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ABSTRACT

rwner examines the application of homogeneous equivalent absorber rod
cross-sections to the calculation of control rod anti-reactivities in large
%st reactors. The method used to obtain the equivalent cross-sections is
described and their validity in simple whole core geometry calculations is
verified. Final.lv, thev are employed in the calculation of control rod
anti-reactivity worths in the Super Phenix 1 fast reactor and the results
are compared with measured values.
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1 INTRODUCTION

When performing whole core neutronics calculations, absorber rods are
usually modelled using a simple volume averaged "soup" composition
(homogeneous representation) rather than the true, detailed description of
their geometrical and compositional structure (heterogeneous
representation). This approximation is forced, other than in Monte-Carlo
methods, in order to reduce the geometrical complexity of the reactor
models to manageable proportions. However, in homogeneous geometries, much
of the neutron flux distribution fine structure is lost, resulting in an
under prediction of the integral reactor K-effective and an overestimation
of the control rod anti-reactivity.

One of two options can be adopted to correct reactivities calculated using
homogeneous geometries:

- reactivity correction factors can be applied to the calculated
anti-reactivities

- the absorber cross-sections can be adjusted to account for heterogeneity
effects when they are applied in homogeneous geanetry calculations.

This paper examines the second of these two options. The method proposed
by Rowlands (References 1, 2) is used to prepare a set of homogeneous
equivalent cross-sections (HE cross-sections) for models of the Super
Phenix 1 (SPXl) control rods. The performance of the HE cross-sections is
then examined for a centrally located rod in a simple whole core RZ
geometry. Finally, the HE cross-sections are employed in whole core
calculations of the SPXl reactor. The results of these calculations are
compared with experimental values. In addition, they are compared with the
results from methods which apply reactivity correction factors to the
calculated control rod anti-reactivities.

2 RECAPITULATION OF THE ROWLANDS METHOD TO CALCULATE HOMOGENEOUS
EQUIVALENT ABSORBER ROD CROSS-SECTIONS

The approach of t h e Rowlands method i s t o t r e a t t he change from a
heterogeneous contro l rod geometry to a homogeneous geometry using
per turba t ion theory . A s e t of c ross -sec t ions a re sought in the perturbed
(homogeneous) geanetry such that the reac t iv i ty of the heterogeneous
geometry i s preserved. The above reactivity equivalence is established
using the exact transport theory perturbation expression for the difference
in reactivity between the perturbed and unperturbed geometries, evaluated
in a one dimensional cell calculation. Me have:

where:
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T<

and

r = the regions of constant composition in the heterogeneous
geometry

x = the calculational meshes which l ie within a given region r

g = energy

Jt> = angle

0„ „ = the scalar fluxes from the heterogeneous gecmetryg,x
M* = the scalar adjoint fluxes from the homogeneous gecmetry

J = the neutron currents from the heterogeneous gecmetrygfx
j * = the adjoint neutron currents frcäi the homogeneous geometryg,x

S£tr r ' S£c r'S£r '*'*' represent the differences in cross-sections

between the heterogeneous and homogeneous geometries for transport, capture
and moderation respectively.

For reactivity equivalence between the two geometries the above expression
for %A must be zero. However, the expression depends on the required
cross-sections and hence, must be solved by iteration.

The Rowlands method proceeds by setting to zero separately the capture and
moderation term and the leakage term of equation 1. Expanding the
differences in cross-sections of equation 1 in terms of the required HE
cross-sections and some guess approximation to them, a common scaling
factor can be defined for the guess capture and moderation cross-sections
to approach the required solution, ie putting:

g - < g - <
tr,r " 2.tr,r 2. tr

C^cg = <q <q = <g / 9
d i ,r 4c,r Zc Z-c,r "i-c * fg

r " ̂ r " ̂  = £? ""9 " i 9 ">g ' fg
where

= heterogeneous model cross-sections
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= the required homoqeneous equivalent cross-sections

= the first guess, flux averaged, homogeneous model cross-sections

fa = a scaling factor to the first quess capture and moderation crossy sections to produce improved homogeneous equivalent cross-sections

and substituting into equation 1 gives:

To J « W > * + J <F *9 J
mhese scaling factors can be applied to the guess capture and moderation
cross-sections to provide an improved guess solution for the next
iteration. In the case of the radial transort cross-sections, the improved
value can be computed directly:

-tr
f

Because of the one dimensional nature of the cell geometry being solved no
rigorous expression is available for the axial transport cross-sections and
a simple weighting is used:

The above equations are iterated, resolving the perturbed adjoint flux
solution in each iteration, until convergence.

3 THE CALCULATION OF HOMOGENEOUS EQUIVALENT CROSS-SECTIONS FOR THE SPX1
CONTROL RODS

To calculate the HE cross-sections it is first necessary to define a
one-dimensional radial cell geometry model of the rods. The detailed
geometry of the SPXl control rods is shown in Figure 1 and the cylindrical
model, used in this study, is shown in Figure 2. To form the cell model
the cylindrical rod model was surrounded by 40 cm of core fuel material and
an external reflective boundary condition was imposed. An axial buckling
of 6.86 m~2 was applied to the cell average diffusion coefficient to
represent axial leakage and maintain a reactivity near unity. A fine mesh
was employed to obviate the need for mesh corrections, the mesh chosen
within the rod is shown in Figure 2, within the fuel region 24 meshes were
modelled, spaced at 16.6 mm intervals (20 °C). All compositions and
dimensions were adjusted from their defined values at 20 o<* to an

isothermal temperature of lPn °c, the temperature at which the experimental
values were obtained in the SPXl start-up programme.
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above modellinq effectively places the control rod in an infinite fuel
"sea" and the iustification for this choice must ultimately be judged from
the performance of the resulting HE cross-sections in whole core
geometries.

"he first step in the calculation of the HE cross-sections was to obtain
few group (37 group) cross-sections for each region of the cell geometry
model. A collision probability solution was calculated using the MURAL
code (Reference 4) and the FGL5 2240 neutron energy sub-group library.
This solution was then used to condense the cross-sections to the 37
neutron energy group structure. A flux solution was then obtained, using
the few group cross-sections and S4 transport theoryr to be used as the
reference (unperturbed) heterogeneous gecmetry solution for the methods of
.Section 2. In addition the cross-sections within the control rod were flux
averaged to provide the first guess approximation to the HE cross-sections.
A second, homogeneous model of the rods was prepared (Figure 2) and used
along with the first guess cross-sections to calculate the first
approximation to the perturbed adjoint flux distribution. The methods of
Section ? were then employed and iterated to obtain the HE cross-sections.

reactivity convergence obtained in the preparation of the HE
cross-sections is shown in Table 1, the convergence of the rod worth is
also given, relative to a heterogeneous rod follower calculation. The
convergence of the capture and moderation group scaling factors is given in
^able 2. The converged HS cross-sections, after 3 iterations, reproduce
the heterogeneous control rod worth to 0.23% with a residual error on the
absolute reactivity level of only 9 pern. The convergence of the group
scaling factors is" rapid in the high energy groups (above 100 KeV) where
the scaling factors are not much below unity. At lower energies the
scaling factors reduce as does the rate of convergence. Below 100 ev, even
after 3 iterations, the scaling factors are poorly converged +10%, however,
there is little contribution to the rod anti-reactivity from this energy
region and the convergence is acceptable for core reactivity calculations.

4 VERIFICATION CALCULATIONS FOR THE DERIVED HOMOGENEOUS EQUIVALENT
CPOSS-SEOTIONS

rvo test the HE cross-sections in a more realistic (although idealised)
environment, a series of calculations was performed in RZ and R whole core
qeometries with the control rod at the centre of the reactor. The RZ
gecmetry layout is shown in Figure 3.

'The heterogeneous and homogeneous control rod representations of the last
section were used with the standard, unadjusted cross-sections to calculate
reactivities under the following approximations:

- heterogeneous geometry, transport theory

- homogeneous geometry, transport theory

- homogeneous geometry, diffusion theory.
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Tiese calculations were performed in both RZ and R geometries. However,
the detailed mesh structure employed for the calculation of the HE
cross-sections was too fine to be employed in the whole core geometry.
Instead, a coarser mesh (Mesh 1) was used and the results were extrapolated
to an infinitely fine mesh using a second calculation in which all mesh
sizes were halved (Mesh 2). In addition, to save cost, the 37 group
cross-sections were condensed to 6 groups using standard region dependent
condensing spectra. The results of the calculations are given in Table 3.
^able 4 details the results for a similar set of calculations but with a
control rod follower at the centre of the model. These calculations form
the reference against which the rod anti-reactivities are evaluated.
Figure 4 details the heterogeneous and homogeneous representations of the
rod follower. The above results can be used to calculate the heterogeneity
and transport reactivity corrections for the centralised control rod and
these are detailed in Table 5.

The HE cross-sections when used in homogeneous transport calculations
should reproduce the reactivity level of the heterogeneous transport
calculation using the standard cross-sections. The homogeneous
calculations were performed and the results are given in Table f>. The
results are compared to the standard cross-section heterogeneous transport
calculations in Table 7.

In both the RZ and R geometries the HE cross-sections reproduce the
heterogeneous transport reactivity levels to within 2.5 pern. The errors on
the control rod worth are respectively -0.7% and -0.55% for the RZ and R
geometries. Using the HE cross-sections the calculated rod heterogeneity
corrections are -1.2.3% for RZ geometry and -10.9% for R geometry, from
Table 5.

The above excellent results justify the use of the effectively infinite
size cell model to calculate the HE cross-sections despite the rod
heteogeneity effect in the cell model being only -6.9% (see Table 1) rather
than the -10.9% of whole core R geometry. The increase in heterogeneity
effect is a consequence of the core radius. The results also confirm the
performance of the HE cross-sections under the approximations of limited
spatial and energy grouo resolution, these are common approximations in
many whole core geometry calculations.

A question which has not yet been considered is the performance of the HE
cross-sections when used in diffusion theory calculations. The Rowlands
method accounts for heterogeneity effects in transport theory calculations
and when the HE cross-sections are employed in homogeneous diffusion
calculations there is no guarantee that they will compensate simply for the
true heterogeneous nature of the control rod geometry. However, a
reactivity correction factor can be defined for reactivities calculated
using the HE cross-sections and diffusion theory, in an analogous way to
that for the standard transport correction:

C = Ad (T,Ret) - A/) (D, Homo)
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where

C = reactivity correction factor

A o = rod worth against follower

Homo = Homogeneous geometry

flet = Heterogeneous geometry

T = Transport theory

0 = Diffusion theory

In this correction each term is evaluated using the HE cross-sections. The
value of AyO (T\Het) is defined as /O(T,Het,rcd follower) -^o(T,Hcmo,rod)
where A (T,Homo,rod) is evaluated with the HE cross-sections and is
therefore equivalent toA(T,Het,rod).

The above correction C contains three components:

- the true transport correction,

- a correction for any misrepresentation of the heterogeneity effect due to
its evaluation using diffusion theory,

- a small correction for the heterogeneity of the control rod followers.

For the SPXl control rods the appropriate values for C can be calculated
from the results in Tables 5 and 5.

For RZ qeometry?

C = (4494.1 - ADflS.4) - (4046.7 - 3SQ1.Q)
.7 - 3fi«U.Q)

= -A. 8%

For R geometry:

C = (1491.4.4 - 145:15.4) - (14823.7 - 14404.8)
(14823.7 - 14404.8)

= -4.8%

It is instructive to compare these corrections with the transport
corrections in Table 5. Any difference in the corrections indicates the
possible magnitude of the misrepresentation of the heterogeneity effect in
diffusion theory evaluations.
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For "R geometry both the transport correction and that for the reactivities
from the HE cross-section diffusion calculations are the same -4.8%. The
radial heterogeneity correction for the rod followers is negligible and it
therefore follows that there is no radial misrepresentation of the
heterogeneity effect.

For RZ geometry there is a difference of -0.5% between the two corrections.
However, there is a small positive axial heterogeneity correction for the
rod followers of 1%. The resulting misrepresentation of the axial
heterogeneity effect due to the use of diffusion theory is therefore just
0.4%.

In conclusion, there is little change in the magnitude of the heterogeneity
effect between transport theory and diffusion theory evaluations when using
the HE cross-sections. In any case the correction factor C makes a
restitution for any residual error.

results above, for the correction factor C, show that there is no axial
contribution to the correction. The radial correction is, in practice,
better evaluated using X-Y centre plane calculations rather than an R
qeometrv. This allows the interactions between the rods and between other
core singularities and the rods to be modelled more accurately.

5 THE APPLICATION OF HOMOGENEOUS EQUIVALENT ABSORBER ROD CROSS-SECTIONS IN
WHOLE CORE CALCULATIONS FOR SPXl

Both the standard and the HE cross-sections have been used to evaluate
control rod worths in the "coeur de montee en puissance" loading (the first
•Fully loaded core) of the SPXl reactor. Two separate rod worth evaluations
were examined:

- the worth between the rods raised configuration and the configuration
with the rods inserted to the critical height,

- the worth between the rods raised configuration and the configuration
with the rods fully inserted.

The results of these calculations are shown in Table 8 along with their
associated reactivity corrections and uncertainties. A full description of
the methods used to calculate the results is given in Reference 5, a
summary is presented below.

The basic calculation:

3-dimensional triangular mesh geometry diffusion theory. A radial
mesh with 5 triangles/hexagon and an axial mesh of 10 cm slices, 6
neutron energy groups. Uncertainty of +in pern on convergence.
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Mesh correction.

Radial Mesh:

Extrapolation to infinitely small mesh from 2 calculations with
respectively f> and 24 triangles/hexagon. Evaluated using 3D diffusion
theory in 6 groups with an axial mesh of 10 cm.

Axial Mesh:

Extrarolation to infinitely small mesh from two calculations with
respectively a in and 5 cm axial mesh. Evaluated using 3D diffusion
theory in 6 groups and a hexagonal radial geometry.

uncertainty on the mesh and condensation corrections are included
together in Table 8. They result from a detailed study of both the
sufficiency and the interaction between the corrections and are evaluated
as +R5 pcm.

Condensation correction:

The difference in reactivity between a 37 group and a 6 group 3D
diffusion calculation. Evaluated in hexagonal geometry with a 10 cm
axial mesh.

Heterogeneity correction:

Standard cross-sections:

RZ correction evaluated in Section 4 of this paper -12.3%. An
uncertainty of +fi% of the rod worth is assumed, one sigma level.

HE cross-sections;

None, the correction is in the cross-sections. An uncertainty of +1%
of the rod worth is assumed.

Transport correction:

Standard cross-sections;

The axial component is taken as the evaluation made in Section 4 of
this paper (+0.6%). The radial component is calculated in the same
way as the R correction in Section 4 but using a triangular mesh
geometry of the core centre plane (-3.6%). Total -3.0% with an
assumed uncertainty of +1.5%.
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HE cross-sections:

The axial component is taken as zero following the evaluation in
Section 4 of this paper. The radial component is calculated in the
same way as the R correction on Section 4 but using a triangular mesh
geometry of the core centre plane (-3.3%). The uncertainty is the
same as for the standard cross-sections.

Others:

This represents the uncertainty on the true rod height compared to the
modelled rod height +9 mm. It varies with the rod insertion/
efficiency.

Rods at critical height: 9 @ 10 pcm/mm = +90 pan

Rods fully in: 9 fl 5.5 pcm/mm = +5(1 pern

In Table 9 the calculated and measured rod worths are compared. The
evaluation of the measured worths relies on the interpretation of measured
fission chamber count rates and involves calculated correction factors as
well as a knowledge of the reactor delayed neutron fraction (/*-effective).
A value of 365 pan/dollar has been assumed for /* -effective, there exist
different evaluations of ß -effective for SPXl (The British evaluation
gives 372 pcm/dollar) but it has been agreed to adopt 365 pcm/dollar as a
common standard for the presentation of results to avoid confusion. The
uncertainties on the measured values have the following contributions:

- ß -effective +5%

- the ratio of sub-critical count rate ratios +2%

- the reference reactivity level for the application of the modified source
multiplication method +5%

- modified source multiplication factors +3%

- the factor for extrapolating the rods raised reactivity +1.5%.

The total uncertainty on the measured rod worths is +8.0%. The above
uncertainties are taken from a presentation to the Super Fhenix Task Force
by Dr M Salvatories.

With the standard cross-sections the E/C values lie on the lower limit of
the uncertainty range. The use of the HE cross-sections greatly improves
the E/C values, increasing them by some 6% to lie well within the
uncertainties. The main explanation for the obtained improvement in the
results is the ability of the HE cross-sections to respond to the local
flux gradients at the true rod positions in the core and to include the
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effects of interactions between the control rods as well as between the
rods and other core singularities. The heterogeneity correction factor for
the rod worths calculated using the standard cross-sections was derived for
a single, centrally situated rod in an RZ geometry model. The correction
is therefore derived in an essentially flat flux with no interactions with
other core components.

It can easily be seen that a reduction in the worth of a single rod by
12.3%, the size of effect included in the HE cross-sections for a centrally
located rod in RZ geometry, will lead to a greater reduction when the rod
is in interaction with other rods. Consider a simple two rod system with
one rod inserted, the other raised. If the rod cross-sections are adjustd
to decrease the rod worth then there will be an increase in the local flux
near the inserted rod. The flux at the second rod location, if the rods
are in interaction, will decrease (normalising to the same production
rate). Cn inserting the second rod its worth will be decreased not only by
the adjustment to its cross-sections but also due to the decreased flux at
its location. The combined worth of the two interacting rods will decrease
by more than the percentage decrease in the single rod worth.

The magnitude of the enhancement of the heterogeneity effect due to the rod
interactions 12% ->18% is large and requires qualitative verification. A
study was performed using a two dimensional 60° sector, centre plane,
geometry model, representative of the SPX1 core loading, A single rod was
modelled at the core centre and its reactivity worth was calculated. The
Boron concentration in the rod was then simply reduced and the rod worth
re-calculated. This was repeated for a series of Boron concentrations and
for each concentration the percentage reduction of the single rod worth was
obtained. The same series of concentrations were then used to calculate
the total control rod system worth and a graph was plotted of the
percentage reduction in system worth against the percentage reduction in
single rod worth (Figure 5).

The graph clearly demonstrates the same qualitative behaviour as found for
the enhancanent of the heterogeneity effect. The percentage reduction in
single rod worth is considerably amplified in the calculation of the total
rod system worth, due to the interactions between the rods. This is
despite the rather arbitary method used to reduce the rod worth. This
clearly demonstrates the strong interaction effects found in large fast
reactors and underlines the care which must be exercised in the
interpretation of calculated results. If there are known corrections or
bias factors to be applied to the calculated rod worths then these need to
be assessed in the light of the interacting rod system rather than for a
single isolated rod.

6 CONCLUSION

A set of homogeneous equivalent cross-sections have been calculated for the
Super phenix 1 control rods, using the method proposed by Rowlands, to
automatically include rod heterogeneity effects when performing homogeneous
geometry transport calculations. The performance of the cross-sections for
a centrally located control rod in RZ geometry has been verified as well as
their use in diffusion theory calculations.
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The cross-sections have been applied to the calculation of control rod
worths in the "coeur de montee en puissance" loading of the SPX1 reactor.
The results show an improvement of 6% in the E/C values obtained compared
to the use of standard cross-sections, the resulting E/C value being 0.96 +_
0.08 (ß -effective = 365/dollar).

7 ACKNOWLEDGEMENTS

The author would like to thank his friends at CEA Cadarache for both a most
enjoyable stay in France during his 2 1/2 year secondment there and for
making available the results from the experimental start-up programme of
the Super Phenix 1 fast reactor.

8 REFERENCES

1 The spatial averaging of cross-sections for use in transport theory
reactor calculations, with an application to control rod fine structure
homogenisation
J L Rowlands C R Eaton
Paper to the NEA - IAEA Technical Committee meeting on homogenisation
methods in reactor physics: Lugano November 1978

2 Physics of fast reactor control rods
J L Rowlands
Progress in nuclear energy, Wlume 16 No 3
pp 287 - 321 1985

3 Internal publication
T D Newton 1988

4 The cell code MURAL: User guide and a summary of recent developments.
M J Grimstone, G Reddell, E A Howard, D Bindon
AEEW-R-2156

5 Internal publication
T D Newton 1988

325



Case

Heterogeneous rod
follower

heterogeneous control rod

Homogeneous rod cases

a) flux average
cross-sections

b) 1st iteration
cross-sections

c) 2nd iteration
cross-sect ions

d) 3rd iteration
cross-sections

/>

(pan)

4223

231

-44

282

207

222

Rod worth
(pan)

3992

4267

3941

4016

4001

Reactivity
discrepancy
(pan)

275

-51

24

9

Pod worth
discrepancy
%

6.89

-1.28

0.60

0.23

TABLE 1

reactivity convergence obtained in calculating the homogeneous
equivalent control rod cross-sections.
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Group

1
2
3
4
5
6
7
q
9
in
U
12
13
14
15
1«
17
1«
iq
2n
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37

SCALING FACTOR

1st iteration

0.9855
0.9793
0.9R07
0.0754
0.9679
0.9924
0.9596
0.9419
0.8969
0.8720
0.8402
0.8083
0.7S29
0.7452
0.6839
0.5963
0.5618
0.4892
0.6653
0.6550
0.6558
0.6299
0.6604
0.6584
0.6654
0.6824
0.6891
0.7073
0.7393
0.7830
0.Q385
0.9547
0.9725
1.0984
1.1142
1.1202
1.0571

f

2nd iteration

0.9886
0.9807
0.9820
0.9781
0.9708
0.9928
0.9628
0.9468
0.9142
0.8920
0.8688
0.8445
0.8028
0.7958
0.7504
0.6978
0.6743
0.6428
0.7.176
O.7O90f
0.7048
0.6869
0.6888
0.6838
0.6732
0.6664
0.6464
0.5860
0.6366
0.5830
0.6677
0.6432
0.6201
0.6011
0.6333
0.6656
0.7268

3rd iteration

0.9890
0.9807
0.9821
0.9782
0.9708
0.9930
0.9630
0.9472
0.9130
0.8900
0.8651
0.8386
0.7923
0.7846
0.7320
0.6632
0.6354
0.5778
0.7010
0.6910
0.6878
0.6661
0.6780
0.6733
0.6686
0.6698
0.6583
0.6317
0.6667
0.6490
0.7329
0.7183
0.7099
0.7046
0.7243
0.7440
0.7696

TABLE 2

The convergence of the group scaling factors for capture and moderation.
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Approximation

Heterogeneous transport

RZ Homogeneous transport

Homogeneous diffusion

Heteregeneous transport

R Homogeneous transport

Homogeneous diffusion

REACTIVITY pan

Mesh 1

4054.7

4008.4

3733.4

14499.3

1.4449.1

14374.3

Mesh 2

4076.7

4030.3

3663.1

14509.7

14458.4

14354.6

MeshjQ *

4084.0

4037.6

3639.7

14513.2

14461.5

14348.0

TABLE 3

The results of RZ and R geometry calculations with a control rod at the
centre of the model using standard cross-sections.

p *) = 4 * ft (M2) - A (Ml)
/ /3 7
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Approx imat ion

Heterogeneous transport

RZ Homogeneous transport

Homogeneous diffusion

Heteregeneous transport

R Homogeneous transport

Homogeneous diffusion

REACTIVITY pan

Mesh 1

4394.0

4397.0

4128.2

14902.0

14901.8

14838.2

Mesh 2

4416.0

4420.0

4067.1

14911.3

14911.4

14827.3

Mesh ,9 *

4424.1

4427.7

4046.7

14914.4

14914.6

14823.7

TABLE 4

The resul ts of RZ and R geometry calculations with a red follower a t the
centre of the model.

*/>(m,o) = 4 *Q(M2) -a (Ml)
/
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Approximation

Homogeneous diffusion

RZ Homogeneous transport

Heterogeneous transport

Homogeneous diffusion

R Homogeneous transport

Heterogeneous transport

pan

Follower
at centre

4046.7

4427.7

4424.1

14R23.7

14914.6

14914.4

Control rod
at centre

3639.7

4037.6

4084.0

14348.0

14461.5

14513.2

V
407.0

390.1

340.1

475.7

453.1

401.2

-16.9

-50.0

-22.6

-51.9

Geometry

RZ

R

Z*

Correction %

Transport

-4.2

-4.8

+0.6

Heterogeneity

-12.3

-in. 9

-1.4

TABLE 5

The calculation of the control rod transport and heterogeneity reactivity
corrections using standard cross-sections

Deduced from RZ and R geometry results.
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Geometry

Homogeneous transport
RZ

Homogeneous diffusion

Homogeneous transport
R

Homogeneous diffusion

REACTIVITY pan

Mesh 1

4056.3

3782.8

14502.2

14428.5

Mesh 2

4078.9

3714.6

14512.1

14410.7

Mesh.Q

4086.4

3691.9

14515.4

14404.8

TABLE 6

Calculated reactivities using homogeneous equivalent control rod
cross-sections.
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RZ Calculations

Heterogeneous rod
follower

Heterogeneous control
rod

Homogeneous control rod
with homogeneous equiv-
alent cross-sections

R calculations

Heterogeneous rod
follower

Heterogeneous control
rod

Homogeneous control rod
with homogeneous equiv-
alent cross-section

P
(pan)

4424.1

4084.0

4086.4

14914.4

14513.2

14515.4

"p
Red worth
(pan)

340.1

337.7

401.2

399.0

Reactivity
discrepancy
(pan)

2.4

2.2

Bod worth
discrepancy
%

-0.71

-0.55

TABLE 7

A comparison of heterogeneous transport calculations with homogeneous
transport using homogeneous equivalent cross-sections
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CO
CO

Standard cross-sections

Rods raised

Rods at critical height

Rods fully in

HE Cross-section

Rods raised

Rods at critical height

Rods fully in

calc

4221 +

-174 +

-5310 +

4295 +

522 +

-3QQ1 +

10

10

10

10

10

in

/

4395 +

9531 +

3737 +

8170 +

14

14

14

1.4

Mesh

481

1023

221

5fi9

Corrections

Cond

-42
85

-83
85

-7
85

-75
85

Het

-570

-1235

0

0

+ 285

+ 618

+ 35

+ 87

Tran

-145

-314

-130

-288

+ 73

+ 157

+ 73

+ 157

Others*

0+90

0 + 50

0 + 90

0 + 50

Corrected
Rod worth

4119 + 319

8922 + 645

3821 + 149

8376 + 205

TABLE 8

Control rod worth calculations in SPXl using standard and HE cross-sections

* Others: See Section 5



Rod
and

and

worth between
rods raised

worth between
raised

critical

fully in

height

rods

Measured

3703 + 296

R050 + 644

Calculated

Standard Cross-sections

A/>

4119 + 319

8Q72 + 645

E/C

0.90 + 0.

0.90 + 0.

10

10

HE Cross-sections

3821 + 149

8376 + 205

E/C

0.97

0.96

+ 0

+ 0

.09

.08

TABLE 9

A comparison of measured and calculated rod worths in the SPXl reactor. Calculated values are shown using both
Standard and Homogeneous Ftfuivalent cross-sections

Mote: results for ß-effective = 365 pan/dollar
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FIGURE

Heterogeneous control rod model.

Heterogeneous control rod:

RADI
20°C

r, "

ri "

\ m

I CM

6.66

7.25

7.45

9.40

• NUMBER
OF MESHES

X

1

2.

COMPOSITION

Sodium
Steel
Void
B4C

Sodium
Steel

Steel

Sodium
Steel

22.39%
14.45%
12.59%
50.57%

39.83%
60.17%

100.00%

73.97%
26.03%

Homogeneous control rod:

RADIUS CM
20°C

9.40

NUMBER
OF MESHES

a-H-

( COMPOSITION

Sodium 42.44%
Steel 25.88%
Void 6.32%
B4C 25.36%
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FIGURE I

Heterogeneous control rod follower model.

Heterogeneous follower:

RADII CM
20°C

r, = 8.60

r = 9.08

r3 = 9.40

NUMBER
OF MESHES

3

1

1

COMPOSITION

Sodium 100%

Steel 100%

Sodium 100%

Homogeneous follower:

RADIUS CM
20°C

9.40

NUMBER
OF MESHES

5

«

COMPOSITION

Sodium 90.33%
Steel 9.67%
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F i gure 5.

The amplification of reactivity changes
due to the interactions between rods.


