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ABSTRACT 

A flat-flux expansion on axially symmetric zones has been used, 
together with a uniform double Pi expansion for the boundary angular 
fluxes, to construct an interface-current method for the calculation 
of two-dimensional hexagonal cells. Collision and escape probabilities 
are computed in a volume-preserving, cylindrical cell model, while one of 
three separate PSS models is used for the calculation of the transmission 
probabilities. When only one zone has been cylinderized then use of the 
heterogeneous PSS model is equivalent to an exact calculation in the ac
tual two-dimensional cell geometry (without cylinderization). Comparison 
between the different approximations and a Monte-Carlo calculation are 
presented for a typical undermoderated assembly. 

I. INTRODUCTION 

Lately, the constant increase of stock of Plutonium originated from 
classical LWR facilities have aroused a renewed interest in undermoderated 
realtors and, with this, a change on bundle design from the usual light-
moderated, X-Y pin-fuel layout to the typical, fast-reactor, hexagonal 
lattice. To provide a tool for routine, design calculations of pin-fuel 
assemblies in a "hexagonal", beehive-like geometry we have applied a multi-
cell, collision-probability technique'» . Unlike previous interface-current 
calculations 3 in which the coupling matrices were obtained from Monte Carlo 
computations, our method uses a flat-flux, collision-probability calculation 
for each cell together with a direct calculation of the corresponding trans
mission probabilities. 

For the calculation the cells are cylinderized using a Wigner-Askew 
model where collision and escape probabilities are computed in a volume-
preserving cylinderized cell. Then, transmission probabilities obtained 
from a separate calculation are used together with conservation relations 
to renornalize, in the actual cell geometry, the collision and escape 
probabilities for only the cylinderized zones of the cell. 

We have implemented two different representations for the currents 
at the cell surfaces ; in both cases the angular flux is taken to be spa
tially uniform on each side of the cell (this is a fair approximation 
given the rather small cell size). In the UPQ approximation the angular 
flux is assumed to be isotropic, while in the UPj approximation a three-
term Pi angular development is used. Three different models can be used 



for computing transmission matrices. In the Rothx6 model we assume that the 
probability for exiting through a side is proportional to the area of the 
side and is zero for the entering side. Unlike the Rothx6 model that can 
only be used in conjunction with the UPo approximation, the Homogeneous 
model (calculation done in a homogeneous cell which has the same total trans
mission probability than that obtained from the cylinderized calculation) and 
the Heterogeneous model (calculation done in the actual cell geometry) may 
be applied with the more sophisticated UP] approximation. It is worth uotiug 
that when only one zone has been cylinderized (constant flux in the mode
rator) , then the Heterogeneous model with the Wigner-Askew normalization is 
equivalent to a two-dimensional cell calculation. 

To minimize the amount of calculations and the matrices sizes we have 
used the natural cell symmetries for the transmission-probability calcu
lation (12 quantities are computed out of a total of 324), and assembly 
symmetries to reduce the number of partial surfaces of cells lying on sym
metry axes. The code can deal with the 6 different cell symmetries occur
ring in hexagonal lattices. A further simplification, that has also being 
implemented, consists of the "mixing" of the cells where cells having similar 
neighborhoods are assumed to have identical fluxes and currents and can be 
dealt with as a single cell. 

The general formalism of the method is briefly outlined in Part II. In 
part III we discuss the cylindrical cell model and the three PSS models used 
for the calculation of the transmission matrix» We also show how internal 
cell symmetries considerably reduce the number of transmission probabilities 
to be computed. External cell symmetries induced by the symmetries of the 
lattice are used to define cell types and diminish the number of angular 
components. A supplementary approximation (cell mixing) is introduced to 
reduce the actual number of cells to be calculated and, therefore, the over
all size of the problem. 

One-group calculations of a typical undermoderated assembly are pre
sented in Part IV and results for the different approximations are bench-
marked with a Monte-Carlo reference calculation. Also, an example calcu
lation is done for a large assembly (49 cells) using the cell mixing concept. 

Results show that the Rothx6 PSS approximation suffices for inexpensive 
routine calculations, while the more precise Heterogeneous PSS model can be 
applied for assemblies with strong flux gradients. 

II. OUTLINE OF THE FORMALISM 

The interface-current formalism is based on a generalized Galerkin-
Petrov approximation of the integral transport equation in a domain which 
is viewed as a collection of contiguous subdomains or cells. The starting 
point of the method is the two integral equations giving, for each cell, 
the scalar flux, $, within the cell and the angular flux, ty , leaving the 
boundary of the cell in terms of the internal sources, S, and of the angular 
flux entering the cell, ty_. 

By making reasonable approximations for <j> , 4>+ and H>- one obtains, after 
projection on the representation functions, an algebraic system of equations 
for the components of the scalar flux and of the angular fluxes at the cell 



boundary . The equations for all the cells in the domain are completed by 
imposing the continuity of the angular flux at the interfac. and by using 
the boundary conditions for the domain. 

For the problem at hand, that of a two-dimensional domain D composed 
of hexagonal cells, we have used a flat-flux approximation for the scalar 
flux and a uniform, double Pj expansion (UP]) for the angular fluxes at the 
surface of the cell. Each cell is decomposed into a set of disjoint, homo
geneous zones and an approximation for the flux is defined by assuming that 
the flux is constant in each zone : 

i 

where i denotes the i'th zone of volume V£ and 9i is the corresponding charac
teristic function (equal to 1 for r contained in the zone and 0 elsewhere). 

Likewise, the surface of the cell is divided into a set of disjoint par
tial surfaces and a double Pj, three-term angular expansion is used on each 
partial surface to construct an approximation for the angular fluxes : 
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where a indicates the a'th partial surface of area S , 9^ is the asso-
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ciated characteristic function (for instance, 8 equals 1 when r is on 
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partial surface a and Û is an exiting direction, and equals 0 otherwise) and 
ijjP are the representation functions 
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Here 9 is the angle between the normal to the cell plane and the direction u, 
and f is the angle between the projection of ft onto the cell plane and the 
exterior (+) or interior (-) normal to partial surface a . 

The above approximations yield an algebraic system of equations for the 
components of the scalar and angular fluxes. For isotropic scattering and 
making a flat-flux approximation for the internal sources, similar to that 
for the scalar flux, the one-group form of these equations reads : 

V. *. - L..F. • Z 7 P.?/ 
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for each cell I. In order not to overload the notation cell indexes «ill 
be used only when necessary. In these equations F. • Z .$. + S. is the zone 
emission density and the matrix coefficients P.., P?_ and P_ c are closely 

IJ iS a i>aSg 
related to collision, escape and transmission probabilities. Expressions for 
these coefficients are given elsewhere 1 » 4 . These probabilities satisfy the 
reciprocity relations 

1J J l 6SaSB a V a 
The system of equations (2) for all the cells is completed by adding 

the "geometrical" equations 

J P - Z A P* J V . • J P (4) 
-,ct v.B a6 +,6 0,a 

which expresses continuity and boundary conditions. In this equation J p 

accounts for a possible incoming current through the boundaries of ' 
the domain, and the sum in 0 is done for all partial surfaces in domain D, 
but the coefficient 

A D V Tr S n \ dS d3 / (r,H) <fi.n_) / <tô» if. Ir,n')t(r,jM) 
a j S x (2TT-) -'a J(2ir+) S 

(5) 

is zero except for those partial surfaces, belonging to neighboring cells, 
tha£ share a common area with partial surface a . The transmission coefficient 
t (r, Q'-*&) helps express a generalized continuity or albedo condition at cell 
interfaces. 

III. CALCULATIONAL METHOD 

Implementation of the interface-current method as described in Part II 
requires the calculation of the collision, escape and transmission matrices 
for each cell in the domain and then the solution of the algebraic system of 
equations giving the components of fluxes and angular fluxes. One may observe 
that the matrix coefficients depend only on the cell but not on its location 
in the domain and therefore a single calculation suffices for a set of iden
tical cells. However this is only a relative advantage of the method because 
in depletion calculations cells that were identical at the beginning of the 
first cycle will have different cross sections for relatively small burnup 
values. 

Cylinderization and PSS models. 
Instead of performing a costly calculation in the actual, two-dimen

sional cell geometry we have preferred to base the first implementation of 
our method on a volume-preserving, cylindrical cell model. In this model 
the moderator is placed around the pin in a layer of radius R • a(3./J/2)1'2, 
where a is the length of the side of tiie cell. Then, a flat-flux approxi
mation is constructed by dividing the cell into a set of homogeneous annular 
zones, and collision and escape probabilities are computed with a standard 
technique . The result of this calculation is the collision matrix {P..} 
and the escape probabilities Pg£ . To preserve neutron conservation J 

these quantities are normalized with the relations l 

4 - v i - ? z j p j i . 



where Ej is the total cross section of zone j. The total transmission proba
bility is also given hy the conservation relation 

poo , , _ i y z po 
Fss s L. L j r sj 

j 

Also, because of the axial symmetry of the zones P . • 0 and the escape 

probabilities through a partial surface are proportional to the exiting area 
S 

PP » JL pP 
p s i s *si • 
a 

The accuracy of the interface-current formalism heavily depends on the 
precision with which transmission probabilities are calculated. Consequently, 
for the calculation of these probabilities, we have abandoned the cylindrical 
cell model and used instead a more realistic model that we will call the PSS 
model. Before proceeding further let us note that the use of two separate 
models for cell calculations will require renormalization of some of the 
matrix coefficients to ensure neutron conservation. 

The simpliest PSS model is based in a generalization of a method sug
gested by Roth *. In this Rothx6 model we assume that the probability for 
neutrons entering uniformly and isotropically the i'th side of the cell to 
leave without collision through the j'th side of the cell is the same for 
all sides j + i and zero for the entering side : 

>n ' (1 - V ^'5 

,00 
where Pgs is the total transmission probability given by the cylindrical 
cell model. 

The Rothx6 model can only be used when the angular fluxes i>± are iso
tropic, that is when only the first function of (1) is used in the angular 
representation (UP0 approximation). For the more general UP, approximation, 

which requires the calculation of transmission probabilities for non-iso-
tropic angular modes, we have implemented two different PSS models. 

In the homogeneous PSS model the transmission probabilities are computed 
in a homogeneous hexagonal cell whose total cross section is determined so 
that the total transmission probability is the same than that obtained from 
the cylindrical cell model. To preserve neutron conservation we choose to 
«normalize the P^. with the constant k given by the following equation 

pss " ' k ï f Ei sj ' 
02 

where P comes from the PSS model. 

In our third model, the heterogeneous PSS model, we use the actual 
geometry of the cell to calculate the exact transmission probabilities and 
also the exact escape probabilities for all non-cylinderized zones (zones 



with exterior radius smaller or equal than /Ta/2). Since the cylindrical 
cell model gives also the correct collision probabilities between non-
cylinder i zed zones we have to adopt a renormalization that will not modify 
these values. Let us order the zones following increasing radii and let 
n denote the last non-cyUnderized zone, then we start renormalizing the 
escape probabilities for the cylinderized zones with the constant k given by 

pss ô

p o s r" j*sj * s if» V s j ' 
* j <n J J j>n J 

where P j? and PJ;. (j<n) come from the heterogeneous PSS model calculation, 
SS Sj 

and the P^. (j>n) from the cylindrical cell calculation. 

Then, collision probabilities for j £, i n " max (n+I,i) are renorma-
lized with the k. obtained from 

i 
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where the ?.. (j <i 0) come either directly from the cylindrical ceil model 

for i,j <_ n or by reciprocity from previously renormalized values, and the 
P.. (j > i n) come from the cylindrical cell calculation, ji — 0 

Because of the adopted scheme of renormalization the heterogeneous 
PSS model is equivalent to an exact two-dimensional calculation in the 
frequent case when there is only a cylindrical zone (for instance, ifc one 
assumes flat flux in the moderator). 

Cell symmetries. 
For the UP. representation the total number of transmission probabilities 

to be calculated is 324. Fortunately one can use the natural symmetries of a 
hexagonal cell to greatly reduce the number of calculations. In the fol
lowing we will make use of the side numbering shown in Fig. 1 for cell G Q. 
First we observe that, since the cell is invariant under rotations of 
60 degrees, all transmission probabilities can be obtained from those cor
responding to side I. Denoting by r. the rotation that places side i in 
the position of side 1 we have 

ppv . ppv 
s.s. s, s, 
j i k 1 

where k • r,j, 

Furthermore, because of the cell internal symmetries with respect to 
the axes indicated in Fig. 1 we obtain the relations 

axis x : P f . - (-) P + V ? l \ - (-) P + V

 Py>_ , " 

V i b r 4 V i 



axis y : P f s - (-) p %f s , Pf s - (->P + VPP V

S ,Pf s = ( - > P + V P p V

s , 
s2Sj s6Sj s 3Sj s5Sj s 4Sj s 4Sj 

(6) 
axis d : p f , - (-) P + V P p \ = (-) P + V P p V

s , 
S5 Si S1 S5 S5 S1 

axis p : Pj v. - (-) ^ P p v
s - (-) P + V P p V

s , 
S6 S1 S! S6 V l 

where use has been made of reciprocity relation (3). 

Thus, only the P? g (j • 4,5,6) have to be calculated. Instead of 
j 1 

representation functions (1) we choose to work with the simplified functions 

* 1/Orra) , 

- sine sinV/ (ua) , 

m sine cosf/ (Tra) 

and observe that the transmission probabilities for the^ + . are readily 
obtained from those for thetjj+ . . The latter are given by the formula : 

[i j 1 J P+^+3 
•'0 J 

where the integration in<^ is done for all trajectories entering through 
side I at location x and exiting through side j, x^ V aX P(V-)x V(^) with 
f. » angle of the trajectory with the exterior normal to the exiting side, 
and x Of) - 1, X (*) * sin^ and x Of) " cosf. The function Ki is the 
usual Bickley-Naylor function and__r is the optical path within the cell. We 
have used the notation 0-0 and l«2"l. From formulas (6) and the properties 
of the function Y?vwe obtain the relations 

p02 m / r 01 21 u/S 11 22 01 . rr 02 
Vl ^ Vl ' Vl * 'Vl S5S1K V. * Vl ' 

P 2 1 , Jit?" + P 2 2 ) , 
Vi 2 (V. V i } ' 

which reduces the number of transmission probabilities to'be calculated to 
only 12. After further use of symmetries the computation of these quantities 
is made with a double numerical integration 6 . Also, for homogeneous cells 
only one numerical integration in "P is needed. 



If the domain D has symmetries (see for example Fig. 2), then cells 
may have external symmetries due to their particular location in the domain. 
In the numerical implementation of our method external cell symmetries 
have been put to contribution to minimize the number of partial surfaces. 
We have distinguished six types of cells : G Q, G , G„, G , G and G . , 
where G_ is a cell without external symmetries, G is a cell with external 

0 A 
symmetry with respect to axis X (see Fig. 1) and so on. All six /pes 
appear in Fig. i where their partial surfaces have been indicated. For 
instance, for a cell of type G„ sides 2 and 6 have identical angular fluxes 
and form therefore a single partial surface, and similarly for sides 3 and 5 
moreover, because of the symmetry angular flux components J* vanish on 
sides 1 and 4. 

Cell mixing. 
It often happens that identical cells placed on different locations 

have similar neutronic environments. In order to reduce the burden of the 
calculacions one may formally identify all these cells by assuming that they 
have the same scalar and boundary angular fluxes. In such an approximation 
only a single cell is calculated for each group of "mixed" cells : for this 
group representative the incoming angular flux is taken to be the averaged 
value for all the cells in the group. With respect to a reference cell, 
in a group of cells being mixed, other cells in the group may have different 
spatial orientation and even inverted side numbering (clockwise instead of 
counterclockwise), and one must be aware of this fact when identifying 
angular flux components : for instance, the p = 1 components of a cell wich 
inverted side numbering are minus the homologous in Che reference cell. 

In order Co compuce the geometrical matrix of Eq. (5) we shall assume 
a transmission kernel of the form 

t(r, ft' -»• ft) - t <S2 «?'.& , 

where t is a uniform transmission coefficient (usually 1 except for albedo 
boundary conditions) associated to the exiting surface, and 6» is the 
two-dimensional delta function on the surface of the unit sphere. Then, 
for a single cell that is not mixed, use of the orthogonality properties 
of the angular representation functions gives 

Aa6 - V p v S a S / S
P ' 

where S - is Che area common Co parcial surfaces a and 8 • 

On the other hand, for a group of cells that are mixed we average this 
last resulc Co obtain 

A P C " o T £? Y cl (ta S - ) T T / (N Sa) . aS pv <t-> I LJ J Q ctB U a 8 

Here Che sua* in I is for the N a mixed cells which have partial surface a , 
the sum in J is for all mixed cells which have partial surface B , and e6 -
except if cell I has reversed side numbering and p • 1 in which case e? * -I 



IV. RESULTS 

As part of the developmental effort for the APOLLO-2 transport program, 
which is been written at SACLAY, the interface-current formalism presented 
heretofore has been implemented in the FORTRAN module MODHEX. In this section 
we present some of the one-group calculations that have been made to check 
the performances and accuracy of the model. For all our tests the multicell 
system of equations (2) and (4) was solved by first eliminating the angular 
components and then solving the remainding equations to obtain the scalar 
fluxes 1. For large assemblies a more suitable iterative method of solution 
is being considered. 

Figure 2 shows a small part of a typical undermoderated assembly limited 
by symmetry axes along which perfect reflection is assumed. Cell 1 is a water-
hole cell, cell 7 is a tube-guide cell and cell 13 is a fertile cell ; all 
the other cells are typical fuel cells. Since for undermoderated reactors 
the most significant region of the spectrum is the epithermal domain, 
one-group cross sections for our test problem were obtained by collapsing 
on the epi.thermal domain the cross sections obtained from a multigroup 
calculation. Also, the slowing-down source was modeled as a uniform source 
of unit density (S • 1) in the moderator. 

Table 1 
Cross-sections for the one-group calculations 

E 
Water Fuel Fuel 

(fertile) Cladding 
E 1.0770816 .677993 .481599 .682877 
E 
s 

1.0767 .44228 .42592 .67187 

A total of 46 zones were us 'd for the calculations : one zone in cell 1, 
3 zones (fuel, cladding and moderator) for the fertile and fuel cells and 
3 zones (moderator, tube and moderator) for the tube-guide cell. External 
cell symmetries allowed to group the 96 sides into only 63 partial surfaces. 
Furthermore, since all fuel cells are identical, only 4 sets of collision 
matrices, for the water-hole, the tube-guide, the fertile and the fuel cells 
(cells 1, 7, 13 and 2) had to be computed, while complete transmission proba
bilities were constructed for each different cell with different symmetry 
group (cells 1,2,3,5,7,13 and 16). 

The results obtained with the different approximations available in 
MODHEX are compared in Table 2 to a reference Monte Carlo calculation. The 
latter was effectuated with 10,000 neutron histories and provided two dif
ferent flux estimators 7. For the comparisons we choose the "chord" esti
mator that gave the scaliest standard deviations ; for this problem, stan
dard deviations (for a confidence interval of 66 7.) are of the order of 2 7. 
with a maximum value of 3.76 7. for tha flux of cell 1. To preserve neutron 
conservation Monte Carlo results were normalized before comparison. 

The UPo approximations give results accurate within 3 % of the UPj-
heterogeneous solution. The breakdown of the UPi-homogeneous approximation 
is due to the fact that the value of the P9| transmission probability is 
left unnoroalized (the homogeneous-cell model preserves only P_ c), and this 

2 results in bad values for the Pg. escaoe probabilities. Total running times 
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for this problem (including the set up of geometrical data) are around Is and 
5s, respectively, for the PQ and Pj approximations in a CRAY CMX computer. 

Although the UPj-heterogeneous approximation is free from cylinderization 
errors, comparison with the Monte Carlo result shows appreciable differences 
for cells 13 (the fertile cell) and 16. Granting that part of these discre
pancies originate from the 66 7. confidence interval of the Monte Carlo calcu
lation and from the three-zones flat-flux representation used on our calcu
lations, there is still an inherent error due to the UPj approximation which 
cannot be eliminated from the interface-current formalism. Differences for 
the net currents leaving the cells are less significative because the Monte 
Carlo values were obtained as the sum on the sides of the cell of the dif
ference between the entering and leaving partial currents that were indepen
dently estimated. 

As an example application of the cell mixing concept we have considered 
the 49-oell, undermoderated assembly shown in Figure 3. This assembly has 
one central water-hole cell, three tube-guide cells, seven fertile cells and 
38 typical fuel cells. The assembly is perfectly reflected along the two 
symmetry axes and along it* lower boundary. As before, we have used the 
cross-sections of table 1 and a uniform source in the moderator to perform 
a one-group UPo, Rothx6 calculation using the cell mixing concept with a total 
of 22 different cells. Cell group identification is shown in the Figure as 
well as orientations and inverse side numbering. The calculation took 
1.8 s in a CRAY CMX computed and results for the 67 scalar fluxes and cell 
net currents are given in Table 3. As in the previous problem, the net currents 
show how neutrons leave preferently the water-hole, guide-tube and fertile 
cells to enter into the fuel cells where the greatest part of the absorption 
occurs. 
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Table 2 
Results for the test problem of Fig. 2 

UP- approximation UP, approximation Monte-Carlo 
(MC) 

H-MC . 
MC * Cell Rothx6 Homo. Hete. Homo. Hete.(H) 

Monte-Carlo 
(MC) 

H-MC . 
MC * 

Region averaged fluxes 

3.434 3.430 3.427 4.177 3.454 3.319 4.07 
2,679 2.676 2.673 2.658 2.664 2.620 1.68 
2.832 2.829 2.857 3.662 2.890 2.817 2.59 
2.917 2.914 2.917 4.535 2.984 2.905 2.72 
2.616 2.614 2.612 2.592 2.602 2.610 - .31 
2.766 2.765 2.793 3.583 2.822 2.754 2.47 
2.850 2.849 2.852 4.446 2.913 2.863 1.75 
3.355 3.352 3.343 3.808 3.327 3.349 - .66 
3.170 3.168 3.197 3.941 3.230 3.151 2.51 
3.119 3.116 3.095 4.261 3.172 3.140 1.02 
2.441 2.443 2.444 2.380 2.450 2.450 0.00 
2.584 2.586 2.618 3.446 2.663 2.588 2.90 
2.664 2.666 2.672 4.381 2.749 2.729 .73 
2.754 2.754 2.750 4.606 2.744 2.891 -5.08 
2.812 2.811 2.842 3.521 2.880 2.939 -2.01 
2.855 2.854 2.849 2.500 2.924 2.988 -2.14 
2.341 2.344 2.348 2.289 2.358 2.257 4.47 
2.479 2.482 2.517 3.385 2.566 2.371 8.22 
2.557 2.560 2.569 4.352 2.648 2.463 7.51 

Net current out of the cell 

' . .8200 
-.6994 -l b 

.8200 .8200 .8195 .8199 .7784 5.33 
2 

.8200 
-.6994 -l b -.6965 -1 -.6932 -1 -.6919 -1 -.6847 -1 -.7173 -1 -4.54 

5 -.6298 -1 -.6280 -I -.6258 -1 -.6348 -1 -.6299 -1 -.5405 -1 +16.54 
7 .6569 .6569 .6569 .6548 .6564 .6227 5.41 
11 -.4356 -1 -.4374 -1 -.4391 -1 -.3825 -1 -.4407 -1 -.5800 -1 -24.02 
13 .1522 .1523 .1523 .1029 .1528 .1714 -10.85 
16 -.3237 -1 -.3274 -1 -.3316 -I -.2860 -1 -.3435 -1 -.3900 -1 -11.92 

Within a cell regions are ordered outward. 
b -.6994 -1 - -.6994 x lO"1 . 



Table 3 
Results for the test problem of Fig. 3 

Cell Fluxes a Outward net current 

1 3.446 .8199 . 
-.7189 -I 2 2.696 2.850 2.936 
.8199 . 

-.7189 -I 
3 2.594 2.744 2.827 -.6059 -1 
4 2.521 2.667 2.749 -.5238 -1 
5 2.724 2.880 2.966 -.7518 -1 
6 3.998 3.813 3.762 .8252 
7 2.778 2.936 3.024 -.7790 -1 
8 2.492 2.636 2.717 -.5445 -1 
9 2.845 2.904 2.948 .1509 
10 2.571 2.720 2.802 -.5870 -1 
11 2.751 2.908 2.995 -.7969 -1 
12 3.672 3.487 3.436 .6552 
13 3.151 3.213 3.258 .1410 
14 3.132 2.306 3.401 -.1206 
15 2.767 2.925 3.012 -.8049 -1 
16 3.103 3.276 3.370 -.1173 
17 3.537 3.602 3.650 .1306 
18 2.472 2.616 2.696 -.4723 -1 
19 2.508 2.653 2.735 -.5189 -1 
20 3.232 3.294 3.340 .1389 
21 3.608 3.675 3.723 .1287 
22 3.810 3.878 3.927 .1232 

Within the cell regions are ordered outward. 

-.7189 -1 » -.7189 x 10" 1. 



Figure 1 : Symmetry groups for hexagonal cells. 
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Figure 2 : Cell and surface numbering for test problem. For 
the calculations cell 1 has a single zone and all 
the other cells have 3 zones. Zones are numbered 
following cell numbers and, for each cell, in the 
order of increasing radii. There is a total of 46 
zones and 63 partial surfaces. 



: Undermoderated assembly geometry (actually 1/12 of 
the assembly) showing cell numbering for the MODHEX 
calculation using the cell mixing concept. Only 22 
cells were differenciated, with a total of 64 regions 
and 103 partial surfaces. Relative orientation and/or 
inverse side numbering for cells been mixte together 
is indicated when appropriate. 


