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Sumpmary

For the steam cooled fast breeder reaetor D-1 the optimization
of the location and management of the control elements is per-

formed in a first step.

With one-~dimensional diffusion eode ezlculations those locations
of one and two rings of control and safety elements are deter-
mined which will result in the maximum shutdown reactivity.
Perturbation theory provides an expression to calculate the
control rod worth of two rings of absorber elements using the

results of the caleculations for two single rings.

For the optimum ring radii of two rings of control elements
that procedure of inserting some control rods a certain depth
is determined which maintains the reactor critical with the
most favourable power distribution. These calculations are

done in two-dimensional (r-z) and (r-8) geometries.

To show the effect of homogenization of the absorber material
in a cylindrical ring, some (r-8) caleulations were performed
indicating the influence of the absorber rod perimeter on the

reactivity worth of the rods.

The calculations were performed with the Karlsruhe Nuclear

Program System NUSYS.
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Symbols Used

abs

= Volume fraction of coolant
= Volume fraction of cladding and siruectural material
= Volume fraction of fuel

= Volume fraction of absorber material
= Density ( gr/cm3 )
= Microscopic cross section ( em? )

= Integral microscopic capture rate =J"~ GG(E)¢(E)dE
E

= Number of neutrons produced per fission

= Macroscopic cross section ( cm"1)

= Neutron flux in energy group i

= Neutron flux ( vector or variable ). ( n ciZ sen | )
= Adjoint flux in energy group i

= Adjoint flux ( vector or variable )

= Neutron fission weight =f ¢+(E)X(E)dE
E

i=G
= Product of flux ¢ and adjoint flux ¢+fjﬁ ¢¢+dE = Sum ¢i¢;
E i=1

= Azimuthal angle ( angular coordinate )

= Pission source distribution
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Indices for energy groups. 1£ i,j G.
Effective multiplication constant
Reactivity change or reactivity worth of eontrol elements

Fission density =‘jﬁ ZfﬁdE ( fissions/cm3 see )

E
Maximum fission density ( fissions/om3 sec )
Average fission density ( fissions/c’m5 sec )

Radial coordinate. ( cm )

Ratio of volume fraction of fertile material to the
. C s . _ 0238+Pu240+Pu242
volume fraction of fissile material = U255+ Pu230+ Pusd]

Buckling ( cm’g)

i

Dif%ﬁggéé‘coefficiégfwiﬁygnergy group i”
Thickness of cylindrical ring. { em )
Neutron energy ( eV )

Total number of energy groups

Active absorber length of a control rod ( em )

Transpose of matrix M

Number of contrbl elements in a ring of control elements
Radius of a ring of control elements ( em )

3

Volume of a reactor zone ( cm




1. Introduction

1.1 Purpose of the Study
The study, which is described in this report, is based on the
design criteria of the steam cooled fast breeder D-1 173_7'and

deals with the problem of control rod optimization in this fast

power reactor.

The purpose of this study is twofold. Primarily, we will txry

to find that spatial distribution of the 18 control elements
that provides the maximal shut - down reactivity. These calcu-
lations will be done in a one-dimensional geometry only, mainly
for reasons of consumption of computing time. The main aim of
this study is not to determine the absolute wvalues of the shut-~
down reactivity of the control rods, but to show the relative
tendencies and to give a physical insight into the problems and

results.

o

In the second part of thig study we will use two=dimensiongl eale v o

culations to find that management of partially inserted control
rods which will bring an unperturbed reactor of given excess

reactivity down to criticality and, in addition, will allow the
maximum power output to be reached. In this way this study also

contributes to the design and operating optimization.

1.2 Description of the Core Structure and Control Elements
The cylindrical reactor with an equivalent diameter of 339 cm
is loaded with 301 hexagonal elements. The core consists of two

concentric fission regions (zone I and II) a radial blanket

(zone III) and an upper and lower blanket.

Fig. 1.1 shows the dimensions of the core structure and Table 1.1
gives the volume fractions and some important data for the reactor

cell in several reactor regions.
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The movable control rods are located within special control
elements. (see Fig. 1.2). The control elements are of the same
geometrie shape as the normal fuel elements. Therefore, they
may be placed in any position in the core instead of a fuel
element. The reactor design provides for 18 control elements.
This number of control elements allows their being distributed
in such a way over the reactor that the neutronflux and power

peakings can be kept small.
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Table 1.1
Zone I | Zonme II| Zone IIT| Upper Lower
blanket blanket
Number of elements | 88 93 120 181 181
Eguivalent outer
radius (cm) 91.5 131.5 169.5 131.5 131.5
Height (com) 150 150 220 35 35
Number of fuel pins
per fuel element 469 469 169 469 133
Volume fractions
per fuel element
o = fraction of
} coolant 0.322 0.322 0.241 0,322 0.389
8 = fraction of
struct. mat.
and cladding 0,198 0.198 0.183 0.198 0.168
w= fraction of ,
Volume fractions
per control element
o = fraction of
coolant 0.3%10 0.310
B8 = fraction of
: gtructimate e b -
and cladding 0.220 0.220
ew = fraction of
fuel 0,308 0,308
= fraction of
abs absorber mat. | 0.162 0.162
Number of fuel pins
per control element | 300 300
Funber of absorber
pins per contr. el. 19 19
Fuel enrichment
(Pu?+Pul) /(PutU) 20t 10.035%/0(12.40% /0| 1.85%/0 | 1.85%/0 | 1.857/o
U-composition U°/0° | 0 2/o| 0 %/o 0.004 0.004 0.004% /o
8 0 2
"U +Pu " +Pu v/o
I =G5+ Pug+bul 9.32 7.34 43,7 43.7 43.7
Pu-composition a/o
Pu9/Pul/Pul /Pu2 74/22.7/2.3/1 100/0/0/0] 100/0/0/0{100/0/0/0
Burn-up(MWD/tonne) |27,500 {27,500 0 0 0
Steamdensity (g/cm’)]0.0706 10.0706 |0.100 0.0994 10.0503
average
Struct. material Inconel 62% Inceoloy Inconel 62
8.44 g/em 800 3 8.44 gfcm

8.01 g/cm1

|
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The effective neutron absorber material is B,C. The lower part

4

of the absorber rods, which is filled with AlgOi,is the followex

t0 retain the same coolant fraetion if the control rods are

7

withdrawn. The heliumgas released in the B1O(n,a) Li'-process

will be stored in the free volumes of the porous carbide.

In the engineering design of a reactor it is not possible to

arrange the absorber elements arbitrarily close to each other,

because the dimensions of the contrel rod drive system will

1imit the minimum distance between two adjacent absorber

elements.

In general, however, the minimum pitch of two adjacent absorber

elements will be about 20 - 30 cm.

The cross section of the control rod cluster is 95 sz and the

volume fractions for the cluster components are as follows:

& = fraction of coolant = 027
8 = fraction of e¢ladding and structural material = 0.22
G = fraction of absorber material = 0.51
abs

In this study we take the following data for the absorber

material:

absorber material

310 enrichment

absorber density

follower material

cladding + structural material

effective absorber length

# W il fi it

[}

B4C

20 % (310/311=20/SO, natural boron)
2.50 gr / o’

A1203

Inconel 625

100 o¢m




Pige. 1.2 Control Element

300 positions for
fuel pins

19 absorber pins

1.3 Methods of Calculation

A1l reactor calculations are based on multi-group diffusion codes
for homogeneous reactor regions. These computer codes are part of
the "Karlsruhe Nuclear Programm System NUSY3".

The multigroup diffusion equations have the form

§<'
-0, (2)V 24 (x)+2 (2)F,(xr) = sum T (x)F.(r) + == Sum ¥ Z. (r)F.(x)
i i A 7R k A f. J
rem,i J#£L j=o i eff § 3
i,3 = indices of the energy groups =

= 1,2,3,=---,G beginning at high energies

G = number of energy groups



-9 -

%em i = neutron removal cross section from group i.

s
z , =X . + Sum 2, _ ,
Tem, i a,i j>% i> 3

Zj%>i = neutron scattering cross section from group j into
group i

Di = neutron diffusion coefficient

¢i = neutron flux in group i

3%_ = fission source distribution

SumVZ . y = fission source

J 3 :}

For the cross sections used in the NUSYS system, which are
constantsin each energy group, a slightly modified ABN-set is
used. The energetic self-shielding of the resonances is taken
into account by a subprogramm of NUSYS (program 00446). The
evaluation code of NUSYS (00447) enables us to calculate the
integral fission and capture rates (hfﬂ ¢HE and‘jn z ¢dE )

for each desired isotope as function of the posgition in the

Teactor or integrated over the volume of each material zone.

For the two-dimensional calculations a condensation of the
26~group set into a 5-group set is necessary. For the two-
dimensional calculations the DIXY program 00940 and the evalu-

ation program 01029 are used,

2. One-Dimensional Calculstions

In the one-dimensional calculations for the cylindrical reactor

we eliminate the axial and angular coordinates.

In this one-dimensional cylindrical -geometry tle control elements,
which are parallel to the axial g-axis and located on 1 or 2

rings with the "radius"™ R, are assumed to be smeared-out to cylin-
drical rings having the same mass of absorber material. Besides,
it is possibly only to study fully inserted and completely with-

drawn control rings.

Partially ingerted control rings can be studied only in the two-

dimensional (r-z) geometry.
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The "radius" R of the ring is taken as half of the average of

the outer and inner diameter of the ring.

Before the study of the inserted and withdrawn control rings
it is of interest to know some characteristics of the unper-
turbed reactor. We will define here the unperturbed reactor as
the reactor in which the control elements are replaced by nor-

mal fuel elements.

We will use the results of the unperturbed reactor as reference
data.

The result of the volume-integrated capture rate of qu as a
function-of the neutron- energy for the unperturbed reactor is

given in Fig. 2.7.

The power distribution and the microscopic capture rate of the
strong neutron absorber B1OAas function of the radius will be

& late

- . e
Ts on-in-this-re

S s s - 3=
aiscusse ey onIn

For some numerical results of the unperiturbed reactor see
Table 2.1.

Table 2.1 Numerical Data of the Unperturbed Reactor

7

Zone | Volume (cmB)jafif¢dEdV Maximum | Average Power
per cm core ‘(f‘ ion fissionA fission - factor
height 158 ? density D density D 2/
! ,  PeT 5€C)) (riss/emdsec) (fiss/cmdsee) P/P 7
I 2.6302 104 0.50353 | 2.0092 165 1.914 10‘5 | 1.045
I 2.8025 10% [0.44462 |2.1135 107 | 1.587 1072 | 1.332
III 3.59%3 104 0.05185 | 3.,4070 166 1.442 10”6 2,360
‘ |
I+I1 5.4325 104 0.94815 | 2.1135 15° 1.747 1072 1.210

T+IT+ITI 9.0258 10%  {1.00000
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2.1 Effectiveness of One Ring of Control Elements

To determine the effectiveness of a ring of control elements it
is not sufficient to multiply the Ak(r) of a single rod with the
number of elements. In the case of multiple control elements, the
influence of one rod on the adjacent rods must be considered

(mutual shielding or shadowing and flux deformation).

It is known that, with one rod inserted, the flux adjacent to

the inserted rod is depressed and the flux elsewhere must be
higher %o maintain the same integral fission rate. If more rods
are close together, they will shadow each other, that is, each
rod finds itself partially in the flux depression caused by the
other rods, so it absorbs fewer neutrons than it would do in the
 absence of fhéidﬁﬂérmrods.'ifithemréé sepafafion inéréases, each
rod finds itself in the flux peak which occurs beyond the depres-
sion and each rod therefore absorbs more neutrons than it would
do in the absence of the other rods. However, if we insert the

ro

d too far from the center axis of the core, the effectiveness

7éééréééeéﬁrapidi§; siﬂéerfﬂéwfiﬁiﬁdecreases and disappears at
the boundary of the reactor. So, there exists an optimum location

of the control rod rings in the reactor.

Table 2.2 contributes some numerical values of the one~-dimensional
one~ring calculations.

Fig. 2.2 indicates the computed reactivity worth per control

element as a function of the radius of the cylindrical absorber
Ting.

The parameter N is the number of control elements in the ring.

For higher numbers of N the optimum radius of the ring increases
slightly and the reactivity worth per element decreases. This can

be explained as follows:

If for a certain radius of the ring the number of elements in the
ring increases, the absorber density increases. (In the actual

setup the distance between two control elements will become smaller.)
So, shadowing or self-shielding will be stronger for a larger number
of control elements. Therefore, the effectiveness‘for each rod

will decrease if the number of control elements in the ring is

increased.



Table 2.2

Numerical Data of the Oné—Dimensional One-Ring Problem

g10 |
erzc FaRav

N
N (gm) kpp(41,05) kep(B40) Ak v §+II=.I;f¢dE%ax I,II ,[7%f¢dEdv SLr1I
Vabs ring (B4C) zone III Pry1r
3 43. 1.02805 1.01322 0.01483 4.4708810-253 230701, ;-5 6.209, /-2 1.339
64.5 1.02806 1.00882 0.01924 5.82526, -2 2.19185, 5-5 6.037,,-2 14269
75.25 3
86. 1.02827 1.00887 0.01940 6.12781, ,-2 2441699, o5 54370, -2 1.389
97. 1.02793 1.01099 0.01694 5.52380, -2 2.53532, ,=5 4,965, ;-2 1.451
111.5 1.02865 1.01734 0.01131 4.45577,=2 2.42178, -5 4,638, -2 14380
6 21.5 1.02630 1.0159% 0.01037 3.64063, -2 2.33754, 5=5 6.196,,-2 1.355
43. 1.02601 1.,00662 0.01939 6.11732, 42 2.39176 -5 6.679,,~2 14392
64.5 1.02600 0.99638 0.02962 9.16411, -2 2.25290, -5 6.630,,-2 1.307
75.25 1.02608 0.99368 0.03240 1.02420, -1 2.36010, -5 6.141, -2 1.367
86. 1.02629 0.99463 0.03166 1.03461, -1 2.81956, ,-5 5+395, -2 1.620
97. 1.02559 0.99842 0.02717 9.34510, -2 3.00765, 4=5 4.694, -2 1.715
11145 1.02712 1.00910 0.01802 T+48573, 4=2, 2.771198, ;-5 44167, -2 1.570
9 21.5 1.02479 1.,01452 0.01027 3.9588910-23 2.36128, ,-5 6.309, -2 14370
43. 1.02413 1.00300 0,02113 6.98789, -2 2.44095,,-5 64959, 4-2 1.427
64.5 1.02395 0.98808 0.03587 1.13511, =1 2.31579,4~5 7.071, =2 1.353
75.25 1402408 0.98309 0.04099 1.32168, -1 2447987, -5 6,465, =2 1.441
86. 1.02436 0.98418 '0.04018 1.3557010-1: 3.1682310-5 5.39210-2 1.820
97. 1.02336 0.98976 0.03%360 1.21375, -1 3.44123, -5 4,402, -2 1.958
111.5 1.02564 1.00339 0.02225 9.69017, -2 3.06392, -5 3.768,,-2 1.730
12 75.25 1.02207 0.97480 0.04727 1.55207, =1 2575685 6,740, ,-2 1.499
86. 1.02249 0.97624 0.04625 1.61053, -1 342428, -5 50442, -2 1.970
97. 1.02117 0.98350 0.03767 1.42615, -1 3.81822, (-5 4.123, -2 2.165
111.5 1.02417 0.99921 0.02496 1.13508, =1 3.31000, ;-5 34428, -2 1.864

107
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It issevident fhat, therdensity of- the absorbe? matéiial in-the .. .
homogenized aksnfbv“:* ng;decreases: with increasing radius “F_v>”;;é
the absorber ring, keeping.the thickness of the ring constant.. o
For this reason, the optimum radius will shift to higher values

with inereasing numbersof elements in the ring. - . . . -

Fig, 2,2 shows that the optimum radius changed from R = 75 ém
( 3 control.elements in the absorber ring) to R = 80.em (, 12 con-
trol -elements -in. the absorber rlng) The: calculatlons are. done_jué%t
for a ring.thickness of 11.cm.: The, ring thickness is about. the  7 »
same as the diameter of one absorber pin cluster.:The homoge-iwir |
neous ring.consists.of fuel, coolant, cladding and structuraiigh
material, and absorber materigl with,volume_fraptiqns;Whic@waggg
modifications of those shown in Tabls,1,1,,but,inﬁsuch,aWWéyi‘(
that the: total absorber material in a ring will.be constant and .
independent of the absorber ring radiuse;,. '

2.2 CaptureiRate of B1O'and Power Distribution for OnerAbsorber,Ring

-.To-sbudy: the effect of -the.neubron sbsorption. in. B We caleculate..
the: imtegral microscopic capiure rate o (r) g[ﬂ (E,r)¢(E r)dh
23 a function of the pogition in the reactor.

As expected we find a depression of the capture rate near the

absorber ring and elsewhere the capture rate ean even be higher

than in the unperturbed case because of the normalization Whicﬁﬁdmm“
provides no change in thegt total _powers As:we: will: see dn Chap— e
ter 2.3%.1 the radial dependence  6f the capture rate;of 310

a quantity to determine approximately the effect;venessg}krln_,
the case of two rings of absorber elements.

If we take the example of the ring radius R:.= 43.0 cm (Fig. 2.3)
we see that the capture rate 6~ near the bgﬁndafy of zone I and
zone TI +Is higher than for the unperturbed reactor (with ¥ = 0).
The iXicrease in the capture rate in the blanket zone at the core--
blasnket interface is due to the spectrum softening and :the high-
absorption créss ‘section of BJ-I'O in the low neutron energy range.’
For higher wvalues of the ring radius (for example R = 97,0 in

Fig. 2.4) we see that the capture rate 0~ in Zone II will be lower

than for the unperturbed reactor.
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The analogous arguments as for the flux depression and the flux
increase can be applied to the power distribution; See Fig. 2.5
and Fig. 2.6 which give the fission distribution, p =‘jp ZfﬁﬂE

as a function of the radius. (p = fissions/sec cmB) B

I3 will be noted that the distributionsare normalized to one

fission/seo over the complete reactor.

An integral quantity which charac%erizes the radial power distri-
bution is the radial power factor p/p. It is defined as the ratio
of radial peak to radial average fission density in the core.

For the radial average fission density we take the average value
of the density in zone I and zone II (We note that only about 5 %

of the fissions occurs in the blanket).

It is seen from Table 2.2 that the optimum power factor (lowest
peak-to-average ratio) appears for absorber rings with a radius
of about 65 cm, which is not far from the ring radius with optimum

T I T e R e N A i TV A e o g
X S¥s Th:

B oy B T . 3 g
808 orber effectiveness, fact-that-for-p--

ring radius near the radius with optimum stsorber effectiveness
the flux distribution will be more favourable and hence the power

distribution will be fairly good.

23 Two Rings of Control Elements

2.3.1 Application of the Pertu?bation Theory

For the following we start from the multigroup diffusion egquation

for a multiplying system.

. ’X.

-0, %g+r f, =Sum I f, o+ — sum (3%,) 7, (1)
‘ rem, i i1 o1 Y eff 3

i, j are indices of energy groups, see Chapter 1.5. As usual, we

assume that the fission spectrum is independent of energy of the

neutron which induces the fission. The normal boundary conditions

will be fulfilled. In operator form we write (1) as followss
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W = Elf—f-xwzf,@ (2)

gy T s \}Zf are vectors,

M is a matrix with the elements

M,, =~D,V2 + 2
ii i .
rem,i
Mij=->§ . (5<1)
J=>1
3i = 0 (j(i)
Nz, > = scalar product =
f

1l

s (V20) 5 = [ VE(B)(E)aE

J

In the perturbation theory formalism we have to take the adjoint
flux ¢+ and the adjoint operator M+. M is defined by

f(aymc,o_cpM‘“x_f/)dv =0 (3)

in which LI) and Y are functions with the boundary condition that Llfé

~and @vanish at the extrapolated surface of the reactor volume.

¢+ is the solution of the adjoint equation

| J5.)

2 + Z i | ( £73

=D,V W, . tyj = Sum T +r——=sum X Y.  (4)
i (i A rem,i "1 j7-{i 133 J keff 3 JLPJ

In the matrix form we have from (4)

Sz .
eff

M‘“L;}=

with M, = M,,.

ij ji
The adjoint operator M is the transpose of the matrix M.
Equation (3) is satisfied by the solutions of (2) and (5).

Equation (5) can be written also as

#u -
where Q’; = q)i'

v

sz (P> ()
eff
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Now we write (2) and (6), respectively, for two different conditions

a and b of the system.

S >
¥, ¢a K rra /<. < ‘)Zfa3¢ (7)
Q%Mb =E"é,‘;\}sz< Q‘;:X) (8)

(7) and (8) can be transformed into

f< (M‘bM )¢>dv—f< ;‘X‘>[ fa’¢> < fb’¢a>

effa effb

- /av (9)

The integration is done over the total volume of the reactcr.

With M, = M + du

and szb= nga + é?QZf

- we-obtadins. . T

<¢ 'X)(JVE A >
—f(ﬂ‘;,é‘wa)w +f o L av =
=f< X}(sz,g’)[-————-jdv (10)

Near criticality we can write

o Nk ok -k

. It sugy av LB D (g, av
R INAY

& (11)

In this study we take condition a as the reactor with inserted B4C rods
and condibion b as the reactor in which the control rods are withdrawn

and the AIZOB followers are used instead of B4C. This means that the
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fission cross sections are not changed, so (11) reduces to

f< hy Sugy>av

é D JENOe gD ar

(12)

(The influence of the change in resonance self - shielding can be

neglected).

We now examine the reactor with three types of control rod configu-~

rations.

Configuration 1: Only one ring of N1 control elements at radius RT'

Configuration 2: Only one ring of N2 control elements at radius RZ'

Configuration 12: One ring of N1 control elements at radius R1 and

a second ring of N2 control elements at radius RZ'

With the definition of control rod effectiveness

Ak =k . (41,0 ) -k oo (B, C)

we obtain from (12)

f<¢+2Al’é’M12¢1 o> 4V
f<’@/+2A1’ (P Ve 05> AT

(13)

it

Qkyp

ax, - _I<¢:A1"?M1¢1B> av (14)
f“(‘ﬁm’k P V21150 AV

Ak - f< 2A1’4M2¢2B>dv (15)

2
f\ AlX/\ ZepsPopy 4V

It is clear that the control rod regions are the only regions where

the matrix elements will be pexrturbed.
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With a rearrangement of (13) (14) (15) we obtain in one-group theory:

(%ZA].) (¢12B)

20 o
Ak Py, = AR, + ARSF, (=525) (¢23 )Rz (16)

g Y18 R
141 R, 1 241 R,

In this expression we have the following notations:

&3]
i

12~ f < @?2‘&1%><\}Zf12,¢12]3> av
1 f { gf;Al’% > <\)Zf1’ ¢TB> av
2 f < ¢{Z-A_]_”\K.)<\)zf2’ ¢2B> av

b}
1

bxf
]

5 :
(_12&&) = average value of 1241

Pia1 R

over the control rods with radius R1.

1 1AL

,Withwexpréssionw(16) we have a formalism to obtain the control rod

effectiveness of two rings of control elements if we know the rod
effectiveness of two sysitems with a single control ring. To obtain
a manageable formalism (it is very lengthy to calculate the F fac~
tor), we use the following approximationt:

Fioo, R0F, = F *)

*) To confirm this approximation we have calculated the F-factors

for the configuration N, = 6, N2 = 12,
F‘l FZ

R1 = 21,5 cm RZ = 97 cm oS ¢.980 Foo= 1.093
12 12
F1 F2

R1 = 43 cn 32 = 97 cn 7= 0.990 7= 1,120
12 12
y Fo

R1 = 64,5 cm RZ = 97 cm 7= 0.917 Fo- 1.0%2



If we proceed from the result
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of one-group theory (Eq.(16)) to multi-

group theory, it is evident %o assume the following equivalence:

(ﬁg.él_) _— < @/-‘!*‘ZA]_(R} )L (Rj )>
s w, <Hy (BN ()
o <sBm (2,0 (R)D
(¢1QB) N e 12712 o
1B R‘} <U§1 (R,}), ¢1B (Rj)>

With these assumptions we obtain from (16)

ALk, = Ak

3 3
#ioa1(By) 0 755(R,

)+ - ¢§1§2A1(RZ)G§EZB(R2)

in which:

1 = ®
iy (BRy) ooy (R

(17)

) - Fonr (Rp) o5 (Ry)

P21 (By) '“'JE Froak & =

ﬁAl(Rw) ’f :AleE =

E

10
23 B
“on(Ry) =f %512 g oz =

E

&

. 510
9% p(Ry) ig O ¥

etc.

neutron fission weight at position of
the control rod with radius R1 in the
configuration of two rings with

control rods withdrawn.

neutron fission weight at position of
the control rod with radius 31 in the
configuration of one ring with

withdrawn rods.

capture rate of B1O at the position of

the control rod with radius R1 in the
configuration of two rings with

inserted rods.

capture rate of Bjo at the position of

the control rod with radius R1 in the
configuration of one ring with inserted

rods.
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If we change the conditions g and b in (11) so that condition b is
the reactor with B4C rods inserted and condition g is the reactor
with control rods withdrawn (A1203 followers inserted), we obtain

a similar equation
= % g =
Piop(Ry)  0ipa1(Ry) . Ok Piop(Ry) 0351 (R))

1 = ' 2 3 =
ip (By) 97y (R)) Bop (By) 05,1 (R,)

Ak, = Ak (18)

2.3.2 Bffectiveness and Power Distribution for Two Rings

In this study we locate the 18 elements within two rings of control
elements. For reasons of symmetry we examine only the following two

possibilities:

a. Inner ring of 6 elements, outer ring of 12 elements.

be. Inner ring of 9 elements, outer ring of 9 elements.

The radius R1 of the inner ring and the radius R2 of the outer

ring are variable parameters. Fig. 2.7 and Fig. 2.8 show the radial

s i PR 10 ' . .
distribution of the B capture rate \jﬁ GcﬁdE and the fissiocn density
- - B

“/; ZfﬁdE for a ééigaiﬁriocé%ibﬁﬂbfm£hé two fihgé.'if'wé'aaﬁiére the
figures with those of the one-ring problem we see the very important

effect of the additional ring on the radial distributions.

To show the validity of Eg. (16) in one case we caleulated £5k12

from Eq. (16) for various positions of the inner ring with a constant
radius of the second ring (R2 = 97 cm). In Table 2.3 this value
kaﬂz is compared with the exact results of the computer calcula-
tions A Kovaot®
estimates the reactivity worth by about 5 %. Since we know that the
total effectiveness of 18 rods is about k =~ 0.075, it iérvery
probable that the difference betweenAk12 andAkexact (which is

about 0.004) will be small compared to the uncertainty which arises

It is seen that the perturbation formalism over-

from the application of the homogeneous diffusion theory to the
determination of the control rod worth. FPor the simpler equation
(17) we obtain a difference from - 2 % to 10 %. Fig. 2.9 and Table

2.4 gives the total reactivity worthzﬁ‘kex of two rings of con-

. act
trol elements as a function of the radius of the inner absorber ring.
The parameter is the thickness of the absorber ring. It is seen that
the position of the inner ring for a maximum Ak is independent of

the ring thickness.
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Table 2.3
Ratio of the reactivity worth from direct calculations and
perturbation theory as function of the radius of the inner

absorber ring.

élk?Z R1
kexact 21,5 em 43 cm 64,5 em
A 0.983% 0.990 1.070
B 1.043 1.058 1.042

4 Ak, - Frona(Br) orop(®y)
i (R ol (7))

Fioa1(Bo) 05p5(R,) Ax

:.3 *x
a1 (By) o5y (By)

+

£:3 *
1221(B1) 09,p(Ry)

F
B) Ak, = k
12 F 3 ® 1
3 *x
Py P1041(Ry) 0355(R,)
+ k2

F % £
12 fon (Rp) ogp (Ry)
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Table 2.4 One-Dimensional Two~Ring Problem
31( N,=6 )=variable, Rz( N,=12 )= intei:'face zone I-zone II
£'B1O B1O ~ A
D R, | k(41,0,) k(3,0)| Ak ffzc damav ffze JaEayv ‘ de /E' e | Bp, o P11
(em)]  (em) “Vabm(capt/secj‘:) Vabsz(capt/seo) some TIT (fis;sions/ Pt
: em’/ s)
11 21.5 1.0164 O.9470i 0.,0694 6.10710-—-2 1.79510-1 6.31610—2 2.3821O~5 1.380
43.0 1.0162 0.93%27: 0.083%5 39.66510»2 1.84310-—1 7.09210-—2 2.20210-5 1.287
64.5 | 1.0166 | 0.9413| 0.0753 1.2261O~1 1,493, 41 54572442 4.396,5-5 | 2.527
‘2 1»016 Oo OQO6 O 1-116 "'1 1-2 1 "1 [} "2 . 2 ad 2.800
| 75425 9 9539 3 10 M40 4 47910 4.9 310 5
! i
5 21.5 1.0162 0+9514{0.0648 ‘5.33210-2 1 .67210-—1 6.64410—2 2.24110*5 1.302
43%.0 1.0159 0.93%94|0,0765 8.40510—2 1 .69510—1 7.34010—2 2.09610-5 1228
64.5 1.0162 0.9459|0.0703 1.06710-1 1.42110-1 5.98210-—2 4 00310»5 2.310
75425} 1.0166 | 0.956% 0.0603 94937, 52 1.26110—1 4.984,,-2 44519, 575 | 24582

Normalization: ﬁv f2f¢dE = 1 ( fissions/sec)
E

v

I+II+I11
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2.3.3 Synthesis Method

As we have seen in Table 2.3, the equations of Chapter 2.3%.1 are

applicable to estimate the effectiveness of the insertion of two
rings of control elements into the reactor. This will be especially
important if one wishes to determine the ring radii for which the
absorber rings have the maximum reactivity worth. To estimate the
positions for maximum effectiveness we would have to perform many
computer calculations in which the ring radii have to be . varied.
This will take too much computing time. With the aid of the solutions
of Chapter 2,3.1, however, it is possible to calculate the optimum
ring radii for the two-ring problem with the results of the one-ring
problem, so we can reduce the expensive computer calculations.

With reference to the capture rate distribution Gf(r)i/;d§1?E,r)¢(E,r)dE
of the unperturbed reactor we approximate the capture rate distribu-

tion for the two-ring problem.cfz(r) by:

ANEY) ACIINENEY
G’;Z _ 0'1 Oo r (1)

. = . e
o). o) e(r)
A v

where

Gf(r) = capture rateufgc¢dE at position r in the unperturbed
reactor.

Gf(r) = capture ratey[%bﬁdE at position r in the reactor
with a single absorber ring at radius Rq.

Gz(r) = capture rate Gc¢dE at position r in the reactor with

a single absorber ring at radius R2.

it

6?2(r} capture rateg[&oﬁdE at position r in the reactor with

one ring at R, and a second ring at RZ'

1

To show the quality of this approximation we have plotted for one
o
special case in Fig, 2.10 the direct result 612(r) from the exact
T
two-ring problem R1(N1=6)=43.O,R2(N2=12)=97.0 and the approximation

* %
X o%(x)

% %
o*(=) oi(x)

from the two single ring problems R(N=6)=43.0 cm and R(N=12)=97.0 cm.
(see also Fig. 2.3 and Fig. 2.4).
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In the same way as for the capture rate distribution we approximate
the fission neutron weight ¢f2(r} =v{;¢+X,dE
by
% % i3
RONRACINAC
e3 &4 =
= (x) ) Filx)

(2)

See also Fig, 2.11 in which we see that the approximation corresponds

to -the exact distribution within 2 %.
With (1) and (2) we write Eq. (16) of Chapter 2.%.1

3=

Pona(By) o5p(Ry) Ak Fraa®) oip(R)

(3)

ﬁk”ﬂk’f (z,) oF (&) 2 (r) 0% ()
o 9 o 1 o 2 o ‘72

With this equation we can estimate the absorber effectiveness of two
rings of control rods using the results of the calculations for two

single rings.

k
12
for various positions of the outer absorber ring.

‘as a function of the
ring radius R1
Fig. 2.12 shows Ak,]Z(R,’) for the condition with 6 absorber elements

in the inner ring (N1=6) and 12 absorber elements in the outer
ring (N2=1 2).

To determine the optimum ring radii, for which.[§k12 has a

maximum, we plotted in Fig. 2.13 A k s the maximum value

12 max
of.ﬁlkﬁz(R1), (that means at the optimum value of R1) as a func-

o The ring radius R2 for which /_’lk12 max.

has an extremum gives us the optimum position of the outer absorber

tion of the ring radius R

ring,

From Fig. 2.13 we can conclude that the optimum position of the
outer absorber ring is close to the boundary of the first and
second fission region., The optimum inner ring radius consequently

. —~ .
will be about 57 cm. (é3k12exac 2250 cm);
See also Fig. 2.14 in which R

¢ glves an optimum of R1 opt.

1 max, L° given as a function of RZ'

31 max. is defined as the ring radius R1 for whlchzﬁsk12(R1) has

the maximum valuelﬁik12 mAaX.
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It will be noted here that near the optimum inner ring radius the
reactivity worth Ak varies slowly with R1. )
Therefore, a small deviation of the inner ring radius from the opti-

mum radius is allowed.

As we saw in Chapter 1.2 the distance of two adjacent absorber ele-
ments should be larger than 30 cm.

For a ring of absorber elements of radius 50 cm the distance in the
azimuthal direction between itwo adjacent absorber elements will be
sbout 52 cm for 6 absorber elements in the ring and about 35 om for
9 absorber elements in the ring. Therefore, the results ofrthis
chapter match the requirement of engineering design,. ’

This is true also for the outer ring at a radius of about 95 cm and

for the radial distance between both rings.

3. Two-Dimensional Calculations

3.1 Comparison of One and Two-Dimensional Calculations /

~Effect of Homogenigation - oo —

In the preceding chapter we studied the one-dimensional problem.
Now we will show the effect of the homogeneous ring on the worth of
the control rods as a function of ring thickness and compare this
with two-dimensional (r - 6) calculations.

In Fig. 2.9 the reactivity worth AA k was given for the ring thick-
nesg 5 and 11 cm, as a function of the inner ring radius. We con-
cluded, that the ring thickness has no influence on the determina-
tion of the optimum ring radius. Only the absolute wvalue of the
reactivity worth will decrease for a smaller ring thickness, keeping
the total amount of absorber material counstant.

Table 3.1 shows this effect in the one-dimensional geometry, (this
is for fixed radii).

We see that £1k and the integral absorption rateJCVE QBEdV of B

in the absorber rings depend nearly linearly on the ring thickness

10

in the range studied. This fact can be explained as follows:

The volume of an absorber ring depends nearly linearly on the ring

10

thickness, i.e. the macroscopic cross section Ec of B in the ring

will be inversely proportional to the ring thickness. The shadowing
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(or flux depression) in a ring of smaller ring thickness is stron-
ger than for a larger ring thickn
(roughly proportional to I, of B
The criticality change will be approximately inversely proportional
to the flux depression, which explains the behaviour just mentioned.
In the same way of arguing one may state that the integral 310 cap-
ture rateﬁ[ffc¢dEdV decreases and, consequently, the ;eacfivity worth

Ak will be lower for smaller ring thickness.

In some (r - €) calculations (€ is the azimuthal angle with respect
to the axis of the core) we studied the effect of the rod perimeter

as a measure of the rod surface on the control rod worth.




Table 3.1 One-Dimensional Problem R1(N1=6)=43.0 R2(N2=12) at inteérface of zone I-zone II
t[f'zBngdEdv11 pt s FaEdv fissi
o captures ff £ issions
D k(41.0,) x(B,0) Ax sec sec
273 4
(em)
abs 1 a.bjé 2 abs 1+2 zone I zone IT zone IIT
11 1,0162 0.,9327 0.0835 9.66510-2 1.84&10-1 2.81010-1 0.4826 0.4465 0.0709
5 1.0159 0.9394 0.0765 84405, -2 1.695, ;-1 24536, =1 0.4575 0.4691 0.0754
2 1.0167 0.9437 0.0730 7.828, ,-2 1,613, 5~1- 24396, -1 0.4450 0.4810 0.0740
(r-6) 1.0170 0.9548 0.0622 7e172,4-2 14353, 41 2,070, -1 0.4794 0.4542 0.0664
A A A A A
D Pr Py 1 Pr1 P11
(cm) fissions/clg s fissions/cél 8 ‘ §I P11 Pryrz
: Normalization:
11 2.2020, =5 1.8571, =5 1.200 1.164 1.287 | .
10 10 | ‘ fdvﬁfs?de -1 ( fi::;ons )
5 2.096410-5 1.980010-5 1.206 1.183% T.228 v B "
’ 1 ‘ I+IT+IIT
2 2.039610-5 2.030410-5 1,200 1.182 1.19§
(r-e) 2.232010—5 2.127010-5 1.225 1312 1.29*?
V(zone I) = 2.63022 4104 om

V(zone II) = 2.80230

104 om

"'LZ"
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For a constant distance of the rods from the center of the core and
a constant cross section of the absorber rod of 95 cm2 per absorber
element the rod perimeter is varied in the (r - 6) geometry as shown

in the next picture:

1) perimeter 40 cm
2) perimeter 56 cm

3) perimeter 100 cm

6
PR
‘-_—_’_._.——"" T
PR —-—.,Q'—--_in—..———-.
; - —
——

The configuration is chosen in such a way
that for the largest perimeter (100 cm)
the control rods on one ring will be
connected with each other and so a

omogen

eous ring of absorber material

‘is formed with a ring thickmess of 2 em. ~— T

More-over, the results of the latter configuration can be compared
with the results of the one-~dimensional calculations.

Table 3.2 shows the reactivity worth as a function of the control
rod perimeter. We see that the effect of the rod perimeter is con-

siderable, but not as pronounced as in thermal reactors.

The next point to be considered is the problem of determining the
most suitable ring thickness of a homogeneous ring for which the
radial fisgion distribution from a one-dimensional calculation

the radial fission distribution p(r)
of the (r - 8) calculations in which all control rods are separated.
To study this we plotted the one-dimensional radial fission distri-
bution p=°[%f¢dE for three different ring thicknesses (see Fig. 3.1).
The fission distribution for the two-dimensional (r - ©) geometry

with inserted rods is given in Fig. 3.2.

It is seen that a homogeneous ring with a thickness of 11 cm gives
the best agreement with (r - ) calculations, a fact which ensures

that the calculations of Chapter 2 are legitimate.
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For this reason we decided to perform our two-dimensional (r-z)

caleunlations with rings of 11 em thickness.

Table 3.2

Reactivity worth of 18 control rods as function of the control rod

perimeter in (r - 6) geometry.

perimeter Ak R, (6) = 45,3
R, (12) = boundary
4Q e O'Q622 zone I - II
56 cm 0.0684
77 cm 0.0753
96 cm 0.0748

3.2 Control Rod Worth for Partially Inserted Rods
F

Q
oo
ot

s .
ngerted rod along the vertical z-axis we

Pom

-
e
5

Z

f CHIXL
Ak (2) =Dk (H) —F

f0< 7,9 > dz

in which Ak(z) is the reactivity worth of the partially inserted
rod to a depth of z cm and Ak(H) is the reactivity worth of the
fully inserted rod (to a depth of H cm.).

In some one-dimensional axial caleculations we determined

Ak(z

AR in two different ways.

In the axial direction the reactor is divided into an upper and
a lower blanket and 5 core zones with different steam densities

as given in the following sketch:
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upper i : | lower ’
blanket blanket
0.0994 o.0921§ o.o799l 0.0681 | 0.0591 ] 0.0534 | 0.0503 (gteam(g/cmB)
0 35 65 95 125 1 155 185 220 =
\; : (cm from top
> >i of the reac-
RODS fully RODS fully tor)
withdrawn inserted 135

The sketch shows the geometry for the axial calculations. For the
value of y in the core we chose y=8.72 and for the radial buckling

2 -4 -2 “ :
Brad = 2.68 10 " cm .

For the volume fraction of the absorber material we tock 1.6 v/o.
The maximum active absorber length H is 100 em for reasons of reac-
tor construction. The rod will be inserted from the top of the

reactor.

With the axial flux distribution of the configuration with fully
withdrawn absorber material, we calculated

5 <o a
H
j;<¢:¢>az

as a function of the inserted abgsorber depth z.

In these calculations we approximate <T¢f¢ >‘by the product of
the fission source‘j;02f¢&E and the néutron fission weight
L[‘Eﬁﬁ/ dE. The results are shown in curve 1 of Fig. 3.3.

In the next step we calculated Ak as a function of the ingerted
depth by a series of one-dimensionagl axial calculations for the
radially homogenized core. The result of this calculation is curve
2 of Fig. 3.3. |

3,3 Optimum Control of the Critical Reactor

343,11 Introduction to the Problem

In an operating power reactor we have %o insert the absorber rods

in such a way that the criticality of the reactor is maintained.
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Usually'thé reactor becomes critical with a few partially inserted
absorber rods.

Because the flux distribution in the critiecal reactor differs greatly
from those distributions of the one-dimensional systems with fully
inserted control rings, it is evident that the one-dimensional cal~-
culations are not the right tool for determining the optimum control

rod programming.

The purpose of the calculations we are going to report on now is
this: '

For a reactor with a fresh fuel loading the excess reactivity must
be controlled by inserting some absorber rods in such a way that
the reactor becomes just critical and has the most favourable power

distribution, i.e. the minimum power factor.

3e3%.2 Quantities Kept Constant in the Calculations

In our two-dimensional calculations we locate the 18 control elements
on two rings. The inner ring, which is in the inner fission zone,
contains 6 control elements. The radius of this ring is fixed at

R1 = 53.5 em, which is between the optimum ring radii determined

by the exact calculations and by the synthesis method. (See Chap-
ter 2.3.3). The outer ring contains 12 control elements and is lo-
cated in the outer fission zone on the boundary of the two fission

regions.

In (r—z) calculations the absorber material is smeared in homogeneous
rings of 11 cm thickness. Fig. 1.1 gives the dimensions of the cy-
lindrical reactor. v
In (r-8) calculations we chose the control rods with a cross sec-

tion of 95 cm2 and a perimeter of 40 cm.

The values of yr and Y11 of the two fission zones are choséen in
such a way that the reactor in {(r~8) geometry, for a burn-up of
18,000 MWD/tonne (corresponding to the beginniﬁg of the reactbr
cycle) and for fully withdrawn absorber rods gives an excess reac-
tivity of about 1,5 % and that the maximum fission density in the
outer fission region CQII) is about 10 % above the maximum fission
density of the inner fission region (QI).

It was found 173_7-that with increasing burn-up from 18,000 to
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37,000 MWD/tonne, which corresponds to a reactor cycle of 175 days,
the ratio Sil/ﬁl will decrease by about 10 %. Also, if we start up

the reactor with 10 % more maximum power density in the outer fission=-
region, the maximum power density in fission~zone I and II will be
about the same at the end of the reactor cycle..

We calculated that for y1= 9474 and Y= 7438 the above requirements
are fulfilled.

For all two-dimensional calculations, we decided to condense the
26 energy groups into a 5-group set. For the condensation spectra
we take for each new calculation the 26~group spectra of the corre-

sponding zone obtained from the one-dimensional problem.

The condensation into the 5 groups for all two-dimensional calcula-

tions is as follows:

W
i~
N

5-group set group nr. 1 2

N
——
-

L

o

!
26-group set sroup nr. |
group se group u..!

3.3.3 Results

In Table 3.3 the numerical results of the two-dimensional (r—z)

calculations are given.

N1 and N2 are the numbers of B4C rods which will be inserted in the
immer ring and the outer ring. The guantities z4 and 2, are the in-
serted depths of the absorber rods in the core to obtain a critical
reactor. The normalization of the values in Table 3.3 is such that

dVJﬁ2f¢dE=1 fissions/sec over the total volume of the reactor.
Vtot - E
The quantity Sextr means the estimated maximum fission density at

the interface of the first and the second fission zone which may be
extrapolated from the fission distribution in the second fission zone.
It also represents the maximum fission density between the control
rods of the outer ring. (Analogous to the azimuthal fission distri-

bution between the control rods in the (r-8) calculations.).

The results of the (r-8) calculations are given in Table 3.4. In
the same way as in the one-dimensional calculations the volume inte-
gration of the fission density in the (r-®) geometry is over a core

height of 1 cm.
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With respect to the fission distribution we calculated for each
fission zone and for the total core the maximum fission density, the
average fission density and the power factor, whichwes defined as
the ratioc of max1mum—to-average fission density. To compare the re-
sults Table 3.3 contains also some numerlcal values of the reactor
with the absorber rods withdrawn. It can be seen that the reactor
with the rods withdrawn gives an excess reactivity of about 1.4 %
in the (r-z) geometry and an excess reactivity of 1.6 % in the

(r-8) geometry.

The value keff(z1,z =100 cm) in Table 3.3 means the reactivity of

2
the reactor if all rods of the corresponding configuration are fully

inserted (i.e. 100 cm active absorber length in the core).

If we compare the configuration in which 6 control rods are inser~
ted, we see that the configuration with the most favourable fission
distribution (low value of the power factor of the total core
'%I+II /<§I+II) also has a high value of the control rod worth. It
rie n the i

is seen that the cozulguratlon of 3 rods inserted in the inner

\}.E

ing
”and 3 rods 1nserted in the outer rlng has the most favourable value
of pI+II /T Pr.17° Next will be the configuration with only 6 rods
inserted in the outer ring.

To show the shifting of the spatial fission distributions arising
from the insertion of absorber rods into the core we drew the iwo-
dimensional fission distributions for the reactor with the control
rods withdrawn and for those two possible control rod configurations
which have the best fission distribution for the critical reactor;
see Fig. 3.4 to Fig. %3.8.

It is easy to see that the maximum fission density changes to the

lower part of the core.

The azimuthal fission distribution between the conirol rods
(especially in the second ring) is expressed in Fig. 3.9 to Fig. 3.11.
It is seen that the fission density close to the Alzo3 follower rods
increases, which is not the case with B4C absorber rods. This is due
to the following effect:

AlZO3 is a weak neutron absorber but a good scatterer, so it is ex-

pected and verified that around the Al rods the spectrum will be

293
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softer than elsewhere in the core. (AILZO5 acts as a moderator.).

Because the fission rate increases for lower neutron energy, the

fission density near the A1203 will be higher therefore.

Finally, we plotted in Fig. 3.3 the results A k(z) /A k (H)
of the two-dimensional {r-z) calculations. The agreement with

the curve from first-order perturbation theory is very good.




v

ZWrderfQ‘dE = 1 (fissions/séc)o
E .

Table 3.3 (r-z) Geometry. Critical reactor with partiallyl} inserted control rods
A A A P
p = JIgdE) | Jav [3 gax P P P
N, |z, | N, | 5, [k(z,2=100) ff max ff L A1 | EiL) pp,
(em) (om) | °FF 3} Py Prr | Priax
zone T zone IT zone II, | zone I zone II | zone III
A V.Y ;
p(r=102.5) Portr
3 74 3 74 0,9908 1.857,5=7 | 1.842, -7 2.02510-7113 0.4720 | 0.4404 | 0.0629 1.719 | 1.932| 1.808 1,1530
0 6 T3 0.9907 2,05810~7 1.79310-7 1.99210—ﬁ 0.5030 0.4128 0.0591 1,612 | 2,030} 1,830 1.1525
6 | 51 6 51 0.9672 10856, =T | 14952, =7 2,10410-713 0.4640 | 0.4488 | 0,0639 1,574 | 1.971| 1.877 | 1.1510
6 78 0 0.9939 1967410-7 1e94810~7 2.15010~ﬁ 0.4217 0.4849 0.,0687 1.569 | 1.823| 1.93%6 11550
0 65 0.9841 2.078,,-7 | 1.849, -7 2.038,,-7 | 0.5046 | 0.4118 0.0590 1.626 | 2,085 1.850 1,1525
all rods out k=1.0140 15730, =T | 179147 1.96010.-7jj 0.4742 | 0.4417 | 0.0604 10435 | 1.868| 1.743 |  1.142
Normalizations fdv fzfgz(dE =1 (fissions/sec).
v E i
tot
Pable 3.4 (r-8) Geometry. With fully inserted control rods
~ le) A DA
ST kore p= s ZofE) oy Ju [ Z faB Pr | Pr | Prax
: P1 ¥ | Priar
zone T zone II zone 1 zone IT zone IIT
0 0 1.0159 1.95910-5 2.27010—5 0.4861 0.4570 00,0569 1,060 1.391] 1.308
0 6 0.9969 2.39410-5 2.32010-5 0.5174 0.4268 O.é558 1.217/ 1.523| 1.377
0 9 0.9888 2.66210-5 2.55810—5 045373 0.4082 O.§545 1.303 1.753] 1.529
6 0 0.9972 2.03010—5 2.43010—5 0.4181 0.5149 O.¢670 1277 16322| 1.413
|
Normaelization:

-gg-
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To underline the importance of the fission distribution we calcu-
lated, for example, the savings in power generation costs for the
two most favourable control rod configurations with respect to the
arbitrarily chosen configuration of 6 rods inserted in the inner
ring to a depth of 78 cm.

The savings for the configuration of N1=3,N2=5 to a depth of 74 em
is about IM 11.106 a year.

For the configuration with only 6 rods inserted in the outer ring

the savings will be about DM 9.106 a year.

Finally, it is seen from Table 3,3 that the breeding ratio B.R.
varies not so strongly as a function of the method of reactor con-
trol. The B.R. is defined here as the ratio of the integral capture
rate in the fertile material to the capture and fission rate in
the fissile material. (The integration is over the total volume of

the reactor).

N

+3.4 Discussion

=

Fehaw

®

~to-be-careful--$o-compare these results of the two-dimen-
sional calculations for the critical reactor with the results of

the one~dimensional calculations because the two-dimensional calcu-
lations have two different starting points compared to the one-dimen-
sional calculations. These differences will be explained belows:

To simulate the power distribution corresponding to the condition

of lowest burn-up, which occurs after reloading of fuel elements,

the fuel enrichments in the core were chosen in such a way for the
two-dimensional calculations as to make the maximum power density

in zone II 10 % higher than the maximum power density in zone I.

The result is that the ratio of the fuel enrichment in zone II to
that in zone I is higher than the ratio used in the one-dimensional
calculations. So, the power factor for the unperturbed reactor is
higher for the two-dimensional geometry. The next point is connected
with the fact that in the two-dimensional calculations of this
chapter we always used the configuration of 6 control elements on

a inner ring and 12 control elements at the interface of zone I-

zone Il. In the one-~dimensional calculations, however, only for a
few cases a ring of 12 control elements was presént at the inter-

face of zone I-zone II. Exchanging fuel rods by either control or
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follower rods at this position greatly influences the power
distribution. Because the maximum power density occurs at the
interface zone I—zonerll in most cases the powér”faotor is in-
fluenced also. So, care must be taken in the comparison of the
two~dimensional results of this chapter with ﬁhe one-dimensional

results of the preceding chapter.

The (r-z) and (r-8) calculations are very useful to show the
tendencies of the reactivity worth and fission distribution.
To determine more realistic absolute values of the shutdown
reactivity and control rod worth, proper three~dimensional cal-

culations will be prefersble.
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As we have seen before, this investigation had two purposes.
The conclusion of Chapter 2 is that the optimum location

for maximum shutdown reactivity of a single or two rings

of absorber elements can be determined very well by one-dimen-
sional calculations.

For the cases studied it was further seen that the configura-
tion with maximum control rod worth for the absorber rings also
has a favourable fission distribution.

The two-dimensional (r-®) calculations showed that we have to
perform the calculations in a better geometric arrangement to
determine more accurately the absolute wvalues of the control

rod worths.

The examples of Chapter 3 showed that it is desirable to

determine that special location and insertion depth of the
shim rods for which it is possible to maintain the reactor
~eritical with the most favourable f on distri
' The (r-z) calculations show (Table

of three rods in the inner ring and three rods in the outer

is
-

si
.3) that the insertion

ring results in the best figsion distribution, but the
difference to the case of six rods Inserted in the cuter ring is

not so pronounced.
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