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II.

TEST OF APPR TYPE CONTROL ROD IN THE MIR

Introduction

| In order to better evaluate the absorber material proposed for the
APPR-1 control rods, it has been proposed that one of the MIR cadmium
rods be replaced with an APPR type rod: The APPR control rod consists
of enriched boron-10 dispersed inAe;ectrolytic iron and clad with 304L

type stainless steel.

The initial worth of the control rod can be determined experimentally.

. This repprt is concerned with the change in the worth of the control rod

as a function of time during operation for both the MIR cadmium.rod and
the proposed APPR bofog rod. The change in worth, or "blackness? of the
rod, is determined in terms of 'the change in thermal neutron attenuation
with burn-up of the eﬁsorber stoms. |

Specifications

For the purpose of this reporf the following values have been as- -
sumed:

MIR Cadmium Control Rod

- Thickness of cadmium per side tog = 0.1016 cm
| | . o
Neutron cross section of Cd-113 a’zd = 19,500 b
Density of cadmium dag = 8.65 g/cc
Abundance of Cd-113 isotope 12.3%
Density of Cd-113 (d)Cd_113 = 1.064 g/cc
Number of Cd-113 atoms per cc (N)Cd,_ll'3 = 5.67 x 10°Y/cc

It is assumed that the absorption cross section of all other isotopes of
cd are negligible compared to Cd-113.
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APPR Boron Type Control Rod

Thickness of boron-iron matrix per side

Neutron cross section .of B-10

Density of boron

Density of iron

Density of matrix (assuming 14% voids)

Density of B-10

t. = 0.2413 em

B
o =399 b

dy = 2.3 g/cc.

-dfe? 6.9 g/cc

Ay =5.81

@510 = 0.2001 g/cc

Numbér of B-10 atoms per éc

III. Analysis

(M)p_10 = 1.206 x 10°%/cc

A measure of a control rod's ability to absorb thermal neutrons can,

for a given rod geometry, be obtained by calculating the attenuation of

~ thermal neutrons through the absorber materialol Equation 1 shows. that for

a given geometrical configuration the.wbrth of a rod is a function of its

thickness, number of absorber'atome‘per unit volume and the neutron cross

section of the ab_sorber°

1 .
R=Ht) _ L %, (2-df /fi &% Loy (1)
I 1+
o o ,
where: - R = thgrﬁal.neutron attenuafion
I(t) = number of neutrons passing through a unit area control
< rod" : . 0 ‘
4 Io = number of incident neutrons per unit ‘area of control_rogz
a = NQAa = aiia | |
N = number of absorber atoms per unit volume of absorber
material.
a =2t

The derivation

of Equation 1 is shown in Appendix I and thevéolﬁtion is

plotted in Figure 1.




In order to compare the neutron attenuation of two différent ébsofber
materials. in rods'gf different thickness after a given time_iﬁ the reactor,
itvis necé;sary to make the comparisoﬁ on the basis of equaI’numbef of ab~
sorber atoms destroyed rather‘than_equal atom percent burn-up.

Calculations

The thermal neutron attenuation through a new MIR control fo@ is

determined by calculating the value of a qnd substituting into Equation

(1).

Henée,
: ‘ cd
(a)Cd-113 = [:N a*a:] - AodCd~113 0, 2cq
) & _{ca-113 A

(0,602 x 103“)(1°b6u)(19.soo x 1072%)(0.2032)
i 113

= 224

As the Cd-113 atoms éré destroyed during operation the value of «

will vary as shown in Table I.

| TABLE I
VARIATION OF o WITH BURN-UP

Atom Percent

Burn-Up of .
€d-113 - | (@)aq
0 : 22.40°
- 10 ‘ 20.16
20 17.92
30 15.68

-J

The value for-a for the APFR type control rod can be calculated in

like manner.

N
N
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() _ (0.602 x }Qz%)(002001)(3990 x 10'2“)(o.u826)

B-10 10 -
= 23.2"
The equivalent atom percent bhrn-up of the APFR rod for the same total

number of absorber atoms destroyed is shown in Table II.

TABLE II
EQUIVALENT BURN’UP OF BORON_ROD _FOR_SAME TOTAL NUMBER
ABSORﬁER AT%%S DESTROXED
Atom Percent - Equivalent Atom
of Cd-113 Percent of B-10 . (a)

Burn-up Burn-up B-10

0 | 0 - 23.20

10 1.96 ‘ , 22.7h4

20 o 3.92 22.30

30 5.88" 21.84

By substituting the ﬁalues of @ obtaihed in Tables I aﬁd II into
Equétion (1) a éurve can be plbttéd which indicates the’chanée in thermal
neutron atténuaiion asia function of burn-up;
biscussion .-

Figure 1I indicates the change in thermal néut:oﬁ attenuation as a
function of Cd-113 burn-up. It can be seen that the rate of qhange in
the MIR type roa‘is greater than in the APPR type rod.

antrol rods of this type also exhibit the #bility to absorb fast
neutrons by & process of thermalization in thg central reéion of the rod
“and absorption of the resulting thermal neutron in the rod matrix. As
this is a function of the évai;able water volume along the center of the
rod and the rod's ability to absorb thermal neutrons; the APPR type rod

can be expected to be equal to the MTR rod. .
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APPENDIX I

TRAﬁSMISSION OF NEUTRONS. THROUGH ABSORBING MATERIAL IN A REACTOR

4V = rPsin 6 40 dfdr

L Consider an absorber of thick-
ness, t, within a reactor. One

éurface of the absorber is chosen

at z = 0 (see Figure III). The
flux near the absorber may be ex-

pressed as:

Figure III

Biay = B, + (—Q) 2+ (—91) Pt (1)

In the followipé treatment we will neglect terms of higher order than the

first order and assume that the flux cé,n be represented by,

¢(z) i ¢° . (ifs—.g)o. 2 _ go + é_g)o r cos ] (1) |

It ZS is the macroscopic scattering cross section in the reactor

material Zthen Zs ¢("Z)dV -is the number of scattering events in the element

of volume dV '=,- fz sin 6 46 der Assuming the scattering to be spherically

symmetrlc, the number ofimneutrons scattered 1nto an element of area of ab-

sorber, ds, will be propor't.ional to -the fraction of solid angle subtended




-
Ve

by ds which is Qinﬁgg;ﬁo The number of neutrons scattered towards ds by

the element of volume r° sin 8 d6 dPdr is the

Zs¢(z) sin @ cos © de djﬂ drds
n = N

Tnpl

~ However; this mumber is attenuated by the factor e a""before reaching ds

whete the total cross section in the reactor material is assumed to be en-
tifély scattering CrOSS-séction° The number of neutrons arriving at the
absorber per unit'area'per unit time between the angles © and © + d8 is

then given by:

N(e)de

-J_Go -[_ ) sr @(5)drag sin 8 cos 6 de

1./2-Zsj‘;°5 "e'zsr “:950' + (gg)o r cos 9] dr sin 6 cos 6 39

1/2 [¢ +'2"' (—-Q) cos ej ein © cos 6 d0. . | (2)

The net current into the absorber is given bys

Sy _A
2

1 .
-332 (é§z)o = n(3)

The quantity A is the number~ofvneutrpns absorbed per second per unit area

_of absorber and is given by:

-t ' ‘ :
‘.Al=J; sza ¢(z) dz | « (4)

Where Z;_is thé_mécgqsébpic absorpﬁion cross section of the absorbing
material whose thickness is t.
A . :gg
In this treatment; the flux gradient term, (éiz)o’ is regarded as
a correction term-in Equation 2. The following approximation for the

flux gradient is therefore useds




(5)

Substituting Equation (5)‘into Equation (2), the-angular_flux'incident

‘on the absorber becomes:

N(6§e -_-%' I;¢° +-§ .Za-t ¢o cos 6} sin © cos 9 d6 (6)‘

Assuming no scattering in the absorber; these neutrons would have a

path length of t/cos 6 in the absorber. The flux incident on the absorber

' e -2 t/cos © '
at the angle © will then be attenuated by the amount e & "= The

ratio of the fotal transmitted flux to the total incident flux is then:

1
'R ‘ ‘fo [1+gax]. emq/x xdx
(@) = fl 3 (7
o [l + 2 ax} xdx
vhere x = cos © and =Z; t, Equation (7) may be reduced to the form:
L —1 . / . 5
i [ oty | e J .
R(a)”lw[ae + (2 cac)_”o e xdx . | (7")
.'The transmission 'as defined by Equation (7') is plotted against a = Zat
- in Figure I.
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