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ABSTRACT

In CANDU reactors, mechanical devices called shutoff rods are
used to shutdown the reactor if required. These rods are made of high
thermal neutron absorbing material such as cadmium. The number and the
locations of the shutoff rods are optimized for a given reactor config-
uration, Optimization here means minimizing the number of rods and

maximizing their reactivity depth or effectiveness,

Optimization may be studied in various ways but the method
selected is both simple and basic. It is apparent that if the inter-
action effects between the individual shutoff rods are reduced, their
worths will increase., The optimum distance between two rods was
determined to be 130 cm. Also, the best location of a third rod with
respect to two already placed at an optimum separation was studied.
Finally, these results were used in order to determine the optimum
distance between banks of shutoff rods. These banks of rods were arranged
in such a way as to achieve maximum flux flattening with all the rods
inserted in the core. A 22 shutoff rod configuration for an adjuster

flattened CANDU reactor gave a total change of 5.6% in keff'
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1. INTRODUCT I ON

The shutdown of a nuclear reactor due to some malfunction must be
anticipated at all times. This is achieved generally by controlling or
limiting the fission process. Most reactors can be shut down in seconds by
introducing a neutron absorber which renders the system subcritical. These
absorbers may be termed as ''black' (impenetrable) to neutrons or ''grey'. To
ensure a shutdown, a conservative safety philosophy calls for a backup
system such that if the first should fail, the other is available, Presently,
there are three types of shutdown systems (SDS) used in CANDU reactors,

These include: 1) mechanical shutoff rods (SOR's); 2) moderator dump; and

3) poison injection, Liquid shutoff rods are in the conceptual design stage.

Moderator dump is no longer designed as the backup to a primary
SDS as in Pickering A, due to long times associated with its use. The poison
injection system (used in Gentilly-1) is termed as very effective, however,
a complex ion-exchange process is needed for subsequent cleanup. The primary
shutdown system employs mechanical shutoff rods, each of which has a
permanently fixed guide tube in the reactor core. Closely associated are
the liquid shutoff rods which introduce, in Euler-type tubes, a liquid poison
(gadolinium nitrate or boric acid and lithium hydroxide mixture). This
poison can be quickly removed to restart the reactor, This is the newest
system which has been adopted also by the {talians in the CIRENE reactor and
the British in the SGHWR at Winfrith.('»%>3)

Considering the importance of the shutoff rods, the effectiveness
of the mechanical shutdown system is usually analyzed assuming that two of
the most important rods are unavailable. A conservative safety policy requires
a total reacti&ity load much higher than that normally required to safely shut
the reactor down. Such a policy requires a large number of SOR's and hence a
significant expenditure. To cut capital costs, optimization of the number and

location of shutoff rods is required.



This report investigates the optimization of cadmium SOR's in a
CANDU reactor (Figures 1 and 2). Optimal configurations were studied by
applying model restraints and using flux distributions obtained from a

two-group, three-dimensional neutron diffusion code,

2. THEORY AND MODEL SIMULATION

Mechanical shutoff rods simulated in this study are made of a
strong, absorbing, cylindrical stainless steel-cadmium sandwich (see Figure 3
for details). %) There are numerous drive mechanisms, however, an electro-
magnetic clutch assembly is common. When the clutch is de-energized, the SOR
falls into the guide tube under the influence of gravity and is sometimes
aided by an accelerating spring. A typical insertion time would be of the
order of one to two seconds. To restart the reactor, the SOR assembly is

winched out requiring a time of about sixty seconds.

Accurate predictions regarding the effect of a SOR on the system
requires extensive calculations. In general, neutron behaviour in a critical
reactor may be summarized numerically as:

PRODUCTION = LOSS = LEAKAGE + ABSORPTION

Using diffusion theory, the fast and thermal energy neutron groups are balanced
in differential equation form. (The fast energy group refers to all neutrons
above 0.5 ev.) (See Table 1 for the notation used.)

(5)

- 2 '
Fast-Gp xxl(v2¥]¢] + vzfzﬂz) = D,V GI + Zg]ﬂ] + Zh‘ﬂl (1

Thermal-Gp(S)

'-' B 2

Mg (VI By + vE)8)) + Ty = -D,9°0, + T .0, (2
Over 95% of all fissions occur due to thermal neutrons, therefore, vzf] is
combined with vZfZ. Further, X is approximately equal to 1.0 and Xy equals

0.0. In the study of absorption in SOR's in a CANDU reactor fast fluxes are



not usually considered since the cross-~sections are small in the fast
energy range compared to the thermal range, Insertion of a shutoff rod is
associated with a significant local increase in the thermal absorption cross-~

section in equation (2):

In order to solve equations (1) and (2) for a given reactor state,
a model is created by superimposing a grid system on the reactor. The
separation of the grid line depends upon reactivity device locations and
will be discussed within the simulation section. Such a model is shown in
Figure 4, Using established three-dimensional neutron diffusion codes the

(5)

equations (1) and (2) at a point (1,J,K) is formulated by the seven point

flux at the centre of each grid cell was calculated. The leakage term in

difference equation:
Divzﬂi(l,J,K) = Di(AX)-Z[ﬂi(I+I,J,K) - 26,(1,9,K) + 8.(1-1,4,K) ]
+ 0. (a0 728, (1,341,K) = 20.(1,4,K) + 8.(1,9-1,K) ]
+ Di(Az)"z[ﬂi(l,J,K+1) =20, (1,9,K) + #.(1,4,k-1) ]

Assuming complete symmetry in the three directions, the code was used with

an octant model of the core. This assumption is not entirely correct, however,

since absolute symmetry cannot be achieved in a real reactor. For purposes
of this analysis the results are acceptable,

I
A
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The basic numerical methods used in superimposing a grid on the
octant model are as described. Primarily, a flux guess is made and a
convergence criteria is specified. Iterations based on an original flux
ﬂ? where n equals 0, solve for a flux ¢?+] by an updating procedure until

the flux convergence criterion is met:

41 ., (4

A reasonable criterion is for ¢ to be IO-A. By iterative

processes the eigenvalue, A, converges more rapidly than flux such that for

the flux convergence is often an order of magnitude less.

3. MODELL ING PROCEDURE

A basic model has been established using a typical CANDU reactor
geometry (see Figure 5). As mentioned above, complete symmefry was assumed
and an octant was simulated. 1In the model there are 120 fuel channels, 52
of which are in a specified inner core. The outer core and the reflector
make up the remaining two basic materials. The basis by which these materials
were outlined was by an equal volume representation of the model to the
physical shape -and size of the reactor. The reactor was further divided into
cells and the above diffusion equations were applied to each of these cells.
In other words, it was assumed that the properties of various fuel regions
and reactivity devices within the reactor could be smeared over an effective
cell. Cell dimensions were normally chosen in increments of (AXAYAZ)

corresponding to (28.575 x 28.575 x 49.53 cm3) unless restricted by reactivity



devices. X and Y increments are based on a typical lattice cell pitch
featuring one channel per cell. The 49.53 cm in the axial direction
corresponds to the length of a fuel bundle. Next and most importantly,
material properties were assigned to each cell, depicting diffusion

coefficients, absorption, removal and yield cross-sections.

Simulation commenced with a reference case model which consisted
of three banks of eight adjusters and six zone controllers (one-half full).
Material properties for the reference case were obtained from lattice codes.
Furthermore, these codes calculated the incremental properties characteristic
of shutoff rods. From the obtained flux distribution, further simulations

were anticipated by “strategically”x introducing SOR's,

The simple introduction of a SOR into the reactor complicates the
modelling by creating more mesh points. In addition, incremental properties
are smeared over a cell representing the reactivity device. An example of a
cell representing an adjuster rod would correspond to a cross-sectional area
of 57.15 x 49.53 cmz. The adjuster rod lengths vary from 5 to 8 lattice pitches
(1 lattice pitch=28.575 cm), the longer ones being in the centre of the core.
A zone controller represents the same AXAZ cell, however, it is typically
12 lattices in length. It must be remembered that these aforementioned
device lengths must be doubled when talking about the entire reactor. In
addition, any devices lying on the transverse or vertical axial midplanes
represent a '"‘half-effect', with the centrally located SOR having only a

""quarter-effect''.

At this stage, a logical procedure of SOR positioning is required
in order to study model effects, in particular, the interaction between SOR's.

v

b, PROCEDURE

For the reference model flux distributions were plotted in the axial

and radial directions (Figure 6). The local depressions in the radial direction

* This refers to the SOR placement in a region of high flux in order to
achieve a maximum worth per rod.



are due to the adjuster rods resulting in an overall flattened distribution.

A shutoff rod has the effect of depressing the thermal flux. Its range of
effectiveness depends primarily on where it is located. For example, a high
flux region such as the core center will make the shutoff rod worth much

more than if it was placed in the outer core region. In addition, the worth

of a shutoff rod is dependent upon its interaction with other control devices,
namely, other shutoff rods. The following procedure was used to study possible
locations for SOR's taking into account rod interactions. Prior to describing
this procedure, optimization of shutoff rods will be defined as applicable to

this project.

Optimization here has two aspects. Firstly, a minimum number of
SOR's is determined for a given reactor shape and size. |In this case, the
interaction effects between the shutoff rods are minimal. Such an array of
SOR's will be referred to as a ''configuration''. Secondly, given the total
reactivity depth required, more SOR's may have to be added to the above
minimum "'configuration', In this case, the interaction between SOR's will
no longer be minimal, however, the number of SOR's required can still be
optimized for the given situation. This latter case requires that the additional
SOR's be arranged "in such a way as to achieve maximum flux flattening with all

SOR's inserted. Such an array will be termed as an optimum '"'arrangement'',

The process of determining the minimum number of SOR's required for
a given reactivity load was restricted at first to a quadrant. To begin, a
central and then an eccentric SOR was placed axially in order to study the
interaction between any two shutoff rods. A spatial restriction is that the
SOR must physically be at least one lattice pitch (28,575 cm) away from any
other reactivity device,

. .

Next, the interaction between three SOR's was studied with two of
the rods along the axial direction being optimally spaced and under the above
mentioned physical restraint. The third rod was moved in an arc about the

centre of the reactor. Using flux distributions and physical limitations,



the optimum location of the third SOR was obtained. Before locating a fourth
optimum SOR, a crucial reorganization of the optimal three-rod configuration
was made, considering totally the geometrical limitations imposed by the
reactor. To this stage, the major geometrical constraint was that reactivity
devices be at least one lattice pitch from one another with the exception of
the central shutoff rod. Considering now that the central SOR is in the
immediate vicinity of an adjuster, and by applying previously obtained
results from two and three rod interactions, a rearrangement of the optimal
three-rod configuration was made (see Figure 8, rods (1), (2), and (3)). In
conjunction a fourth SOR was optimally located using the previously attained
optimum shutoff rod separations. The optimum ''configuration'' was obtained
whereby the interaction between all shutoff rods was minimal and the total
reactivity worth was maximum. This optimal configuration of four ((1), (2),
(3), (4)) SOR's per quadrant (Figure 8) was adopted as the basis to determine

an optimum arrangement,

It is clear from the above that additional SOR's no longer provide
an optimum solution. However, using the four optimally placed SOR's and
tracing the flux pattern throughout the reactor grid, high flux regions are
easily located., The next optimally placed SOR would be in this higher flux
region. Now, optimization will mean minimizing the number of SOR's to
achieve a required reactivity depth since their geometrical placements are no

longer optimum,

In summary of optimization criteria, a maximum worth per rod was
obtained by putting as many rods into the core as proximity or minimum inter-
action would allow. If after having exhausted these locations and still not
having met a required reactivity load, more SOR's will be required. Then a
flux distribution is obtgined from the previous optimum case, the region of
maximum flux is found, the constraints are determined and finally the ''best!"
location for the next SOR is selected in order to achieve a maximum flux
flattening. This method of obtaining an optimum flux distribution and then

placing a SOR in an area.of high flux can be continued to the point of



achieving a reactivity depth specified by the reactor design. |In a broad
sense, the SOR arrangements obtained by this process describe physically the

phrase, '""optimization of shutoff rods''.

5. RESULTS

Table 2 illustrates the average thermal flux due to the inter-
action between the central and one eccentric shutoff rod per quadrant. B8y
plotting the worth of this second rod against their separation, an optimum
of 130 cm separation was found (Figure 7). At this distance, the fluxes are

most nearly equalized and highest in average value.

Table 3 shows the interaction and optimal placement of three
shutoff rods. The two rods already optimized in position lie along the
axial axis. The optimal separation is 161 cm rather than 130 cm due to
physical constraints, In this particular case, a zone controller was
positioned at 123 cm and at least one lattice pitch is required between
reactivity devices. An optimum configuration (Case 3) gave an average worth

of 2.11 mk per rod.

Based on the previous results, a final optimum configuration of four
SOR's per quadrant was established., Note that there is no central SOR. This
configuration (rod, (1) to (4)) is shown in Figure 8 as a ''rhombic'' geometry.

Table 4 correlates k the total worth of the SOR's and their individual

eff’
average thermal fluxes. |In addition, it shows the optimal effects of twenty
and twenty-two shutoff rods, Twenty-two SOR's (optimized) have a total worth

of 56.2 mk,
6. CONCLUSIONS
For the given CANDU reactor, an optimization of SOR's may be simply

approached by a study of rod interaction - in particular, two and three

shutoff rods. Geometrical constraints play a crucial role in the optimization



but in addition, the criterion for an optimum case is to achieve maximum

flux flattening with all the rods inserted in the core,

The optimum configuration of SOR's for a typical CANDU system
takes the geometrical form of a rhombic solution. This solution.gave a
total reactivity worth of 36.73 mk or 2.3 mk per rod. An extension of this
study showed how its basic solution or optimum SOR configuration could be
used in the optimization for a specified reactivity load greater than that
attained by the four optimally placed rods. The continued optimization
utilizing high flux distributions located a fifth and sixth rod as shown
in previous Figure 8. Such an arrangement gave a total change of 5.6% in

keff over the reference case.



APPENDIX A

CENTRAL SOR MATHEMAT ICAL ANALYSIS

Analytical calculations of Akeff for a central shutoff rod are
generally performed using one-group and two-group treatment. Equations

(6)

describing these two methods are contained in Table 5.

Most theories dealing with control rods assume them to be parallel
to the fuel channels. This is not the case with the CANDU reactor where
SOR's are perpendicular, To accommodate this situation, the CANDU reactor
geometry was simply altered on an equal volume basis (Figure 10) giving a
radius equal to 351 cm. Figures i1, 12 and 13 describe physically the
symbols used in the above referenced criticality equations and Table 6 gives
their values as obtained from a lattice parameter code., Using the values of
Table 6 in the equations presented in Table 5 the results (Table 7) showed
one-group overestimates and two-group underestimates SOR worth proportionally
by 9.9%. An average set of data showed differences of about 16% from the
calculated values, This simple approach used to obtain preliminary analytical
results should be considered in a possible future project for developing
analytical methods for analyzing the worth of central and eccentric shutoff

rods.

10
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TABLE 1

SYMBOLS DEFINED

DEFINITION
Neutron group. For i = 1, fast neutrons

and i = 2 denotes thermal neutrons
Effective Multiplication Factor
Eigenvalue corresponding to l/keFf
Fraction of neutrons born fast or thermal

Mean number of secondary neutrons per
fission

Neutron yield cross-section
Diffusion coefficient

Neutron absorption cross~section
Removal cross=-section

Neutron flux corresponding to group 'i"
and iteration number n used in numerical
methods

11
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TABLE 2

SOR ROD INTERACTION CALCULATIONS

(MAXIMUM - TWO ROD INTERACTION)

Case Distance of Second keFF Total Worth* Average Thermal 2 Worth of Second
Rod from Central (cm) (cm) : of Rods (mk) Cartral | Eccentric Rod (mk)++
1 Reference Case+ 1.00047 - - - -
2 0 0.997837 2.63 0.5272 - 0
3 35 0.995710 L.76 0.273k 0.3483 8.12
L 130 0.994412 6.06 0.4957 0.4401 3.43
5 200 0.995367 5.10 0.5090 0.3806 2.47

+ All adjusters in and zone controllers one-half full

(keff)rod(s)
(keff)ref -1

(keff)z rods _, I
(keff)control rod




TABLE 3

THREE ROD CONFIGURATIONS

£l

Case (Z.,X.)+ k Total Worth Average Thermal Flux in each SOR
i’ eff ¥
(cm, cm) (mk) of Rods (mk) " ) 2. )
(Z]! ]) (229 2 3! 3
i=1 (0,0)
1 i=2 (161,0) 0.989578 10.8869 0.3735032 0.4233456 0.4982453
i=3 (0,114.3)
i=1 (0,0)
2 i=2 (161,0) 0.985728 14,7351 0.3078395 0.3940734 0.4494329
i=3 (30,114.3)
i=1 (0,0)
3 i=2 (16],0) 0.985684 14,7791 0.4106712 0.3234314 0.4755879
i=3 (123.825, 114.3)

(keff)rods

T.oo0h7 T

+

(Zi’ Xi) refers to SOR location where i stands for the SOR number




TABLE 4

OPTIMUM CONFIGURATIONS (MORE THAN 4 SORS)

Case No. and 1 < eff |Total Worth Average Thermal Flux in Each SOR Worth
Placement (mk) of Rods - per rod
+
(z,, x.)* . (mk) (2), X)) | (25 X,) | (25, X5) (z),, X,) (Zg, Xg) (mk)
(50,2)

]
§ %?8561) 0.967318] 36.7348 | 0.3999723 | 0.5124329 | 0.4250436 | 0.4003279 - 2.30
L

(180,8) (4)°

oo

— —y o~ —t

i

1 (50,2)

2 (50,6)

i=3 2180,4) 0.955523) 44,9259 0.5370126 | 0.3237817 | 0.5384505 ] 0.2812395 | 0.2297883 2.25
4 (180,8)

5 (50,8) (5)

#iononounun

N

1 (50,2)

2 (50,6)

; §}§8’§§ 0.944251| 56.1926 | 0.4737825 | 0.3782369 | 0.452472 | 0.3845538 | 0.392693]  2.68
5 (50,8) (Zg Xg)

6 (161.0) (5-1/2) 0.5025235

(161.0)

— st Eme et =y -

Honnnnn

+ (cm, lattices) where 1 lattice = 28.575 cm




CENTRAL SOR

CRITICALITY, FLUX AND Ak ff EQUATIONS(

TABLE 5

6)

THEORY EQUAT I ONS
One-group Yo(xlr) - Yo(llRo) * e)\IYIU\IRO) (1.1)
Jo(xlr) JO(K]RO) " eX]J](K]RO)
) 1
g(r) =A []_MLZL% (0.116 + 1n &?)] (1.2)
™ o
o
7.5 M2 R
Akeff = ——;7—— 0.116 + 1In 75 RY (1.3)
2 L 2 L 2 LL !
Two-group bkgrg =Z'—F%L 0.716 |1 + Lsz + Lsz n et I 2.’-?R' (2.1)




CENTRAL SOR PARAMETERS

TABLE 6

L2 232.32 cm2
LSZ 156.29 cm?
M2 388.61 cm?
D] .28 cm

D2 0.95 om

Ro 5.636 cm

R 350.77:7: em

R =R =~ d where d =

o} 2
Kt = 3Di where i = 1,2
TABLE 7

CENTRAL SOR MATHEMATICAL ANALYSIS "

One-group Two=-group
R' (cm) d(em) Akeff (mk) Akmc1c (mk)
2.,72826 . 2,908 5.78L4 L.7151
2.22226 3.414 6.1193 L. 4137
1.71626 3.920 6.3450 L, 0849
* Obtained from lattice parameters code

%%  Obtained on an equal volume basis

*%% From Appendix A

16
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