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A3S RACT

The nmethods used in the UK for the calculation of resonance capiure in
granuler FTR fuels follow the lonz esizblished path of determining a "georesiric
ecaivelence® which equates the rescnance shielding to that in a homogeneous
mixture of the resorance absorber in hydrogen.

Simple collision probability arguments, ususlly for the black limit,
were used for AGR aand 8GHV syslems. For granular fuel a 'grey! ecguivalence,
convenient for numerical use, has been adopted, and the geometric solution
performed in two ways: by a synthetic collisi~n vrobability model which is
rapid ané appropriale for desipgn work and by a Monte Carlo model vhich allous
detsils of the grain lattice structure to be ctudied.

The results are in good agreement, z2nd are shown to give good results
compared with measured relative conversion ratios in the NESTOR stack exr-eriments.
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1 Introduction

The b.3ic model for wvquivel: cing heterogeneous . 1th hydrogenous
resonance integrals is bvased upor the usce of the wational epproximation to
approxircte the fuel self collis:.n probaility

P(s>f) = z
1+
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N

|

1

5]

This leeds to a form I«r the egbsorptions in an esymptotic source which is
identical in form to tne ° rdrc_-snous equation.

R.I. = Ab:orptions = /ZaZdu ' 2
= ‘/ig a 212 . du 3
Eov 2,

where £ is the sum of the true polential scatter inside the fuel and a
'surface' term Ex' It will be seen from equation 1 that

B % /T k4

for a non-re-entrant body. A factor, a, is normally introduced to correct
for the approximation inherent in eguation 1 (the Bell factor), and a further
term, ¥ , for iuateraction between adjacent rods in a lattice (the Dancoff
factor). Thus :

ay/ -
z /A 5

Now equation 1 is exact at the black limit £ > . As a first step to a
numerical calculation for more complicated geometry, it was proposed in
Reference 1 to replace this procedure by a direct calculation of the fuel
self collision probability for a 'grey' fuel, whose cross-section was chosen
to give a suitable approximation to the average resonance integral. Now

1 -P(f=f) = /Ea(1-I%f+fDd7//zadu o 6
= I(Ep)//l(w) 7
= Zp 8
Lot L
hence we use PR (I(m) -1 > 9
p (T

In fact the proposals of Reference 1 are slightly more advanced than this,
in that they propose to use a flux solvticn rather than the collision proba-
bilities to determine the equivalence: this permits us to deal approximately
with scattering materials of intermediate or large atomic weight outside the
fuel. Although one of the codes described here uses this method, the differences
are not important for typical ETR fuels.



2 Trea*nent of Jnersy

Before turning te the calculation of the collision probabilities for
granular fuel, it is co:ver.ent, for complcisness, to review briefly the energy
treaiment used in the WII'S (2, 2 code. Tnls is bacically a few group treatr.~nt
in vhich partial reconance intecrals for cach grour @re converted into zroup
constanis in a manuer consist:int with the heteroger .ty calculation to follow.
For a s.mple two-rezion cell .his resvits in a form

ZA(fuel) = I/AU 10
I
1 - Ay
/Zp

Other corrections for the effect of absorption on the group removal cross-
sections are also rmacde for consistency. The resultant solution then allows
for both spatial and cnergr depletion of the slowing down density, the former
usually neglected in simple exnositions.

. p . X . I .
Given these manipulations the cuesntity ~,AU tabulated for each group is
closely the classicel resonance integrel. It is cdzduced from exact solutions
for homogeneous hydrogen/fuel mixtures by the inverse of the WIIS nodel.

Extensive compa{}'ons betueen this model and detailed Monte Carlo studies
have been published ‘t/ f d, plate and me tri h he 1!

ave been publishe for rod, plate and cluster geometries, vhere the llonte
Carlo calculation has used identical cross-sections for the resonances.

In Reference 4 a slight adjustment to the calculated resonance integrals
(a deduction of 0.9 barns) was recommended. We currently use 0.6 barns in
place of this. The resultant resonance integral at 30C°K is shown in Fig 2
plotted aseainst Op. lote thet for U metal the fuel contributes 2b tc Op,
for UO, the corresponding figure is 9b. These effects are typically negligible

for HTR lattices where UI’ = 300, I *30 barns.

3 The PPOCOL Collision Probability Method

Using an initial guess of the appropriate "effective scattering" cross-
section of the fuel region, a value for the resonance integral of the fuel is
calculated. From this an eifective cross section for the grain is calculated
and hence collision probabilities are synthesised for all regions of the cell,
including the kernel and coating of the average grain. The neutron balance
equation for the cell is then solved giving the flux ir each region. From the
flux distribution a new value of the effective cross section is computed.
Iterations around this cycle continue until the difference between the last two
consecutive values of the effective scattering cross section is less than a
specified value. Finally the '"Bell factor' is calculated.*

An accurate value of the fuel transport cross section is not required
as this quentity is small in comparison to the effective absorption cross
section; twenty per cent errors in magnitude of the scattering cross section
resulting in errors of less than one per cent in the effective cross section of
the fuel.

‘Thiu relates to a feature of the WIMS code rather than to any physical effect.
WINS smears all "fuel" mzterials together into a rod of appropriate volume.

This will include, in the present fuel design, an inner can, which thus contri-
butes to the in fuel (volume) scattering rather than logically to the surface
term in the resonance equivalence. The "Bell factor" modifies the outer surface
contribution to give the required over:ll 2ffective scatter within this peculiar
model: it could be negative in extreme cases. This form is dictated by existing
input facilities of WIlS: in principle 213 would ve input directly with a
Dancoff factor of unity.
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The iterative rethod used in PROCOL recuires an initial guess at the

effective cross section of the fuel (ZD), wi“zh 1s uced in a mod:fied form of
the Glacdstone resonance integral auproximation
0.1415
I = ofz, +
p 3‘ p 9
Ng

where Kg is the nuwaber dc¢ sity of the fuel material
Ep is the effective cros- section of the fuel
I

is the r¢ oncace integral
b
This apnroxivates to the one-_roup resonance integra”™ for U-2)8 in WIS
to a sufficicnt accuv:acy for deteranlnr Z_in the range I_< 500. The nethod
described here coulc be used in feu-groups with the VWIS .dbulation for each
group beinj assessed “irectly. -

The total cross section Z_ is then evaluzied for the fuel from

T
5= 43 (I --no)
T a P\ T
b
where Ea is the cross section of the fuel ignoring the absorption due to

the resonant nuclide U-238.

I is the resonance integral for an infinitely dilute mixture of U-223:
anproxinately 280.0 barns

Because the grains ere not isolated, but set in a matrix of material vhich
has its own scattering properties, the matrlx material is smeared into an
additional spherical shell, around the fuel grain, whose volume is given by

Ve = Vo (dl=f

T
where VBY is the volume of the smeared matrix around the grain
W
Vo is the volume of the grain
f is the 'vacking iraction' or volume fraction of fuel grains
in the matrix )
Having obtained the geometry of the fuel grain and associated matrix the

spherical collision probabilities P(i, j) for the various layers of the grain

are calculated using the collision vrobability routine PROB(L The probability
of a neutron born in layer i of the grain esceping from the grain is
. Jd
P(i, s) = 1.0 - “1p(1,3)

vhere J is the total nunber of layers comprising the grain. Hence the probability
of a neutron born in any layer of the grain escaping to the surface is

P(o,s) = .% 4P, 8)

bability of a neutron from outside the grain entering any layer i
in i5 given by P(s, i) znd values of P(s, i) are obtained from valves
by reciprocity, thus assuming an isotropic inuvard flux distripuvtion.
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where As is the surface arez of the grain

Vi is the volume of the ith layer

-



Therefore the probability of a neutron fron outside the grain suffering
its next interaction in the grain is

J
P(s,i) = %_, (h.ozivi P(Lf_})
AS

([

H- g

=1

dJd

I DP(s,i) is also ac- .d to egual thc probLabilit; of that scme neutron =niering
i=1

and interacting in an e uivelent homog:c "ised grain.

J - °
I <L"CZi Vi P(i, s) > L+.o<‘_°> L, P, s)

AS
AS

~

- us

o
vhere St is the effective crouss section of the homogerised grain.
o -

P(Zy, s) is the probabzlity of a neutron born in the equivalent homogenised

grain escaping to the surface.
o o

An estinate of It is made and P(Z., s) celculated using the PROB routine,
the above icdentity then beinz calculated; if tune balance is not within a set
tolerance a new value of ft is calculated from

Z3 Vi P(i,s)
=1 P(ft,s) Vg
)

The nev values of It are used to rcpeat the iteration w.til the required
accuracy is obtained.

As the effective cross section of the grain is identical to that of the
layer, the znruler collision »robabilities, P(I,J) can be calculated using the
routine T.i58ZUS(5),

In order to obtain a one-dinmensional flux solution, the spherical layers
of the fuel grains must be represented by series of concentric annuli. By
summing the volume of each type of material in a layer for all grains, the
volume of the eguivalent annulzar layers is obtained. The eguivalent annular
layers are ordered in an outward direction in the same order as in the fuel
grain, Figure 1 refers. Collision probabilities for the egquivalent annular
regions of the cell are computed from the annular and spherical collision
probabilities obtained for the cell and for the grains using the following
equations, in which annular layers of the physical cell are represented by
suffices I and J and the surface of the cell by S. Layers of individual grains
are represented by m and n and the surface of the grain by s. Annular layers
where the cell has been reduced to a set of equivalent annular rings are
represented by suffixes K and L.

i Correction of Annular Cross Sections for Infinite Arra
Y

P(I,J) = P(I,J) +P(I,8) P(S,J)
(1.0 - P(8,8))

where P(I,J) is the probability of a neutron travelling from Ith arnular
laver to I anpular layer of a cell before suffering
interaction.

P*(I,J) is the probability of a neutron travelling from the Ith
annular layer to the Jth annular layer of an infinite array
of cells before suffering an interaction.

-4 _



P(I, 3) 1is the probability of a :euiron going from the Ith annular
layer of a cell to its surface

P(S,J) is th probability of & neutron cntering a cell suffering
an in 2raction in the JIR annular layer.

P(S, 3) is the probability of a neutron leaving the surface of one
cell and crte ng the surface of another cell.

ii Correction for 32oth Annular T.avers Unfuelled

P*(X, 1) = P(I,J)

P*(K,L) is the probability of a neutron poing from the Kth lay
the Lth layer of an equivalent cell bvefore suffering i3
next interaction.

ar to
ts

iii Correctior. for Annular Laver I Unfuvelled, L-ser J Fuslled

P‘(K’ L) = VL (zt)L P(Lq S) P(I,J) ANLLAAS 0&1(

o]
V.5, (1.0 - P(o, o) = ,
° i % 6/1‘(1”“ bal T

where 1.;-,.,ML¢\, bt =
VL, is the volume of the Ltn equivalent layer gt w e bl
Vo is the volume of the grain

(20, is the cross section of the LD equivalent layer

gt is the cross sectior of the smeared grain

P(o, 0) is the self collision probability of the homogenised grain
X g

P(L, S) is the probability of z neutron from region L of the grain

in Layer J escaping from the grain

iv Correction for Layer I Fuelled, Layer J Unfuelled

P*(K,L) = P(L,8)P(I,J)
P(0,S)

where P(0, S) s the probability of a neutron leaving the smeared
grain in Layer I suffering its next collision in another
grain.

v Correction for Lavers I and J Fuelled

P* (X,L) = P(m,n) + (SA)T (Z¢)3(Vy)g P(K,S)p P(L,8); P(I,J)
(1) (B¢); (Vo)g P(0,S) P(0,8)

vhere
P(m,n) is the probability of a neutron in spherical layer m

sustaining its next interaction in spherical layer n of
a fuel grain in annular region I.
ztn is the macroscopic cross section of spherical layer n

is the volume of spherical layer n

P(K,S);y is the probsbility of a neutron born in spherical layer K
of grain in region I escaping from the surface of the graim

P(L,S)J is the probability of a neutron born in spherical layer L
of grain in region J escaping from the surface of the grain

-5 -



Having obtained the cor lete set of probzbilities, P*, the radial flux
equations

N
B Ve o= LY (xL Fsp ¥+ (:'_:)‘L>ESL¢L>VL P‘(L’K):lx
where 15 is the mesn flux ov r the cell

@1, is the flux in region L
N is the total nurber of regions

/
A is the L;drogeneous factor for nuclide in region L from Reference 7.

are solved, hence enabling a new value of Zp to ve cvaluzted for the fuel region

using
\
T zT(%‘g) )

where I is the nov value of Z,

g is the flux in the fuel region

If the value of E' is now within pre-specified limits of ZD, it is taken as a
new guess for I P ana the cycle repeated. On final convergence all annular
layers with fuel type spectrum are smeared on a volumetric basis and the Bell
factor calculated from:-

BELL = 4.0( Volume > (Vo]ume of fuel> - ('}\ZS)
_— . . smear
Surface area/ smeared . in cluster
region

where)LXS is the volume weighted, mean hydrogen equivalent scattering cross
section for non resonance materials in the smear.

L The ANJ:OC !*onte Carlo Apvproach

4,1 Geometrical model for spherical srains in an annulus

In order to adeguately simulate the passage of neutrons through a
HTR fuel element which contazins fuel grains an accurate geometrical model
describing grains packed into an annular container is required. Such a
model will have to satisfy the following conditions.

- /

The packing density must agree with measured valuesy

2 The observed fuel elements have a high degree of ordering, hence
we require a model that includes this feature.

3 In order that the method has validity over a wide range of
experimental and design conditions the packing fraction and, to
some extent, the structure of the grains must be adjustable.

The packing fraction for experimental fuel elements used in KESTOR was
of the order of 0.66. TFor an amorphous structure the packing fraction is
less than 0.63 whereas for regular lattice structures it can vary from 0.5
to 0.75. Hence conditions 1 and 2 are complimentary in that the large
pacxing fractions observed in experimental fuel elements entail some
regularity in the grain structure.

In the light of these considerations the geometrical model used to
describe the grains in a container was what might be described as a distorted
lattice model. A lattice structure with approximately the correct packing
fraction is chosen and then the vectors joining the centres of grains
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distorted so that the structure conforms tc the contours of tne container.
As an illustration ve consider a cubic lattice in the form of a slab. The
disto *ed lattice scoructure would then be fermed by rolling this slab up,
in a sirmilar fashion to rolling up & carpet, an¢ hence form an annulus.

In gensral a regular lattice is unicuely des-ribed by three basic
vectors. These vectors in ceriecian geomstry ar¢ given by the eguation

~ FaS ’~
i = [a1 X + b1 I+, z ] <.
~A 7~ ~
= a, 3 + b, y+c,z ] d.
4 [, 3+ b, 3 +c,2] /
N ~ -~
k = a, X+ b + ¢,z ] d.
S [ 2 3 A 3 Z ]
where d is the diameler of a grain, 2 bi and c, are constants such that
a.2+ b.2 +c.2 = 1
i i i -
A oA ~ . . . . . .
and %X, ¥y, 2 are unit vectors in the respective directions.

For example, in a cubic lattice all the values of a., bi ci, are
zero except a4 b2 and cB. Any vector joining eqvivalen% poinits”in the
lattice will then have the form

1i + mj + nk 1, my n integers

On distorting the lattice the constants a,, b.,, c. will become

- . . i il 74 X
functions of (x,y, z) in cartesian geometry, ~the form of these functions
derending on the distortion. The usefulness of this technigue comes when
these functions are very simple, or only a few of the constants become
functions of a variable.

To facilitate the use of this method when treating annular fuvel
elements we return to our illustration of rolling a slsb into an anaulus.
This operation can be performed by the transformation

X —> rw
Y — Rout~T where R, ;¢ is the outer radius of the annulus
2 —> 2
wvhere r, w, z are cylindrical co-ordinates.
The lattice vectors then transform as
A
—> ﬂ/r
”~
_— =T

~

— 2

) O IN>

Under this transformation the layers in the x, z plane and hence at
constant radius will retain their regularity but they will tend to slide
one over the other.

If we choose our lattice so that b1 = b3 = 0 then in the distorted
lattice

[31 Qy& + C, Z ] a.

[aBg/r + 032] d.

R A
!



In the case of an annular fuel the larers are tzken to be concentric
and hence r is the mean radius of a given layer. Hence we can rcwrite
eq 6 as

e n »~

A
it = [a1 ¥ o+ ¢,z ] 4.
7
n n - ~
k = la, W + ¢,z ] d.
P C B
.n th . .
where i refers to the n~ layer counting from the outside and
n — — e th !
a; = ai/rn r = mean radius of n” layer
Tne distortion of one larer with respect to another will be described
by vector j. Putting
. A —— -
j = [(ag +at) W= (bz + 8T 4+ (c2 + &M 2;] d. 8
n ,n gn - . . . .
then a ,B ,6 are functions of r, w, 2z which describe how one layer
moves over the other. All these functions will be periodic.
We choose a simple value for a, where
«® = Modular(d_ (w - w )/a ), A, = ;; 1";£ 9
- n n 20N =
Th-1

and wn is come constant.

n

The values of ﬁn and 6" are dependent on a® and now the layers are

constrained to move one over the other. Hence in the computer programme
there are facilities for feeding in various functions for these guantities.

However there is one consiraint. If the outer layer conforms to the
shape of the wall of the container then in order that the inner layer
conforns to the other wall of the container we reguire

En_gn = constant independent of w.

The model thus satisfies two of our conditions. First there will be
a high degree of ordering as the structure of the layers is similar to a
pure lattice. Secondly, the model is general. Different lattices can be
chosen and distorted in many ways.

The vectors in eq 1 21l have length d so that every grain is touching.
However the model can be easily adapled so that grain to grain distances
in any direction can be adjusted. This is accomplished by altering the
values of the constants a., b., c. so that equation 2 is no longer obeyed.
In this way the packing dénsi%y cin be adjusted or the structure expanded
or contracted in any direction.

Using the geometrical model presented here we can satisfy all the
conditions stipulated in this section., The generality of the model lends
it to studying details of the grain lattice structure.

k,2 Vonte Carlo Calculation

The geometrical model defines the positions of the grains in the fuel
region for a given lattice structure by means of the functions a®, B2 and on,
This model was incorporated in a simple one group Monte Carlo calculation
of the fuel to fuel probability P.. using as the fuel cross section the
average cross section given by eq. 9 section 1.
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A conventional lonte Carlo calcul=tion will te lengthy for these\ Lo
complex reoreiries as the path length 111 be rc-evalueted at every y~gj ’ f
boundary. F nce we adopted a tecvnigue called ,'ocdcock tracking (5 ).¢ ° *° |
In this case the path length of z neutron is ¢ itecrmnined by a cross NN

section I, . wvhich is constant for 21l m~terislec. I tot is cefined by - ro
the equation” |, v
Y ), - < Jt/j\,l:,
z = X +z N L ’u&,";.l'\‘al./’x‘* -
tot true dummy ° L - o
where Z rue is the physicel cross section for a given material. At every
collision”  there will be Ztlue/z o Plysacal event and 2dummv/z durmy
L
events. If an ev-nt is a dvunmy @ 2nt the 'eutron continues unchanged
The effect of using Edummv in this way is to remove the need to calculate
eP1¢1

the positions of grain and kernel boundaries, although more collisions
(real plus dummy) are recorded. This greatly reduced the complexity of
the code and saved time.

In the calculations reported here I was taken to equal the fuel

cross section so that 2 , in the fuelt1§ Zero.
o

dummy

L.,?2 Effects of Different Grain Structure

In addition to the results reported in sections 5 and 6 calculations
have been carried out for NESTOR fuel element 9/B-B using a variety of
packing structures.

1 Results of chsncing the lattice structure

Due to the geometry of the experimental fuel elemernts the desired
packing fraction can only be achiéved if interlocking hexagecnal lavers
of particles are used in the model. Hence only small changes in the
lattice structure are vossible. The orientation of the basic lattice
structure can be rotated through angles from O - 30° with respect to
a horizontal plane perpendicular to the axis of the annulus. Resvlis
of calculations with varying rotations are shown in Table 1 and
indicate that P is not censitive to this parameter.

£f

TABLE 1

Angle of rotation 0° 20.7° ) 300

Pos 0.836 I .0045 | 0.833 £ o045 | 0.833 % .oous
2 Results of varying the density of packing with radius

It is possible that in realistic compacts used in !’k III reactors
the density of the layers of grains adjacent to the walls of the can
will be less than elsewhere in the compact. To estimate the effect
of such density variations we also carried out a calculation of Pff
with the layers adjecent to the walls of the can reduced by 9%
with respect to the other layers but keeping the total fuel content
constant., The results are shown in Table 2. Again Pff was not
sensitive to this variation in packing.



TADLE 2

—— ettt e

Recuction in censity
of outer lcyers

Prr

0 9%
0.836 X .o0ksS 0.834 I 0045

5 Comperisons | 2tveen Theories
Table 3 below shows the comp rison between the two =appiocaches.
TABLE 3
E‘D
Core = v PROCOL -
Number —Ar NS S lionte
PROCOL | Ionte - 1% Corrccted llonte

- . + - + ’ U
AGK 3/C - 1 6.573 | 6.709 7 0.067 6,441 = 0.064 0.959 0.132 = 0.067
AQN L/C - 14/2 | 6.7%2 | 6,700 2 0.067 | 6.67¢ E 0.066 0.9954 | 0.063 % 0.067
AGN 6/B - B//2 | 4.059 | 4,089 - 0.041 L,070 - 0.047 0.9951 |-0.011 % o.c4?
AGL 7/P - BA/2 | 4.765 | k.772 - 0.048 4,750 - 0.0k3 0.6953 | 06.015 I o.048
AGL 8/P - B L.635 | k.72 T 0.048 | L.575 T 0.046 0.9571 | ©.060 ¥ 0.046
AGH 9/B - B 3.940 } L.089 - 0.041 3.912 - 0.039 0.9549 | ©.037 I 0.029
AGH 10/3 - B/Cu| 3.793 | L.n39 < 0.041 3.912 = 0.039 0.¢549 [-0.119 f 0.C39
AGK 11/B - B/C | 4.269 | 4.500 - 0.045 L. 3ks5 - 0.043 0.96L3% | -0.076 I D.043
AGN 12/G - 1 7.230 | 7.690 < 0.077 7.390 = 3.074 0.9691 |-0.160 E 0.074
AGR 13/4 - 3 2.969 | 3.013 = 0.03 2.381 < 0.02% 0.953%0 | 0.08% = 0.029

U U,

It will be noted that Dancoff factor has to
ANJI0C which considers an isolated fuel element:

We conclude that, within the statistics of the Monte Carlo method, the two
approaches agree.

6

Comparisons with Exyerirment

- 10 =

be allowed for explicitly in
the correction is of modest zize.

Table 4 shows relative conversion ratios calculated using ANJMOC eguivalences
for the NESTOR experiments as presented to the 9th DCPM in May 1970.

The experi-
mental data have been corrected for the small environmental mismatch where
appropriate.



TABLE k&

. Fuéf~
Core LaFtlFe Central 5 x 5 Cuter zone Measured Discrepancy‘~
.y . , nitch
identification -(mr~) array R.C.R. (%)
LGN 2/C-2 83.8 c 2 pin 10p 4,59 ‘4'1.31\
AGN 3/C-1 " c 4 pin UO, 3.97 D e 1.2
i (U
AGN L/c-1//2 1184 c 1 pin U0, 2.49 '+ 0.3 )
I
AGN 6/3-B//2 " B B 2.90 + 0.5 !
AGK 9/B-B 83.8 B " 4,88 + 1.4
AGN 10/B-3/Cu* " B " 5.2 b 1.0 1
AGN 11/8-3/CT " B " 4.86 + 1.4
AGN 12/G-1 " G 1 pin UO, 3.85 + 0.1
AGN 13/4-3 " A 3 pin UO, 6.12 - 0.4
AGN 1L/G-1(S) " G 1 pin U0, + 3.68 + 1.8
graphite J
sleeve oo

*Copper poison tubes in central voids of each fuel pin.

*Graphite dowels " n " " 1" n n o,

Agreement is seen to be good.

7 Conclusions

Methods of geometric eguivalence which have been used for AGR and SGIH:
systems have been extended to deal with granular HTR fuels. Two approaches to
the calculation of the equivalence have been tried, and shown to give similar
results. The Monte Carlo studies show that these are insensitive to modest
changes in the grain packing assumed, which is a necessary condition for the
simple theory.

No full space/energy Monte Carlo has been carried out on this problem,
and the efficacy of this model is thus not fully demonstrated. On the other
hand, comparisons with experiment for a range of grain sizes show good agreement.
Together with the experience previously gained in simpler geometries, this
permits a modest confidence that the model is, in fact, of adequate accuracy.
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FIG.I PROCOL CELL REPRESENTATION FOR FLUX SOLUTION
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