvik, Integral Transport Theory in One-dimensional
Geometries. AE-227 Stockholm 1966.

A.M. Weinberg and E.P. Wigner, The Physical Theory of Neu-
tron Chain Reactors. The University of Chicago Press 1958.

J. Spanier and E.M. Gelbard, Monte Carlo Principles and Neu-
tron Transport Problems. Addison-Wesley, Reading Mass 1969,

Y. Fukai, Zur Randbedingung mit isotroper Reflexion bei der
Berechnung des Zylindrichen Zellenvand. Nuklonik 7 (1965)
144-152.

2. Weiss and R,J.J., Stammler, Calculation of disadvantage
factor for small cells. Nucl. Sc. Eng. 19 (1%64) 374-377.



- I.l -

APPENDIX I
©)
Nomenclature
S
+
¢ = ¢(r,Q) for (R-n) > 0

General equation. M(r) ¢(r,Q) = q(r,Q)
Definition of ¢A and OB
A B
for r ¢ V M 9" =q,. M.¢" = q.
A _ B _
for r € V MAQ = 4q, MB® = qg

Assume OA and OB unique when continuous. Let OB satisfy

= + = (ot - (oAt
M9y = 0 for x €V o(95) e (9g) 4pe = (O7)
- - A—
Mpdg = q for r €V (¢B)ext = (OB)int - ()
The function
P 4 9y for =z ¢V
%81 = {
¢ for rev
B -
have the properties
M.%y; =g, forr ¢V
MB¢Bl = qq for revV
o, 1 ti ince (¢7.) . = (8%.), . and (o3
p] 18 continuous since (¢5) .. 81’ int

Bl)ext = (¢Bl

)

int’
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Hence oBl = OB in all space g.e.d.
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The starting point is the integral transport formulation
$(x) = av' Q(x') exp(-t(z-r'))/4n(r-r")? (31.1)
v

where Q(r') is the total emission density at position r', and
T(xr-r') is the optical distance based on the transport cross sec-
tion between positions r and r°.

(II.1) is specialized to the cylindrical symmetric case where
?2(x) = ¢(r) is the flux at radius r produced by an emission densi-
ty Q(r') = Q(r') lying outside radius r i.e. r' > r,

Referring to Fig. (I1.1) we have

dv' = (p-d¢/cosa)-dz-dr’
dz = (p/sinf)-46/siné
, 2 . 2
dv' = p“dedé-dr’/ (sin“6-cosa)

(r-r)%= 0%/sin?6  t(z-x')= t(p)/sin6 = T(r’,9)/sine
R 2n m

o(r) = f Q(r') dr* [ de/cosa | do(p/sine)? - SXRL-T(p)/3ind)
r

0 0 47 (p/sind)

(1I1.2)

Remembering (3.2.2)

R 2n
¢(r) = [/ Q(r') dxr' [ d¢/cosa 1/(27) Kil(t(rx',9)) (I1.3)
r 0

Referring to Fig, (II.2) we introduce the variable transforma-
tion

v = rsind dy = r cost d¢ A9 = dy/SQRT(r3-y?) (11.4)

cosa = SQRT(l-(sino-r/r')z) = SQRT(I-(Y/I')z) (II.5)

o (e) IR , r Kil(r(pl)) + Kil(r(pz)) 4
r) = [ Q(r') dr'l/(2m) ey 4y
c =r SQRT (1-(y/r')2) SQRT(r‘-y°)

(11.6)
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Comparing with {3.1.1) ve get for r < r'
. It lil(t(p )) ¢ lil(t(p })
y (r,2°) = 1/ (4x?) !"'T ,—,—q (11.7)
-r SORT((r')"-y°) SORT(r"-y")

The derivation for r > r* is quite analogue and leads to

r’ lil(t(o )) lil(t(o ))

2
T, (r,x') = 1/(4x) I 1—, TT dy (11.8)
-r® SQRT((x*)“-y°) soRrT(r‘-y

thus establishing the reciprocity of (3.2.1).

The current I passing out through the cell boundary S is
calculated from the angular flux »(R,2), R € S, which can be ex-
pressed as

*a

V(R,Q) = f  1/(47) Q(B-Qt) exp(-T(t)) at (11.9)
(1]

where Q(R-Qt) = Q(r) is the emission density, t(t) the opticsl
distance along the 2 direction and (R-Gt ) the point on S lying
in the -0 direction.
Is can then be expressed as
t

I = fda(@n J 147 Q(r) exp(-t(v)) de (11.10)
0

Referring to Fig, (1I.3) we have
dQ = sins d6 a¢
(2-n) = sin® coséd
dt = dr'/(sind cosa)

T(t) = T(p)/sin® = 1(r,$)/sind

R Arcsin(r/R)
I, = f Q(x) dr j d¢ cosé/cosa 1/4n
0 -Axcsinir/R)

m
x [ (exp(=1(p,(9)) + exp(-T(p,(¢))) sine de

IR olr) 4 1 Arcsia(r/R)
= r } 4

dé cosé/cosa (Ki2(1(p1))+112(t(92))
0 ~Axcsin(r/R)

(II.11)
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Referring to Fig. (II.4) we introduce the variable transforma-
tion

Yy = Rsin® dy = R cos® d¢ cosa = SQRT(1- Uﬂ)z) (I1.12)
R r Ki2(t (91)) +* Ki2(r (o))

I = Q(r) ar 1/(2xm) | — dy (11.13)

S o - SORT(1-ly x)°)

Comparing with (3.2.4) ve obtain the expression (3.2.5) for
T(S,r).
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Fig. (II.1)

y - axis

Fig. (I11.2)
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Fig. (II.3)

Fig. (11.4)
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APPENDIX II1I

The current Iz in (3.7.9) is calculated in the following way re-
ferring to Fig. (III.1l).

The number of neutrons from source Q(r') in volume element

dv' which passes through surface element dAf at r perpendicular to
the z-direction is

(@(r') av') (af cose/(p/sin@)?)/(47) exp(-1(p)/sinsd)
dav' = (pdé/cosa)-dZ dr’
dz = d68(p/sinB)/sind

Consequently the current I: derived from the volume source Q(r')
for r < r' can be exoressed as

v R n n/2
I(r) = J dr' Q(r') [ de/cosa 1/(4m) [ d8 cos8 exp(-1(p)/sind)
r -n 0
R |
= [ dr' Q(r') 1/(47) [ dé/cosa E,(t(r',9)) (I11.1)
r -7

where En(x) is the exponential integral defined as

@ 1[/2
E (%) = | exp(-xt)/t® dt = s d6 exp(-x/sinf) cos® sin"" 2
1l 0

(I11.2)

performing the same variable transformation (II.4) and (II.5) as
in Appendix 1I, we get referring to Fig. (1I1.2)

R r E, 1(p,) + E,(1(p,))
. 2
1V(r) = | dr’' 27z’ @(x') 1/(27%) § 2 - 1 2
z r -r SQRT(r’-y2) SQRT(r'Z-y?)
(I11.4)

For r > r' the upper boundary in the last integral is changed to
r', Comparing with (3,7,9) we find

2. . least E,(t(p;)) + E,(t(p,))
TZ(r,r') = 1/(28°) | 53 —— dy
-r SQRT (r“~y“) SQRT(r'-y”)

(111,5)



- II1.2 -

The number of neutrons passing through surface element df as
before, coming from the surface source QS of neutrons reflected
isotropically on the surface element df' Fig. (II1I.2) is

(Qg df cosa sing) (df cose/(p/sine)z)/n exp(-1(p)/sinbd)
af' = (p d¥/cosa)-dz
dz = d9(p/sinB) /sined

The current <Sz(r) derived from I, becomes

n/2

h
Qg | das 1/(m) | de cosO sin® exp(-1(p)/sind)
-7

S
Iz(r) :

m

Q; 1/(m) lw de Ej(t(p))

After the variable transformation (II.4) we get, Fig. (II.4)

r E.(t(py) + Ej(T(p,))
5 =0g | 223 2 4 (111.6)
-r . SQRT (r“=-y“)

Comparison with (3.7.9) gives

r E.(t(p,)) + E (1(p,))
LZ(r) = 1/n | =3 L 5 32 2
-r SQRT (r “-y©)

dy (I11I1.7)

The integrations (III.6) and (III.7) are performed in the same
way as, described in 3.6, and simultaneous with the integrals
(3.2.1) and (3.2.5).

The discretization of TZ and LZ is the same as described in
3.3. Because of the singularity of TZ(r,r') for r' = r the term
2nrk Wk Tz(rk,rk) has to be calculated in a different way.

Assuming flat flux equal to 1 in the cell,which is a sol-
ution to (3.1.1) when Zs =7 and S(r) = £ in all regions, we

have I _(r,) = Ig = 1/4 and (3.7.9) can be written
1/4 = ¢ 2nrk Zk Wy TZ(ri,rk) + 1/4 LZ(ri) i=1,2.,,.N

from which 2nri Wi TZ(ri,ri) can be found.

Qs is drived from (3.2.4) and (3.5.3).
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Fig. (III.1)

Fig., (I1I1.2)



- IV.1l -

APPENDIX 1V

Input scheme to AFG 2

Symbol Type Dimension Repetition Specification

N 1 Number of radial
regions
MM I Number of Gauss-

Chebychev points

G R Greyness factor

Omega R Relaxation factor

NH I Number of axial
regions

NPOI 1 Number of poisons

GRP 1 Number of energy
groups

NTHG I Number of thermal

energy groups

BUCK R Geometrical overall
buckling

NG 1 Number of Gaussian
points in each radial
x N region (not more than
7

RO R Outer radius of
radial region

NGH 1 Number of Gaussian

points in each axial
x NH region (not more than

7)

RH R Upper height of axial
region

XX AR GRP Fission spectrum

SA AR GRP Absorption cross

section
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SC GRP x GRP x N Scattering matrix

SF GRP Fission cross section

NSF GRP Ny x fission cross
section

DPOI1 N1H x N1 Density at intersec-
tion of Gaussian
cylinder radius RG
and Gaussian planes,

x NPOI height RHG

SAPO1 GRP Absorption cross
section of poison

SCPO1 GRP x GRP Scattering matrix

for poison
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1 stands for integer variable, R for real variable and AR for
array. The quantities between two horizontal lines can be written
on the same card. NG and RO is written pairwise starting with

the innermost radial region and each pair on one card. The same
with NGH and RH starting with the lowest (poison containing) re-
gion.

XX is written for each region, because it is part of the
standard output on cards from the program CRS, but only XX from
the first region, which should be a fuel region, is transmitted
to the universal fission spectrum FS used in the actual calcula-
tions.

The energy groups are numbered from the highest energy, group
No. 1, to the lowest energy, group No., GRP,

The arrays XX, SA, SC, SF, NSF, SAPOI and SCPOI are written
in the gE12.5 format on cards, which are normally output from
the CRS program. The remaining variables may be written in free
field format,

N1l is the sum of NG over N and N1H the sum of NGH over NH.
When producing input dates to MONSU the array DPOI should have
assigned zeros at intersections outside the poison pellet,
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Structure of MONSUDATA
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Symbol Format Revetition Specification
N 110 Number of radial region

NG 6110 xN Number of Gauss points in
each radial region

NGH 6110 x2 Number of Gauss prints in
each axial region

RIB 6E12.5 xN1 Interval radius N1=NxNG

RIH 6E12.5 xMN1H Intervai height N1H=NHxNGH

RG 6E12.5 xN1 Gauss radius

WG 6E12.5 xN1 Radial Gauss weight

RGH 6E12.5 xN1H Gauss height

WGH 6E12.5 xN1H Axial Gauss weight

SA 6E12.5 xNTHG Absorption Cross Section

sC 6E12.5 XNTHGXNTHG *" |Scattering Matrix

F100 7]

F120

Fl11 ~6E12.5 xN1 Angular Flux components on

Fl122 each Gauss radius

F131

F133 4

F100S

F120S

F111sS ~6E12.5 Angular flux components on

F122s fuel surface (surface of

F131S reg. 1)

F133s

*In MONSUDATA NH is always equal to 2.
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APPENDIX VI

INPUT SCHEME OF MONSU

1. Initiating run

FILE 1: output from AFG
FILE 3:

CARD 1 FORMAT (1x, A3)

AMODE "NEW” indicates an initiating run.

CARD 2 FORMAT (2I5)

NMAX blocsize of Monte Carlo sample
CPUMAX CPU time in first step.

CARD 3 FORMAT (21I5)

DT steo length in next MC run

SEC CPU-time " " " "

1f DT=0 dump on FILE 14

If DT>0 and SEC=0 the program stops

CARD 3 is repeated until DT>0 and SEC=0 on same card.
Output on PILE6 (lineprinter).

2. Restart run

FILE 13 restart file (dumo from last step).
FILE 3

CARD 1 FORMAT (lx, A3)

AMODE "RES" indicates a restart run,

CARD 2 FORMAT (2I5)

DT step length in next MC-run

SEC CPU-time " " " "

If DT=0 dump on FILE 14

If DT>0 and SEC=0 the program stops

CARD 2 is repeated until DT>0 and SEC=0 on same card.
Output on FILE 6 (lineprinter).



