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SUMMARY

A comparative study has been undertaken on the behaviour of lumped
absorbers (burnable poison particles) under neutron irradiation pursuing two
different ways. Onec uses a rather simple analoguc model, the other a more
sophisticated digital computer programme.

Upon comparison of the results it is possible to conclude that also the first
method adequately predicts the absorption characteristics provided the adjust-
ment of the analogue model to some recent developments pertaining to the
definition of the self-shielding factor.
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Comparative study on the non-uniform
burn-up of burnable poison particles
using analogue and digital computer
techniques and a new definition
of the self-shielding factor(+’

1. Introductien

In the study of the characteristic burn-up of a localized
absorber volume (also called burnable poison particle)
the main problem exists in evaluating the non-uniform
changes with time of the neutron flux and absorption

rate pattern inside the particle.

Two different approaches have been made by the author.
In an early stage the problem was adapted to the means
of solving it, at that time, i,e. to analogue machine
computation (ref. 5). This had one immediate drawback.
As one knows the analogue computer is only capable

of handling one independent variable at the time
whereas the problem has phyaically to be described

by at least 2 parameters, due to time and a space
dependent effects. ~

Therefore, it was unavoidable to rule out one of them
which, evidently, could only be the space variable.
This was done by making certain assumptions as to

how the non-uniformity would affect the long term
behaviour. To this end it was assumed in the model
that at any moment the neutron flux and absorber atom's
concentration should be uniform. (This presumption,
a8 will be seen, turned out not too bad at all.)
Recently a digital computer model was constructed
based on transport theory. This had the advantage of
avoiding, to a certain degree, any mathematical
restrictions (see ref. 4).
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The programme calculates the spatial neutron flux (in

one or two groups) through the absorbing particle and

an environment of fuel material and moderator. Consequent-
ly, the burn-up of the absorber and fuel atoms is

computed during a time interval after which the whole
procedure is repeated.

Obviously, this programme as against the analogue
model does take account of the fime structure events
i.e. the local change in neutron flux and absorption
rate pattern. Details of the theory can be found in
the references and will not be given here.

The aim of this report is to show how the results
obtained with the two programmes compare. In order to

be able to do so the analogue programme as presented

in ref, 5 had to be adjusted and rearranged slightly.
The most significant modification was the replacing of
the curve of the self-shielding factor (fig. 14 in
ref.5, see also figures of the preceding chapter 3) with
that given in fig. 3 of the chanter 2.

Neglecting this difference i,e. leaving the model in its
0ld form would produce the curves indicated by O (old)
in the figures following. -

In the past the self-shielding faotor was developed on

a basis assuming a uniform and hence isotropic non
perturbed neutron flux incident on the particle's

surface (ref. 5 and curve f in figure 1, chapter .).

In a later stage, however, it was found that neither

the local neutron flux perturbations nor the non-

uniformity of the neutron flux in the surrounding region
could be left out in the consistent unit cell homegeniza-
tion procedure laid down in chapter, , where it is also
shown that the former assumptions are inaedmissable in
ractical cases. This led to a new self-shielding factor
frq in figure 1, chapter 3) which is to be used together
with the factor /3 (Z;§ also developed there.

Use was made of the data for the factor 4 (Z ) contained
in figure 4, chapter - though, as they served as a
correction, they were linearized in order to

facilitate the machine computations (see below),

The quantity at hand, /4 (1), being the ratio of the
neutron flux at the particle-fuel interface and the
average fuel flux could actually be taken 1 as well as
.97 (see below) without affecting the results to any
significant degree nor, at all, the conclusions.

The resglts obtained are indicated by A (analogue),
respectively D for those from the digital calculations.



2. Theory

This chapter will deal with the theory of the
self-shielding factor. It is known from the theory of
neutron transport that when an absorber is introduced
into a region where a neutron flux is existing the
neutron flux will be perturbed.

First of all, the neutror flux inside the absorber will
exhibit a depression. Thus., apart from the eventual
perturbation of the neutron flux in the vicinity of

the absorber the effectiveness of neutron absorption by
the absorber is lower than when each of the absorber
atoms would bpe exposed to the same unperturbed neutron
flux.

This effect is called self-shielding.

A way of expressing the neutron absorption in terms of
the unperturbed, initially present, neutron flux is
through the definition of a so-called self-shielding
factor. When this factor £ is defined as

£ =Bp

in which P, is the average neutron flux in the absorber
and @ the Snperturbed neutron flux outside of it, the
total neutron absorption rate by the absorber can be
written as :

Ay = szp ﬁp = V2,01

V, is the volume and the macroscopic absorption
cross section of the abSorber. 2.,.f is then called the
effective macroscopic absorption c¢ross section.

Once arrived at this point it is recommendable to make
the following remark.

A derivation of f can easily be given for various
kinds of absorber geometry under the supposition that
the, initially present, neutron flux © is not affected
or perturbed by the introduction of the absorber. This
will be done below in the next paragraph.

In the second paragraph it will be explained in more
detail how and where this definition is intrinsically
wrong and to which faulty results it may lead.
Obviously the crucial point is the assumption of non-
perturbation of the neutron flux whereas this in
itself is untolerable in most of the circumstances.
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The self-shielding factor in idealized situations

References will be made in this paragraph to ref. 1,
2 and 3. At first it is assumed that there exists a

region where one has a uniform neutron flux Q.

As explained above the neutron absorption rate Ap .

is then egual to

=V hig
Ap = Vp2p?
with the above definitiuvn for f. The problem now is
the derivation of the formula for f. This will be
executed briefly for spherically shaped neutron
absorbers with radius R.

It can easily be shown (ref. 4) that the neutron
absorption rate in such a particle is equal %o

-2 }
- - 2 o e”cy .
Ap_Vprfo—tH[Ra_.{ 1 2yﬁzﬁ» e (y +_1/2)}

with j_ the neutron current density into the
particle

and y = ZPR the self-shielding parameter.
Furthermore the number of neutrons entering the
particle per second is equal to

: 2.

E =470l

p =4 J_

In the literature one now proceeds as follows.
One defines a quantity a as the fraction of peutrons
entering that is absorbed hence

A 1 e— 2y
a=yt= {1- + (y + 1/2)
P % 2y7‘2 v

and a quantity a1 as

a1 = 1lim a = %g
y—0

for the present case of spherical absorbers.
Next one defines the self-shielding factor f as

-2y |
r - B _ 3 1 - 1 e \
=T + (y + 1/2)
a Ly 2y2 y2’ j




This is the well-known formula customarily used
everywhere in literature in the expression for Ap,

i.e. for the ratio D./Q2.

A graphical representation of £ vs y is given in

figure 1.

An example of the use of this quantity in connection
with reactor calculation (burnable poisons) can be found
in ref. 5.

Looking once more at the derivation of £ and
analyzing what has happened actually one finds that

a stands for the ratio of the neutron absorption

rate in the particle and the neutron in-flux into the
particle taking into account as regardf the numerator the
flux depression within the particle. a' is the same
ratio, however, for the case of y approaching zero,
that means for the case where the particle has

become infinitely small and each atom is exposed

to the same originally present and unperturbed flux
p. Hence the numerator of al can be written as

szip p as there is no flux depression within th
particle any more. Calling the denominator of a

ay one may find

- 1 2\ D
ﬂmsad_(4nR) 7

Evidently the denominator aj which, per definition
should be equal to the in-flux of neutrons now has
become the in-flux indeed, however, with the
restriction that

=%

which is actually so in a medium with uniform
neutron flux.

Rewriting now the formula for f one arrives at

f - 2 _ |abs.rate with depression | |abs.rate without depression
in-flux J° in-flux (uniform)

[ Vo Zif ] p2 3 Py .
B [RI G
N - N J )

i

4RP/4
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The same expression is obtained for e.g. 591id ,
cylinders and slabs. In other words.f is, indeed,
equal to the ratio of ﬁp and P provided, in the actual
case, that

i.=7

This, obviously, is never the case and only .
approximately so in the case of thin, lowly absorbing,
particles that would leave an, initially present,
uniform flux unaffected. Nevertheless, in literature,
f is simply taken equal to the flux ratio thus
neglecting the possibly significant deviation of j_
from /4. This neglect is inherently due to the
assumption of non perturbed uniform flux for which
indeed j_ = 2/4.

Physically speaking this is, of course, nonsense. The
neutron flux in the vicinity of the absorber must be
considered perturbed as a uniform neutron flux
implies no gradient hence no net neutron current into
the absorber and hence no absorptions taking place

at all. Therefore it is stressed that j_ # 9/4 and
may deviate from it considerably (see following
paragraph) .

The self-shielding factor in non-idealized situations

From the above it appears that a better self-shielding
factor fr defined as

f’ﬂ = Ep/p

should be derived from

£ = f.(@}z—)

Doing so, however, one must focus a little more on
the real flux shape in the vicinity of the absorber
and on the significance of © in this regara.

To this end one is invited to study the three
figures 2-1, 2-2 and 2-3.

Situation 1 (fig. 2-1) corresponds to a unit cell of
a reactor where, for simplicity's sake, only two
regions (fuel and moderator) are shown. The flux
pattern is indicated as well as the average flux
levels in the two regions. A disadvantage factor
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factor is defined as

Fy = Peq/Pyy

where f and m refer to fuel respectively moderator
ans subscript 1 to situation 1.

In situation 2 (fig. 2-2) an amount of poison is
introduced into the fuel in a uniform manner
keeping, again for simplicity's sake but without
looging generality, the average fuel flux Py, equal
to Pr1. Again a disadvantage factor is defined as

Fy = bf2/¢ﬁ2

The neutron absorption rate by the poison may now be
written as

= > = p3
hop = Voo 200 Prp = Ve 205 Py
with 2 the volume averaged macroscopic poison
absorpt?gn cross section.
Situation 3 (fig. 2-3), finally, corresponds to the
same unit cell, however, with all the poison lumped
together as a tiny central string occupying volume Vp3.

The average fuel flux fr3 is, again, kept constant,
i.e. equal to the previous ones, so

751’3. = Z51’.2 = ﬁf1 = D¢

This disadvantage factor now reads Fj = ﬁf3/ﬁﬁ3
The neutron absorption rate by the poison now becomes

— b3
Apy = Vo323 Pryefys

defining

fr3 = Ppy/Pe;
and ... 3 as the madroscopic absorption cross section
of th& poison material itself.

FProm the above one finds
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R3
Ap?
hence Ap3 = Ap2fﬂ3
. _ < -
4 A | g
and ft{3 = p3 = p3 E = fh’.
Pry  Vp=p Pe

From paragraph I one has

ol i 1 e
A, =A_=47R 1= =+ = (y + 172"

1l

LY D IEY
= 3 Z.pt{ j_.t

J_

hence £, = £ (—— )

which can be shown to apply to solid cylinders,
8labs and spheres.

This formula for the self-shielding factor as
against the one given before takes into account two
things: the being non-uniform of the external
neutron flux and the fact that at a particular point,
in this case the interface between poison and fuel

j- # Pr/4 where Pr is the neutron flux in that point.
The formula is now rearranged as .

fp = Ty f
|9

with 5= ==
b, gf

and f,, = f(j_/DH /4) which can be proven to give
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£
£, = ( )
R1 1--1123 £

A graph of f,4 vs y is given in figure 3 together
with a graph 2fig. 4) representing s also as a
function of Z.p calculated by the ECLIPSE programms on
a system with Spherical geometry (ref. 4) for
specific values of particle size and of fuel
enrichment and moderator-to-fuel ratio.

It can not be denied that the method presented above
gives the only correct way of taking account of the
contribution of a lumped poison in cell homogenization
procedures. When e.g. the total neutron absorption
rate for*“the entire cell is to be calculated one has

Are11 3 = Ap3 * Ap3 * Ay

fR(Vpr ﬁf) + Vf Zf.ﬁf + szm ¢m3

Dp {(szp)fR + VT 4 szm/F3}

Clearly the difference in result when using f (see next chapteyr
instead of fR at this place would be considerable.

The latter expression can be modified somewhat more

to

Ace]13, = E—f {(sz‘p)fm F + szf + szmfmp}
. 1 1
with fmp = F—3— = OTFT

with &= B 4/85

As to ¥ it can easily be shown that this quantity may
be written as v

Qy = Apqy/Vy

o =
Uy = Apq/Vp — Ap3
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all {the relevant data
uged in ‘the treating ot the 18 examples,

Case Figuare G4 Je - a N(0) 3(0) e
10" %%em? %10~ %%on? x107 % w10%%en™3  om!
1 2 2000 - - 1000 1.917 38.3 .03?;
2 3 " - - 750 " " .029C
3 4 " - - 500 " " nyo
4 5 " - - 250 “ " C160
2 6 2500 - - 1000 " 47.9 e
6 7 2900 - - " " 55.5 JOudl
T 3 3110 - - 325 " 59.1 .C17¢
8 9 : - - 100 " w0100
9 10 2000 125 4 1000 " 38.3 .031¢
10 11 " " " 250 " " .016C
11 12 3110 555 2.2 325 " 59.1 .C17¢C
12 123 " 55.5 " 100 " " .010C
13 14 X X 4 1000 X 11.5 .047¢C
14 15 X X " 750 X " .037¢
15 16 X X " 500 X " .G31C
16 17 X X " 250 X " .020C
17 18 x X " 50 X " L0100
16 19 X X " 500 X 24,0 ,028¢
The crosses refer to the DypCj3 cases for which the
following data were uced:
By, 0, Ey | E, | EL | Euf 0y, 00, |0l 0. 0 T, 9;; Ie: | Te
mat vt 190 |.255 | . 249 .291] 290 70 6o 1305}}2.5 89.2(85.8( 12.5
enriched -1001.1001.100 { JcO} » » " » . " " “
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