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ABSTRACT

Nuclear fuel cell calculation is one of the most complicated steps of neutron transport problems in the reactor core. A
few numerical methods use neutron flat flux (FF) approximation to solve this problem. In this approach, neutron flux
spectrum is assumed constant in each region. The solution of neutron transport equation using collision probability (CP)
method based on non flat flux (NFF) approximation by introducing linear spatial distribution function implemented to a
simple cylindrical annular cell has been carried out. In this concept, neutron flux spectrum in each region is different
each other because of an existing of the spatial function. Numerical calculation of the neutron flux in each region of the
cell using NFF approach shows a fairly good agreement compared to those calculated using existing SRAC code and FF
approach. Moreover, calculation of the neutron flux in each region of the nuclear fuel cell using NFF approach needs
only 6 meshes which give equivalent result when it is calculated using 24 meshes in FF approach. This result indicates
that NFF approach is more efficient to be used to calculate the neutron flux in the regions of the cell than FF approach.
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1. Introduction

Collision probability (CP) method has advantage that for
relatively simple geometry, more over by its symmetrical
feature such as cylindrical cell, due to the angular inte-
gration is possible to do analytically. CP method starts
from the integral neutron transport equation which is
usually used to calculate the flux fine structure in a hete-
rogeneous medium or sub region of the reactor. It is as-
sumed that the cell is a part of a repeating pattern of cells
as a net of leakage into or out of the cell. The cell is di-
vided into a number of regions within each of which the
source of neutron (resulting from fission or scattering
reaction) is treated as uniform and isotropic. The problem
of treatment of heterogeneity exists in two parts; that is
how to calculate the cell flux and how to produce equi-
valent homogeneous cross section [1,2]. It has two alter-
natives to be taken regarding the starting neutron distri-
bution. First, use a flat source distribution within a small
volume element which leads to a simple expression from
collision probabilities. Second, use the non flat source
distribution within a small volume element by introduc-
ing a spatial function which can improve the linear ap-
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proximation of source distribution.

In the previous works [3,4], a conceptually simple nu-
merical method to calculate cell homogenization using
neutron first flight collision probabilities have been car-
ried out. The integral transport equation is solved using
CP method with the flat flux (FF) approximation. This
approach explains that neutron flux spectrum is assumed
constant in each region. Now, the new approach of the
collision probabilities is considered. In this concept, col-
lision probabilities can be performed using a spatial fun-
ction distribution that describes a real condition inside
the cell. Neutron flux spectrum in each region is different
each other because of an existing of the spatial function.
This assumption is called as non flat flux (NFF) appro-
ximation, so the CP matrix is performed not only by the
optical path length as an exponential parameter, but also
the shape of the function that describe the behavior of
neutron flux spectrum in each region.

In this paper, a mathematical argument to support the
new approach has been offered to solve neutron transport
equation based on NFF approximation by introducing li-
near spatial distribution function. The computer program
to calculate the neutron flux spectrum distribution in a

WINST



50 M. A. SHAFII

simple cylindrical annular cell is developed by using li-
brary of SLAROM JFS-3-J33 for 70 groups.

2. Materials and Method

The infinitely long cylinder cell model is divided into
several annular shells with the outer radius of the shell i
is 1, and the outer radius of shell j is r; is shown in
Figure 1.

The probability of neutron born or travelling in region
i of cell will have its next collision either in the same

region i or in some other region j is defined by [5]

Py (E) = =
If size of each cell is small compared with a neutron
mean free path, exponential part in Equation (1), and the
total cross section is constant then it is reasonable to as-
sume that the neutron flux is flat therefore the neutrons
are distributed uniformly in each regions of the cell [6].
In such situation the flat flux approximation is applied
and the neutron transport equation for volume Vj is [5]

(B, o(r E)dr_zjdrjdr

v,
ﬁdE'ZS(F,E’—)E)¢(F,E’)+S(F’,E) P(T—>T,E)
(2)

Subscript i or j denotes the space dependent of regions,
Z;(E) is cross sections associated to j region with en-
ergy E, ¢(T,E) is flux neutron that is assumed con-
stant in each region, X (T,E’'— E) is scattering cross
section at point T’ at energy E’ to E, S(7,E) is neu-
tron source at the point 7' with the energy E.

If neutron flux is not flat in each region, the neutron
flux is defined as

o(F,E) =y (E)4(T) €))
Substituting Equation (3) to (2) leads to
2 (B)], v (E)4(rur

= [ dr, dr
v

4)
{jdE'zs (FE'> E)y(EN4(F)+ S(f’,E)}

P(F' > F,E)

Integrating left side of (4) over volume V equal to sum
of each region volume V;.The neutron flux in each region
is remain non-flat due to the region distribution function
#¢(r) . For 1D case the variation of neutron flux in each
region has liniear relationship, read
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Figure 1. Modeled nuclear fuel cell.

$(x) =a+bx ®)

Coefficients a and b are determined by using linier in-
terpolation scheme at two adjacent nodes of the region as
shown in Figure 2 [7].

By using nodal boundary condition, the neutron flux at
nodal are

p(x)=4_, at X=X,
P(X)=¢ at X=X

then (5) becomes to

¢, =a+bx_, and ¢ =a+bx 6)
where a:M and b= %~ qﬁ".
X — X X =X,

Substituting (6) into (5) yields

()= [¢ ﬂx.lJ{qﬁ.—qﬁ.-ljx o
X =X X — X

In the X direction, neutron flux leads to
@(E,r)=¢(E,x)=¢(x), that independent of energy.

Because the energy width in the group g and g’ is
same, therefore the neutron flux in each region in the
energy grup g and g’ also same accordingly. In such
situation (4) can be rewritten as follows

1 1 1 1
ﬁlg{zjg(zxjxl 2X X—5X1+3Xilj
1 s
Z ijg ZS|g i Xi—lxi +§Xi—l
1 1 1 1
+, {ZJQEZX’ X — 2xfxi_1 —gx?_1+§x?j (8)
1 1
z iig ZSIg( i-1 EXfXH +§Xi3 j}
zljg Ig( IX|1 XI 1X|+X )

Equation (8) can be simplified to the form of matrix
equation

@ 4P +ﬂi,g¢|—1g = Qig Q)
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Figure 2. Element of neutron flux with the linear interpola-
tion between two nodes.

RSN

where

1.5
+z 'JQZSlg( X _Xilxi+§Xilj}
1, 1, 1, 1,
B :{zw(zxi_lxi —Exjxi_l —ng_] +§xj)
Z > - xx +1x
ijg sig II i Ni-1 3
zljg |g( | |1 X|1X|+X )

Gauss elimination is used to solve (9) to explain that
neutron flux in each region i on the energy group g which
valid for two-diagonals matrix

¢|g = a;(Qig _ﬁi,g¢|—lg) (10)
1.9

Equation (10) is used to calculate the multiplication
factor as an eigen value [3]

1
Vit =32 ViRS (11)

Collision probability is solved using Bickley-Naylor
function [5]

/2
K, (x)= jdesin“aexp(_ X j (12)
0 sin @
For the case 1, <r;, collision probability becomes [5]

R =gyl oelka(4)-

+Ki3(/1i1j +A +/1j)+ Ki3</1:)_Ki3</1i? +4)

K (4 +4) =Ky (4 +4)

K

(A2 K (2 + 4 +,1j)}
(13)

where

A= S (%) A = S A

k=i-1
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For the case of the shell i coincides with the shell j, the
self collision probability can be written as [5]

fi1

a:gvj¢4u,szm+m@LM+&A%)

= 2K (A + 4 )+ Ki (4

+24)) (14

2 [ dp {24 - K, (0)+ K (24)
M

Equations (9) to (14) become a starting point for cal-
culating the neutron spectrum and multiplication factor in
the nuclear fuel cells. These are a basic formulation to
obtain the solving of integral transport equation using
NFF approximation.

The development of the computational program to ex-
plore the fuel cell calculation using CP method has been
written in Delphi. It was written for determining the ef-
fective multiplication factor k-eff, neutron flux spectrum
and CP matrix using NFF approach. The computer pro-
gram in Delphi software package has been written to
determine the effective multiplication factor k-eff, neu-
tron flux spectrum and CP matrix using NFF approach.
The method for calculation of the NFF collision prob-
abilities was solved for a variety of parameter such as
effective group constant and volume of cell variables. In
the previous study, the calculation of neutron flux spec-
trum for 39 nuclides and CP matrix for 70 energy groups
by using library of JFS-3-J32 have been carried out [4].
In the present work, the JFS-3-J33 library [8] provides
group constants for the SLAROM code in 70 energy
group structure for 383 nuclides and 8 lumped fission
products is used to calculate neutron spectrum in all re-
gions and the effective multiplication factor (k-eff) for
cell homogenization. As a sample input of calculation, a
nuclear fuel cell is divided in three regions; region 1 is
fuel, region 2 is cladding and region 3 is coolant as
shown at Figure 3. The fuel cell is a mixture of U-Pu
nuclides. The material structure of cladding is stainless
steel and Pb-Bi is as a coolant. The radii of three regions
of fuel cell, cladding and coolant are 0.35, 0.46 and 0.567
cm, respectively.

In practical calculation, the cell region is composed of
several sub regions, called mesh, for which the averages
flux is computed. The computation was carried out for 6
meshes in a radial axis of cell. The detail of mesh com-
position, the radius of each region cell and number of
nuclide in each region are shown in Table 1. In this work,
24 nuclides are used from the library with the distribution
as follows; 10 nuclides in the fuel, 10 nuclides in the
cladding and 4 nuclides in the coolant region.

The accuracy of the program has been examined with
SRAC code for the same input sample under substantial
simplified problem.
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Figure 3. Three region of fuel cell, region 1 for fuel, region 2
for cladding, region 3 for coolant.

Table 1. Composition of meshes in each region of cell.

Region Composition qf 6 Outer radius Numb;r of
meshes (sub regions) of cell (cm) nuclide
1 3 0.350 10
2 1 0.460 10
3 2 0.567 4

3. Result and Discussion

Comparison of effective multiplication factor k-eff cal-
culated by FF and NFF approach of the CP method and
by the SRAC code is shown in Table 2.

As can be seen in Table 2 that the k-eff calculated us-
ing FF and NFF approaches is not very much different
when it calculated using SRAC code which difference is
down to about 0.0078% only. In other words, k-eff cal-
culated by the two approaches is in good agreement with
those calculated by SRAC code.

Energy group increase to right, but the energy de-
creases. The fast neutron energy groups covers the cross
section data for neutron energy range from 0.11109 to 10
MeV, while the thermal neutron energy group cover the

neutron energy range from 0.32242 eV to 86.517 keV [9].

Comparison of the neutron spectrum for 6 meshes in the
three region of cell and the energy group calculated using
FF and NFF approach is shown in Figure 4. In the FF
approach, the peak of neutron spectrum profile in a fast
region (group 1 to 30) is higher than the peak in NFF
approach. In the thermal region (start from group 37),
however, both spectrum tend to stable. This is under-
stood because type of reactor chosen is a fast reactor. The
spectrum difference is caused by the selection of the me-
thod which assumed that neutron flux at adjacent two
mesh node is no longer flat but rather follows the shape
of the linear interpolation. Neutron fluxes in the three
regions of cell are close each other. This suggests that the
neutron distribution in each region was homogeneous in
fuel, cladding and coolant.

Figure 5 shows neutron spectrum in the areas of fuel,
cladding and coolant region which are reviewed using
the FF approach for different mesh size. As can be seen,
mesh changes have no effect in the neutron spectrum.

Different result is shown in Figure 6 for NFF ap-
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Table 2. Effective multiplication factor calculated using FF,
NFF and SRAC.

Calculation with k-eff
FF approach 1.292479
NFF approach 1.292477
SRAC code 1.292370
. 1.20E-01
2
& 1.00E-01
£
2 8.00E-02
g —non flat flux
& G0N ——flat flux
5 4.00E-02
5 2.00E-02
Z
0.00E+00
0 20 40 60 80
Energy Group

Figure 4. Neutron spectrum calculated using FF and NFF
approach.
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Figure 5. Neutron spectrum with variation of mesh using
FF approach.
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Figure 6. Neutron spectrum with variation of mesh using
NFF approach.

proach. The variation of mesh affects the neutron spec-
trum. This event indicates that the process of nuclear fuel
cell calculations with NFF approach is similar to the
neutron transport processes conducted without homoge-
nization of cells. As it is known that the heterogeneity
factors are very influential in determining an anisotropic
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Figure 7. Difference percentage of 6 meshes using NFF ap-
proach with variation of mesh using FF approach.

scattering cross section in the nuclear fission process.

The accuracy of FF approach in term of its appropriate
number of mesh used is performed by calculating the
neutron flux distribution and compared it with using 6
meshes of NFF approach as the reference. To do this, the
neutron flux distribution has been evaluated using 6, 12,
18 and 24 meshes of FF approach respectively which the
result of the examination is shown in Figure 7.

Refer to Figure 7, it can be shown that the best accu-
racy is obtained when the neutron flux distribution is
examined using 24 meshes of FF approach with maxi-
mum error account of 9% compared to those evaluated
by 6 meshes of NFF approach. This comparison con-
cludes that NFF approach is more effective and efficient
in term of number of mesh used than FF approach for
calculation of neutron flux distribution in each region
within the cylindrical nuclear fuel cell. It is understood
that for fast reactor the neutron flux is fluctuated in the
fast energy region whereas in the thermal region the neu-
tron flux is stable.

4. Conclusion

From this study it is concluded that solution of neutron
transport equation using NFF approach is in good
agreement with FF approach and SRAC code. Moreover,
in term of number of mesh used, calculation of neutron
flux distribution in each region of cylindrical nuclear fuel
cell using 6 meshes of NFF approach gives an equivalent
result when those is calculated using 24 meshes FF ap-
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proach meaning that the NFF approach is more efficient
in using of mesh number.
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