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TEST.OF APPR TYPE CONTROL R O D ' I N  THE MTR 

I. Introduction 

I n  order t o  be t t e r  evaluate the absorber material proposed f o r  the 

APPR-1 control rods, it has been proposed tha t  one of the MTR cadmium 

rods be replaced wfth an APPR typ,e rodi The APPR control rod consists 

o f  enriched boron-10 dispersed i n  electrolykic iron and clad with 3 0 4 ~  

type s ta in less  EiteeP. 

The i n i t i a l  worth of the control rod can be determined experfmentally. 
? . 

. This report  is  conee,med with the  change .in the worth of the control rod 

as  a function of time during operation f o r  both the cadmium rod and 

the proposed APPR boron rod. The change i n  worth, or  "blacknessw of the 

rod9 i s  determined i n  terns  of 'the chan$e i n  thermal neutron attenuation 

with burn-up of the  absorber atoms. 

11. Specifications 

FOP the purpose o f ' t h i s  report the following values have been as- 

sumed : 

WR Cadmium Control Rod 

Thickness of cadmium per s ide tCd = 0 .id16 cm 
* 

Neutron cross section of Cd-113 rcd = 199500 b a 

Density of cadmium d,, = 8'.65 g/cc 

Abundance of Cd-113 is'b?ope 
. ! .  12 0 3$ 

~ e n s i t y  of Cd-113 ( d ) ~ d - l l ~  = 1,064 g/cc 

Number of Cd-113 atoms per cc 21 
(N)Cd-113 = 5.67 x 10 /cc 

)C 
It i s  assumed tha t  the absorption cross section of a l l  other isotopes of 
' ~ d  a re  negligible compared t o  Cd-113. 



APPR Boron Type Control Rod 
8 .  

Thickness of boron-iron matrix per side tB = 0.2413 cm 

Neutron ' cross sectdon ,of B-10 
B 

, . ra = 3990 b 

Densfty of boron $ = 2.3 ~ / C C  

~ensity of iron $e= 609 g/cc 

Densf ty of matri < (assuming 14$ vof ds) 
=5081 

Density of BL~O ,(d),-,, = 0.2001 g/cc 

Number of B-10 atoms per GC 
22 

(N)B-lo = 1..206 x 10 ~ C C  

Analysf s 

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

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

thermal neutrons throu&' the absorber material, , Equation 1 shaws. that for 

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

thickness, number of ahsorber atomc'per unit voluke a d  the neutron cross 

section of the absorber. 

where: - R = thqmial neutron attenuaiion 

~(t) = niunber . .. of neutrons passfng..through a unit area control 
rod. . .  . . . 

I. = ninhber of incident, neutrons per unit '8,rea of control rod, 

a ,=N$a=az a 

M = number of absorber atoms per unit volume of absorber 
material. 

The derivati on of Equati on 1 Ts shown in, Appendix I and the solution is 

plotted .,i n Figure 1. :' 



In order to cqnpare the neutron attenuation of two different ibsorber 

materials in rods'?f different thickness after a given time in the reactor, 

, . it is necessary to make the comparison on the basis of equap number of ab- 

sorber atoms destroyed rather than equal atom percent bum-up, 
J 

a 

a IV. Calculations 

The thepmal neutron attenuation through a new M'IX control rod is 

determined by calculating the value of a and substituting into Equation 
5- ,' 

L (1) 

Hence, 

As the Cd-113 atoms are destroyed during operation the value of a 

will vary as shown in Table I. 

TABLE I 
\ 

VARIATION OF a WITH BURN-UP 
', " 

Atom Percent 
Burn-Up of 
ca-113 

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

like manner. 



The equivalent atom percent bum-up of the APPR rod f o r  the same t o t a l  

number of abso~ber  atoms destroyed i s  shown i n  Table 11. 

TABLE I1 

EQUIVALENT BURN-UP OF BORON ROD FOR SaME TOTAL NUMBER 
OF 

Atom Percent Equivalent, Atom 
of Cd-113 Percent.of B-10 
Burn-up Burn-up 

6 . .. . By subst i tut ing the values of a obtained i n  Tab1e.s I and I1 fnto 

~quLt ion  (1) a curve can be plot ted which indicates the' change i n  thermal 
. . 

! ' neutron attenuation a s  a function of bum-up: . . 

V. Discussion 

Figure I1 indicates the change i n  thermal neutron attenuation a s  a 

function of Cd-113 burn-up, It can be seen t h a t  the r a t e  of change i n  - 

the  MTR type rod is greater than i n  the APPR type rod. 

Control rods of t h i s  type a lso  exhibit  the a b i l i t y  t o  absorb f a s t  

neutrons by a process of themaJ.ization i n  the  central  region of the rod 

. and abgopption of the resul t ing t h e m 1  neutron i n  the rod matrix, A s  

t h i s  i s  a f'unction of the available water volume along the center of the 

rod and the rod's a b i l i t y  t o  a b s o ~ b  thermal neutrons, the aPPR ty-pe rod 

can be expected t o  be equal t o  the MTR rod. 







APPENDIX I 

TRANSMISSION OF NEUTRONS THROUGH ABSORBING MATERIAL IN A REACTOR 

Consider an absorber of thick- 

ness, t, within a reactor,  One 

surface of the absorber 5s chosen 

a t  z = 0 (see Figure 111). The 

f lux  near the absorber may be ex- 

pressed as: 

In  the following treatment we w i l l  neglect terns  of higher order than the 

f i r s t  order and a s swe  tha t  $he f lux  c& be represented by, 

If Is i s  the macroscopiq scattering cross section i n  the reactor 

materji.& then  2 $ ' dV .i s the  number of scat ter ing events i n  the  element . .. . . .. . ." 'S . . i z )  

of volume dV = rZ s i n  @ df.3 gd~. Assuming the scat ter ing t o  be spherically 
: .. . .:. , 

.. . .  . . . . 

symmetricji:: the number of..::neutrons. scattered in to  an element of area of ab- 
. . ;  , ... 

sorber,, , ds, w i l l  be proportPona1 t o .  the f r a e t i  on of so l id  angle subtended 

. . 

I.. :. , I 

. . , . 



ds cbs- t3 by ds which is  *TO The number of neutrons scat tered towards ds by 
&$(z) s i n  8 cOs.8 de-djj'drds 

the element of volume r2 s i n  8 .de d y d r  i s  then = . . . . . . ,.. .-.-.dL2?iw . I .< 
.; q . . a ;  4nrd 

? 
& .  However, t h i s  number is  attenuated by the f a c t o ~  emL%efore.'reaching ds 

whepe the t o t a l  cross section i n  the reactor material is  assumed t o  be en- 

t i r e l y  scat ter ing crossr section. The number of neutrons arr iving at  the 

absorber per uni t  area per uni t  time between the angles 8 and 8 + de i s  

then given by: 

-r," c> ;-&r $ ( s j w $  s i n  CI cos 6 de 
~(8)dg - 

S 4~ 

= 1 . / 2 t s  j d  t 
0 .  

-'ST ,[$o, + ( g l 0  r cos @ s i n  0 cos q? 1 
s i n  cos 8 de. . 

The net current i n t o ' t h e  absorber is  given by: 

The quantity A is  the number of neutrons absorbed per second per uni t  area 

. o f  absorber and i s  given by: 

Where za is the macqoscopic absorption cross section of the absbrbing 

material whose thfektress is to 

I n  W i s  treatment, the flux gradient term, ( 2 l o s  is  regarded as 

a co~ree t fon  t e r n  i n  Equation 2. The follawPng approx9mation f o r  the 

f lux  gradient i s  therefore used: 



Subst i tut ing Equation (5)  i n t o  Equation (2), t he  angular f l u x  f n d d e n t  

,$ ; on the  absorber becomes: 

Assuming no sca t te r ing  i n  t he  absorber, these neutrons would have a 

path length of t /cos 63 i n  the  absorber. The f lux  incident on the  a b s o ~ b e r  

a t  the  angle 8 w i l l  then be attenuated by the  amount e -'at/cos e0  ~h~ 

r a t i o  of t he  t o t a l  'transmftted f lux  t o  t he  t o t a l  incident f l ux  i s  then: 

where x = cos e and a =%, Equption (7) may be reduced t o  t he  form: 

The transmission a s  d i f  ined by  quat ti on (7 ' ) i s  p lo t ted  against  a = Eat 

i n  Figure I. . 




