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The accurate prediction of control rod worths has been of great concern
in the United States. Optimum c¢control configurations need to balance
several often conflicting requirements of control through the operating
cycle, while maintaining acceptable power shapes, safety considerations of
overriding importance, together with seeking economy by minimizing the
number of rods, reducing boron enrichment and lengthening replacement
intervals. After control and shutdown requirements have been met, the most
important safety concern is the transient overpower condition (TOP) which
may be initiated by uncontrolled run-out of a primary rod. Stringent
criteria for the primary and secondary systems may be that they are
independently capable of shutting down the reactor even with one rod
stuck. The TOP initiator may be greatly enhanced by control rod interaction
effects. Control rod effects may have a strong impact on core design. For
example, work on the integral fast reactor with metallic fuel at ANL has
studied core designs which minimize the TOP reactivity by maintaining a
minimum primary control bank insertion through tailoring the internal

breeding gain.

The predicted control rod worths are very sensitive to the calculation
methods used and to the accuracy of the basic nuclear data files. Required
accuracies have been achieved only through the use of critical experiments
on the ZPR and ZPPR facilities. Experiments on 2ZPR-3 and ZPR-9 produced
satisfactory control predictions for the SEFOR, EBR-II and FFTF reactors.

The early years at ZPPR were devoted to experiments for the Clinch
River Breeder Reactor (CRBR) and included many measurements of control rod
worths and related effects. Through the use of detailed mockups of the CRBR
designs and the use of analysis methods consistent with those for the
project, the required accuracies were obtained by application of bias
factors. Additional studies of control rod heterogeneity effects were
necessary to make the extrapolation from the plate-type mockup rods used in
ZPPR to the pin rods in the CRBR. Predictions of rod worths in the
conventional designs were consistent at different positions in the core.
With the change to a radially heterogeneous design, the discrepancies
between calculation and experiment varied with radius (subassembly row) and
with location relative to the internal blanket subassemblies. In this case,
it was necessary to use separate bias factors for each control ring.

Following the CRBR work, measurements at ZPPR covered a variety of fast
reactor cores which were of interest to the design community. Three major
programs for cores of 700 MWe to 900 MWe size were conducted jointly with
PNC of Japan. These were for two-enrichment zone conventional cores
(JUPITER-I series), radially heterogeneous cores with a central blanket and
two internal blanket rings (JUPITER-II) and axially heterogeneous cores



(JUPITER-III). The second part of the JUPITER-III program was a larger
conventional core and was the only core which used any uranium fuel in its
construction. Analysis for this latter core 1is presently is progress.
Analysis of the other cores, with ENDF/B and JENDL data, showed a common
characteristic of increasing discrepancies with the experimental control rod
worths as a function of distance from the core center. These discrepancies
were strongly correlated with mispredictions of fission distributions
although the eigenvalues were consistent with analyses of smaller cores.

Benchmark studies were made in ZPPR-15 for metallic-fuelled cores as
part of the ANL "integral fast reactor" program. Control rod worths were
measured in a core with plutonium fuel loading and also in a core with 90%
uranium and 10% plutonium fuel. Measurements of !'°B(n,He) reaction rates
within the pins of a half-inserted control rod were made in this series.

Other measurements at ZPPR have been for a small, 10 MWe-size, power
plant with a reflector control (ZPPR-14) .and for space reactors typically
1 KWe size. The latter experiments for the SP-100 reactor involve control’
both by reflectors and by boron control rods and accurate analysis is a

particular challenge.

Both experimental techniques and calculational tools have improved over
the period of the ZPPR programs. Design methods have moved from two-
dimensional diffusion calculations to routine use of economical nodal
methods in three dimensions. The criticals analysis uses complex three-
dimensional models treating detailed composition variations and refined
calculations using three-dimensional transport codes ar now feasible.

The most recent work at ANL has been to include control rod worths,
together with most other physics parameters measureable in critical
experiments, in a sensitivity analysis with least-squares fitting by cross
section adjustment. This system has major advantages over the bias factor
approach in giving a stringent test of the consistency of the data base and
providing well-founded predictions and uncertainty estimates for a target
design. The results have been valuable in demonstrating the consistency of
the spatial variations in control rod worth predictions with other
parameters, It is apparent from these results that there is room for the
improvements in critical experiment analysis to utilize fully the accuracy

achievable in experiments.
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ABSTRACT

A large number of measurements of control rod worths have been made at
ZPPR over the past 16 years, covering a wide range of fast reactor core.
designs. Both experimental techniques and analytical methods have improved
over this period. The results of analysis usihg ENDF/B-IV and ENDF/B-V.2
nuclear data are reviewed and the calculation methods employed are described
in some detail. Special experiments of control rod heterogeneity and boron
enrichment effects have been made to aild extrapolation from critical
experiments to power reactors. The analysis of parameters related to
insertion of control rods into the ccre, such as fission rate distributions,

is also summarized.
1. INTRODUCTION

Many measurements of control rod worths and related effeéts have been
made at ZPPR over the past 16 years. The first experiments folldwed'the'
design evolution of the CRBR reactor through conventional and fadial
heterogeneous cores. Later experiments were made in the "mid-size" cores of
conventional, radially heterogeneous and in axially heterogeneous designs.
These experiments were a joint venture of USDOE and PNC of Japan. Benchmark
experiments were also made for small metal-fueled cores with both plutonium
and uranium fuel and recently on space-reactor cores for the SP-100
program. A brief description of the different assemblies is given in

Table I and the core layouts are shown in Figure 1.



The early analyses were made with ENDF/B-III data but many cases were
recalculated with ENDF/B~IV. An assessment of the control rod data up to
1982 has been given by McFarlane.[1] Calculations have been routinely made
with revision 2 of ENDF/B-V since 1985. Both experimental techniques and
analysis methods have improved over the period. Measurements of control rod
worths can now be made, in most cases, with an accuracy of close to 1%, but
relative uncertainties within a given core are usually only a few tenths of
a percent. Calculations have improved from two-dimensional diffusion with
few energy groups to three-dimensional transport with 20-30 groups. Most
recent efforts have been in application of the control rod data together

with other parameters in a sensitivity/least-squares analysis system.

This report gives a survey of the analytical results for control rod
worths, control rod heterogeneity and enrichment effects, reaction rates in

and around control rods and other related experiments.

2. EXPERIMENTAL METHODS

Measurements of subcritical reactivity are made at ZPPR by the modified
source multiplication technique.[2] The reference core is slightly
subecritical and its reactivity is established by inverse kinetic analysis of
a rod drop. The only calcﬁlation input is the delayed neutron A; parameters
and the measured reactivity is insensitive to these. The reference
reactivity, in dollars, is obtained with an accuracy of better than 1%.
Early measurements at ZPPR used only one or two detectors for the MSM method
and the measured reactivity was dependent upon the accuracy of calculated

detector efficiencies and effective source ratios. Significant improvements



in accuracy were obtained by introduction of first 16 in-core fission

chambers (ZPPR-7) and then 64 fission chambers in ZPPR-9.

ﬁith the use of 64 fission chambers, the experimental‘reactivities‘(in
dollars) are insensitive to the absolute accuracy of calculated efficiencies
and source ratios so that a simple diffusion calculation rebresenting the
geometry of the rod pattern sufficies., A least squéres fit of the worths
from each detector versus the efficiency ratios is used to obtain the worth
for an ideal detector with efficiency of unity. The source ratio is also
corrected from this fit. Detector countrates are obtained to'an'accuracy of
better than one percent and after the least squares fit the statistical
uncertainty on the measured reactivity is a few tenths of a percent. Thus,

relative reactivities within a given reference core can be made to high

aceuracy.
\

Up to ZPPR-7, the subcritical reference core was established to
inseftion of a single operating control Eod. "This was found to p}oduce an
appreciable perturbation of the core which was difficult to correct by
calculation. Since that time, the reference has been established with all
the operating control rods withdrawn and the reactivity lowered by reduction
in the fuel enrichment, in selected drawers symmetrically disposed about the
axes. All calculations of control rod worths are made with this fuel
loading rather than the reference critical loading and advantage may be

taken of the symmetry in the majority of cases.

Measurements for rod banks are made, by necessity, with mockup rods

constructed out of natural boron carbide plates, either completely filling



ZPPR drawers or with half B“C and half sodium plates. Studies of rod
heterogeneity are made with natural and enriched B“C rodlets for single rods

at different locations.
3. CALCULATION METHODS

The calculation methods fall into two categories. Where a faithful
mockup of a design exists, it is usual to analyze the experiments by the
same methods used in design calculations -leading to a direct application of
bias factors for the control rods.[3] Because of the additional complexity
of the experimental loading, a more detailed treatment of cell heterogeneity
and streaming 1s necessary in processing the multigroup library. 1In order
to understand the calculational discrepancies and guard against errors in
bias factors due to differences between the mockup and the design, a number

of measurements are calculated with the most refined methods practicable.

Developments in computer codes and increases in the efficieﬁcies of'
computers over the past decade have lead to the increasing use of three-
dimensional calculations; hexagonal-z for the design and xyz for the ZPPR
experiments. However, budgetary constraints often require the use of few

(6 to 9) energy groups.

The nodal diffusion method is more efficient than coarse-mesh finite
difference diffusion and produces solutions with a very small truncation
errors.[4] This method is now in routine use in the engineering physics

division of ANL both for design calculations and criticals analyses.



A major advance in ZPPR analysis has been the introduction of the nodal
transport method in xyz geometry.[U] This method, although approximate,
provides the large part of the transport correction to diffusion
calculations at a cost of only 50% more than nodal diffusion. Comparisons
with TWGDANT calculations in an xy model for a large heterogeneous core,
ZPPR-13, showed that over 80% of the transport correction was obtained.[4]
A further advantage is the ability to use anisotropic transport cross
sections eliminating the need for streami..; corrections after the

calculation.
2.1 The Reference Calculation Method

Most of the calculations for ZPPR control rod worths have used the

following method:

(i) diffusion theory
(ii) xy geometry
(iii) 8 or 9-group cross sections
(iv) group and region dependent absorption terms (bucklings) to treat
axial leakage - |

(v) 1 or 4 mesh spaces per ZPPR matrix area (55 mm x 55 mm)
The worth (positive for convenience) is defined as
W($) = (ky; - ky)/(k,k,B)

with kl'the k-effective calculated for the reference configuration, k2 that



for the rodded configuration and B the B-effective calculated for the

reference.
2.2 Multigroup Cross Sections

A multigroup library for all ZPPR calculations in a given core is

prepared in the following manner:

(i) A 2082 group library for MC2-1I processed from ENDF/B files
through the ETOE code. A fundamental mode spectrum calculation
for the core composition (more recent calculations use, in
addition, a spectrum calculation for the blanket with a core
spectrum source input). Collapse to an intermediate library of
160 groups (ENDF/B-IV calculations) or 230 groups (ENDF/B-V.2
calculations). The 230 group library is tailored to treat the

narrow resonances in diluent materials.

(ii) Processing of cell heterogeneities with the intermediate library

and collapse to the working library in 28 groups or 21 groups.

Early calculations used asymptotic models with buckling search to unity
for cell calculations and group collapse. More recent calculations used
bucklings in the cell models recycled from a prior reactor calculation (or
sometimes multi-drawer cell models) and regionwise group collapse using

diffusion theory reactor models (one-dimensional).



(iii) Special cell calculations in 28 or 21 groups to generate

anisotropic diffusion coefficients by the Benoist method

(iv) No special calculations are made for the experimental control rod

cells or cells neighboring the rods. Boron cross sections are
infinitely-dilute data collapsed in the core spectrum. Data for

steel and sodium in the rods use homogenized cross sections.

2.3 Group Collapse

Collapse to the 8 or 9 groups for control rod calculations is made in

reactor models:

(i)

(ii)

(iii)

Cross sections for all regions are made with the reference model
which usually has no control rods inserted, Older methods used an -

rz model while more recently xyz models are used.

If sodium/steel control positions (CRPs) are present in the
reference, these data are obtained in step (i). If not, a further
reactor calculation is made with the CRPs present. In rz models,

the CRP is obtained from the central position.

For the control rod cross sections, a reactor calculation is made
with rods fully inserted. For rz models this again is in the

central position.



2.4 Buckling Generation

Buckling generation follows a similar procedure to that used for group
collapse except that reactor calculations are made in 8 or 9 groups. Group-
dependent DB? terms are calculated to 'preserve the axial leakage from each
radial zone, control rod and CRP, ffom the appropriate models. The

bucklings are normally generated at the core/axial blanket interface.

2.5 Past and Present Applications

The reference calculation method has been used for all ZPPR control rod
_analyses except for the axially heterogeneous core ZPPR-17 and sbace reactor
benchmarks ZPPR-16 and ZPPR-20. For the CRBR mockup cores (ZPPR-3, 4, 5, 6,
7, 8, 11), the method paralleled that of the project. For the conventional
cores (ZPPR-3, 4, 5, 6), a mesh spacing of 55 mm was used. For control rod
worths, this coarse mesh results in a strong cancellation of poéitive
diffusion-mesh and negative transport corrections. For the 350 MWe-size
heterogeneous core, the mesh size was halved in some calculations because of

the rather thin, 110 mm, spacing between fuel and blanket rings.

These methods were carried over for the T700-900 MWe-size conventional

cores (ZPPR-9, 10) and radially-heterogeneous cores (ZFPR-13).

With the introduction of ENDF/B-V.2 data, a joint analysis method was
adopted by the ANL core design group and the ZPPR analysis group. Reference
calculations were made with 21 group cross sections and three dimensional

nodal diffusion theory. Control rod calculations were made with an 8 group



condensation of the 21 group set so that the rods could be economically
represented in burnup calculations for the design. Changes in group
structures have a relatively small impact on comparisons with previous data
but the nodal method compares more closely with the finef mesh finite
difference results. Calculations with Version V.2 data at ZPPR started with
ZPPR-14 (reflector control) and for control rods with the metal fuel
benchmakks in ZPPR-15.[5] The same methods as used'fok ZPPR-15 were aiso
applied to analysis of the axially heterogeneous cores (ZPPR-17) and the

large conventional cores (ZPPR-18).

Calculations are also required to obtain the higheSt accuracy from the
experiments. A ZPPR control rod campaign frequently measures a large number
of control patterns aﬁd special experiments. For experimental data
processing, both adjoint fluxes and source-driven fluxes are calculated in
each subcritical configuration to obtain detector efficiencies and 3ource
ratios. For economy these are usually calculated using two-dimensional
models akin to the reference method of 2.1. The adjoint k-efrecﬁive~values
provide initial results for the reactivities. Depending on these results in
comparison with experiment, three-dimensional calculations are made for a

number of selected cases (usually symmetric rod patterns).

An exception to this approach was ZPPR-17. Early test calculations for
the axially heterogeneous core showed a strong sensitivity to the variation
in axial buckling as a function of radius which was complicated to model.
All calculations for ZPPR-17 used xyz models but most cases used a further

reduction to 6 group data.
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2.6 Refined Calculations

A recent project at ANL has been construction of a database to provide
the most effective predietions and uncertainties for power reactor
performance parameters.[6] Control rod worths are important quantities in
this effort. For effective use in the least squares fitting process, the
uncertainties in calculated worths must be minimized by using'the best

calculations available. Some results from this study are given in
!

Section 3.4. ;

As is well known, several variations in calculation methods produce
changes in rod worths of a few percent. To give an accuracy of 1% for a rod

worth $1, the difference in two k-effectives must be accurate to about

3 x 107°%,

Many examples of corrections to two-dimensional diffusion calculations
are available in the literature, see for example reference.[1J Corrections
are often made by rz and xy transport theory, They may be complex, varying
between different core types and also with position in a given core. The

separability of the correcﬁions may be in question,

Recent calculations for ZPPR have used the xyz nodal transport code
which is very convenient. However, more extensive validation is required.
A major advance this year has been the use of the TRITAC SN code in xyz
geometry from Osaka University.[7] A comparison with TWODANT rz S,
calculation for ZPPR-17A, which had good cylindrical symmetry, gave

excellent agreement. A six group calculation for ZPPR-17 with 55 mm meshes



required 40 minutes CPU on the CRAY XMP1l4 machine, but the code has been
implemented in free time on the ZPPR computer used for data collection.
Calculations of rod worths for ZPPR-17 showed significant improvements over

the nodal transport results.[8]

A further advance in ZPPR calculation has been the use of very detailed
xyz calculation models. With the more sensitive 1afge heterogenecus cores
it became clear that local variations in composition had signficant effects
on reactor-wide properties. In one case, the relative predictions for two_
control rods were affected by 4%. Variations about the nominal composition
for a given drawer type may be of the order of 1% in heavy metal content due
to different piece lengths that are necessarily used. Compositions are now
modeled on a drawer-to-~drawer basis. Since the models became very complex,
these are constructed automatically frbm the experimental database. This
modeling has been used for all cores since ZPPR-13. Some inconsistencies

seen in analysis of previous cores may also be affected.
3. COMFARISONS BETWEEN CALCULATED AND MEASURED CONTROL ROD WORTHS

Literally hundreds of‘control rod measurements have been made at
ZPPR. Results from the earlier cores were analyzed with ENDF/B~IV data and
a detailed assessment is given by McFarlane.[1] Analysis with ENDF/B-V.2
data gives significantly different results. At this stage, only ZPPR-13C
has been consistently calculated with both versions of ENDF/B, althbugh this
is one of the more interesting cases in the sense of the discrepancies with

experiment.



In this sectiod, the comparisons with experiment are summarized for the

two sets of analysis. References to detailed results are provided for the

analysis with ENDF/B-V.2.
3.1 Analyses with ENDF/B-IV Data

A summary of the C/E results using the referenée diffusion calculations
in xy geometry and 55 mm mesh is given in Table II.[1] Average C/E results
are compared for rods in similar locations from the center to the outer
banks. Results for all rods in a given position -- single rods, partial
banks ard full banks are included. Many other results for bank combinations
have not been included. These generally have C/E values between those for
the‘individgal banks. The large heterogeneous cores (ZPPR-13B) had five
banks, positioned in fuel zones and in or near gaps in the two internal
blanket rings. These are labeled Ring 1 to Ring 5. 1In all cases, except

.the small conventional cores, the analysis shows an increasing C/E with
radius of 5% to 7%. Similar C/E values are seen for rods in the outer cofe
between 1.04 and 1.07 except for the 350 MWe heterogeneous cores and ZPPR-

13C. These latter cases also showed azimuthal biases in predictions.

Corrections to the reference calculations for mesh-size, transport,
bucklings, streaming in CRPs and group condensation have been made in a
number of cases, see for example reference [1]. The net corrections range
from 1% to 5% and are somewhat uncertain. Effects in the heterogeneous
cores with rods near to blanket rings are complex and vary with radial
position. Table III compares C/E results for rod banks in ZPPR-13 for the

reference and corrected methods.[9]
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The corrected calculations do not improve the radial dependence in
predictions and in most cases it is enhanced. 1In general, the corrections

give improved consistency between results for different core types.

3.2 Analyses with ENDF/B-V.2 Data

ENDF/V.2 has been used in all calculations for the metal-fueled
benchmarks (ZPPR-15), the axially heterogeneous cores (ZPPR-17)[8] and the

large conventional cores (ZPPR-18). Analysis of ZPPR-18 is in progress.

ZPPR-15 had both uranium and plutonium fueled phases.[5] Control rods
at the center and the six outer bank were designated primary operating rods
and a middle bank of six rods were designated secondary rods. Table IV
shows analysis of rods in 15B (all 2?%Pu fuel) and 15D (90% 235U fuel/loz
23%py fuel). Calculations have been made by nodal diffusion and nodal

transport in xyz geometry.

The central and primary rods have a lower C/E in 15D than in 15B. The
results are less consistent than would be expected for small conventional
cores, This is attributed to inaccuracies in treating heterogenreities in

the cells which were more complex in ZPPR-15.

Table IV also shows predictions of CRP worths relative to fuel,
Diffusion calculations always overpredict these worths by 10% to 20% due
principally to overestimations of leakage in dilute regions.[1] However, SN

methods produce improvements of about 10% and C/Es of about 1.05, similar to
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those found for fuel worths with ENDF/B data. It is apparent that the nodal

transport method is only partially effective in this case.

Results for the axially heterogeneous core, ZPPR-17,'are given in
Table V.[8] Calculations for the rod banks were made by finite-difference
diffusion, nodal diffusion, nodal transport and by the TRITAC code in S~
with xyz models. Modeling effects were found to belmuch larger in this core
due to a part of the rods passing through the internal blanket. The
diffusion mesh error was 10% (compare finite difference with nodal). The
group correction varied with radius by up to 5%. Nodal transport and SN
calculations agree well for the outer rod bank which was in the fuel region
but have a progressive blas going towards the core center. The TRITAC
results, conceptually the best available, showvdecreasing bias in C/E

towards the center of 10%.
3.3 Comparison of ENDF/B-IV and ENDF/B-V.2 for ZPPR-13C

Consistent calculations for control rods in ZPPR-13C have been made
with both versions of ENDF/B using nodal transport calculations in xyz
geometry.[10] The C/E results are compared in Table VI. With Version IV
data, discrepancies with experiment vary by up to 12% both radially and
axially. The discrepancies are about halved with Version 5.2 data. These

results are correlated with errors in predicted fission distributions.
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3.4 Sensitivity Analysis

Control rod worths have been included in a major program of sensitivity
analysis and least squares fitting of critical experimental parameters.[6]
At present control rod data from ZPPR-13C, ZPPR-15 and ZPPR-17 only are
available with ENDF/B-V.2 analysis. Table VII shows the results of fitting
these data together with over 200 other parameters fthe results in
reference 6 for ZPPR-15 have been revised with the nodal transport values
from section 3.2). The fitted results are consistent within the combined
calculation and measurement uncertainties of 3%. It is important to note
that very similar predictions for the rod worths are obtained if the rod

worths themselves are omitted from the fitting.

The marked spatial variations in rod worth predictions in ZPPR—13C are
eliminated after fitting the data which shows that these effects are
consistent with nuclear data uncertainties and with predictions of other
parameters. Preliminary studies in other cases have indicated tﬁét spatial
variations should also be consistent but these need to be recalculated with
ENDF/B-V.2 data and added to the sensitivity database. An important use of
the sensitivity methodolog; is that it will given a strong indication of

discrepant data provided that a wide enough database exists.

3.5 Space Reactor Cores

Benchmark cores for the SP-100 space reactor [11] have been studied ih
a short program in ZPPR-16 and in more detail in ZPPR-20. Control worths

both by beryllium reflectors and by inserted boron rods, have been
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measured. The cores are small and highly enriched with high leakage
fractions and are not amenable to calculations by diffusion theory. Some
configurations can be reasonably modeled by two dimensional S, codes but the
MCNP Monte Carlo code has been used to treat the full complexity.

Calculated worths with statistical uncertainties of 1% to 2% for control

worths of 20$ can be obtained by runs of a few hundred thousand histories.

Some results for ZPPR-16 are given by Sapir.[12] The C/E results are
relatively low, in the range 0.85 to 0.90. but effects are complex, involving

movement of beryllium as well as boron.
y, CORES WITH INSERTED CONTROL RODS

4.1 Criticality

A number of ZPPR cores have been made critical with control rods
withdrawn and partially or fully inserted. Predictions of the efgenvalués
are generally consistent to withih 0.1% by transport calculations and
slightly less consistent by diffusion calculations. [13] Comparisons with
the predictions of éontrol.rod worths at this level are dependent on the
accuracy of the modeling corrections. Any uncertainty in g-effective is
also significant in converting from dollars to Ak units. For example, the
k-effective for ZPPR-17C, which had 13 control rods half inserted, is 0.1%
higher than for 17B with no rods.[BJ This is inconsistent with the control
rod C/E results but an increase in B-effective of 3-4% would produce

agreement.
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4.2 Reaction Rates

Reacticn rates in cores with control rods inserted are calculated with
similar accuracy to those in cores without rods. Exceptions arise for the
more decoupled cores of ZPPR~13 for asymmetric rod patterns. A number of
measurements have been made adjacent to inserted control rods. Table VIII
shows recent results near the center of ZPPR-17 for.2’5U fission rates in
fuel (174), adjacent to a CRP (17B), and adjacent to a half-inserted control
rod (17C). The calculations are normalized to an average C/E of unity for
folil measurements covering the whole core. (The low C/E results near the |
center are due to the bias in calculation with radius.) With nodal
transport calculations, the results agree within 1-2%. As expected,
diffusion calculations are less consistent and vary by 5% or more in the

immediate vieinity of the control rod.
4.3 Reaction Rates within Control Rods

Measﬁrements of '°B helium production rates have been made in several
cores by helium accumulation fluence monitors (HAFMs).[14] The HAFMs are
mounted iﬁ small holes drilled in boron rodléts in pin-rod control
mockups. 2%*U foils are also inserted between rodlets in the same
irradiation and a number of foils are also irradiated through the core for

normalization.

Comparisons of calculation and measurement within a half-inserted
enriched-boron rod in ZPPR-15 are shown in Figure 2. The mean C/Es for 23

measurements throughout the rod and for 22°*U fission are given in
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Table IX. Also included in the table are earlier measurements in ZPPR-12

and in the core region of ZPPR-13.

Analysis with both ENDF/B~IV and ENDF/B-V.2 shows underestimation of
1°B(n,He) and overestimation of 2?5U fission within the control rod when
normalized to 22*U fission in the core. The C/E results are much closer to
unity if the boron (n,a) cross sections are increaséd by a nominal 10% but

the detailed sensitivity analysis does not support so large a change.[6]
5. STUDIES OF GEOMETRY AND ENRICHMENT EFFECTS

The rod bank measurements are made using plate-loaded mockup rods of 4,
6 or 9 drawers in extent. A number of studies througheut the series of
cores has been made with more representative mockup rods constructed of
boron and steel rodlets inside sodium-filled calandria, Both naturai and
92%-enriched boron rods have been measured. The inventory limits the
studies to a single rod but comparisons with plate-type rods_havé been made

for off-center as well as center positions,

An extensive series o} measurements for control rods occupying 9 matrix
positions (275 em? area) was made at the center of ZPPR-10A.[1] The rod
designs are shown in Figure 3, Analysis was made by rz diffusion theory
with a two-region model, an inner region containing boron/sodium/steel and
an outer region of sodium/steel preserving the areas. The calculations show
good consistency (Table X) in the range 1.043 to 1.066, No significant
variation is seen for natural and enriched rods (note that the relative

experimental . certainties are only a few tenths of a percent).
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Off-center pin rods were measured for the CRBR project [3] in
ZPPR-11. Heterogeneity factors of 0.91 were calculated for the two-region
rod models at the center of one-dimensional transport models and applied to
off-center locations. Results for the same pin rod were consistent to
within + 1.5% but differences of 1 to 5% existed between pin and plate rods
in the same locations. These differences were improved by use qf Xy
diffusion calculations with a fine mesh which modeled the details of the pin

rods and the local environments. [1] Further improvements might be expected

from xy transport calculations.

Measurements of pin rods of 122 em? and 183 cm? area were made in the
larger radially heterogenecus core, ZPPR-13B/4, at five radial
positions.[9] Heterogeneity factors were calculated by diffusion theory in
Xy geometry. The predictions for enriched pin rods showed a 7% varietion
with radial position consistent with that for the rod banks. Biases of Q0 -

3%, in comparison with the reference plate rods at the same locations were

obtained.

6. SUMMARY

Modern experiments at ZPPR by the modified subcritical multiplication
technique with 64 in-core detectors are very accurate with total
uncertainties on control rod worths close to one percent and relative
accuracies for measurements in the same core of a few tenths of a percent.
The experimental values are insensitive to the absolute values of calculated
efficiency ratios and effective source ratios used in the data processing.

More recent calculation methods, using three-dimensional diffusion and
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transport codes and detailed reactor models show improvements in consistency
compared with earlier calculations, which require a number of corrections to
be applied. A selection of older measurements should be reanalyzed with

these methods and ENDF/B-V.2 data.

Present accuracies achievable in the calculation of rod worths
(excluding nuclear data uncertainties) are estimated to be about 2%. These
fall short of the experimental accuracies, especially for relative
measurements in a given core. The general comparisons-of the data suggest.
that improvements in the treatment of plate-cell heterogeneities in the

neighborhood of control rods should be investigated.
The general features of the ZPPR analysis are as follows:

(i) Relative control rod worths are consistently predicted in small
homogeneous cores but systematic variations as a function of
distance from the core center are present in heterogenéouslcorés
and large conventional cores. These are reduced with ENDF/B-V.2
data compared with ENDF/B-IV but significant discrepancies
remain. Spatial variations in control worth predictions are

correlated with those for fission distributions.

(1i) Control rod interactions are well calculated for rods in a given
bank, even by simple diffusion methods, but predictions of
interactions between banks are biased because of the spatial

variations.
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{iii) Rod heterogeneities and boron enrichment effects have been

(iv)

(v)

(vi)

studied in pin geometry. Variétions in worth are well predicted
for central rods. Rod geometry effecps for off-center rods in
flux gﬁadients and adjacent to internal blankets are calculated
with fine-mesh diffusion in xy geometry to within 2-3%. It is
expected that further improvements would be effected by transport

calculatibns.

The reactivities of sodium followers (CBPs),-relative to fuel, are
overestimated by 10-20% with diffusion theory. These
overestimations affect calculated control rod worths and
eigenvalue predictions, Calculations with transport and S“
quadrature give good agreement with fuel worth predictions; which
have C/E values of about 1.04 in plutonium-fueled cores with
ENDF/B data.[15] The CRP leakage effects are less accurately

predicted with the nodal transport method.

Calculated control rod worths, using transport methods, are in
good agreement with small-sample boron perturbation worths.[15]
Boron worths are>systematically lower than fuel worths with ENDF/B
data. Calculated !'°B(n,a) reaction rates relative to 2?%U fission

rates are low by about 10%.

Fission rate distributions in cores with inserted control rods are
generally well calculated (that is with similar spatial biases to
those in the reference cores). However, marked errors are found

in more sensitive cores with asymmetric rod patterns. Reaction
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rates adjacent to inserted control rods are predicted within 1-2%

by transport codes.

Finally, sensitivity analysis and least squares fitting shows that the
differences between calculated and experimental control rod worths are

consistent with the discrepancies for other parameters.
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Table I. ZPPR Cores with Control Rod Measurements

ZPPR
Assembly Core size, type Analysis
3,4,6 350 MWe conventional ENDF/B-IV
7,8,11 350 MWe radial heterogenous ENDF/B-1IV
9,10A,10B 700 MWe conventional ‘ ENDF/B-IV
10C,10D 900 MWe conventional ENDF/B-IV
13 700 MWe radial heterogeneous ENDF/B-IV
15 330 MWe conventional, metal fuel ENDF/B-V.2
17 650 MWe axial heterogeneous ENDF/B-V.2
18 1000 MWe conventional ENDF/B-V.2

16,20 100 KWe space reactors ENDF/B-V.2




Table II. Summary of Analysis with ENDF/B-IV Data
No. of Rod RMS
Core Type Size, MWe Data Location Mean C/E? Deviation
Conventional 350 7 Central 1.054 0.014
11 Inner 1.049 0.030
10 Quter 1.060 0.019
Radial
Heterogeneous 350 11 Inner . 0.921 0.021
4o Quter 0.984 0.012
Conventional 700-900 y Central 1.023 0.009
9 Inner 1.032 0.020
19 Quter 1.069 0.018
Radial
Heterogeneous 700 2 Inner 0.987 -
No blanket gaps 16 Middle 1.013 0.009
(ZPPR-13A) 18 Quter 1.043 0.016
Radial Heterogeneous 700 7 Ring 1 0.982 0.014
with blanket gaps 9 Ring 2 0.989 0.013
(ZPPR-13B) 10 Ring 3 1.005 0.015
9 Ring 4 1.020 ~0.007
15 Ring 5 1,044 0.015
Radial Heterogeneous 700 3 Inner 0.947 0.004
"snow flake" 13 Middle 0.973 0.015
(ZPPR-13C) 13 Quter 1.019 0.018

8Calculations finite-difference diffusion, 55 mm mesh, 8 or 9 groups.



Table III. Comparison of Calculation and Experiment for Control
Rod Banks in ZPPR-13

Ring 1 Ring 3 Ring 5
" Inner Fuel Middle Quter Fuel

Core Calculation Zone Ring 2 Fuel Zone Ring 4 Zone
13A Ref. DTZ 0.987 -—- 1.010 - 1.044
Corrected 0.980 -——- 1.011 -—- 1.059
13B/1 Ref. DT 0.992 1.001 1.019 1.032 1.059
: Corrected 1.004 1.006 1.033 1.045 1.068
13B/4 Ref. DT 0.968 0.972 0.977 1.014 1.027
Corrected 0.986 0.996 1.007 1.042 1.063
13C Ref. DT 0. 951 -— 0.986 - 1.042.
Corrected 0.949 - 0.990 - 1.054

4Reference diffusioﬁ theory, 8 groups, xy geometry 55 mm mesh.



Table V. Calculations of Control Rod Banks in ZPPR-17B

by Different Methods

F.D. Nedal Nodal
Diffusion Diffusion Transport TRITAC S“
Rods C/E® C/E C/E -~ C/E
Central Rod 0.885 0.968 0.966 0.920
6 Inner Ring 0.925 1.007 0.995 0.965
6 Middle Ring 0.931 1.031 1.005 0.981
12 Outer Ring 0.953 1.064 1.015 1.009

8Finite difference, 55 mm mesh size.



Table IV. Analysis of Control Rod Worths in ZPPR-15
Nodal Nodal
Measured Diffusion Transport
Control Worth, $ C/E C/E
ZPPR-15B Central CRP 0.503 1.17 1.11
(23%Pu fuel) Central CR - 2.83 1.018 0.988
7 Primary CRs 19.3 0.980 0.952
All 13 CRs 37.6 0.953 0.925
ZPPR-15D Central CRP 0.158 f.18 1.12
(235U fuel) Central CR 1.39 0.960 0.932
7 Primary CRs 9.58 0.952 0.939
All 13 CRs 19.14 0.950 0.962




Table VI. Control Rod Worths in ZPPR-13C

Control Rod Measured ENDF/B-1V ENDF/B-V.2
Bank Worth ($) c/E3 c/E@
. 6 Inner Ring 4,65 0.947 0.955
12 Middle Ring 16.48 0.987 0.988
12 Outer Ring 16.69 - 1.054 1.016
Y near X-~axis 6.94 1.083 1.046
4 near Y-axis 1.18 0.967 0.964

Radial Variation 11% 6%

Azimuthal Variation 12% 8¢

3caleulations using consistent nodal transport models.



Tatle VII. Results of Least-squares Adjustment
to Control Rod Worths

Core Control Rods C/E-1 A/E-12 P/E-1P
ZPPR-13C Ring 1 5.4 0.2 0.2
Ring 2 -2.1 1.6 1.4

Ring 3 +0.7 -2.0 -2.1

4 CRs at x +3.7 0.6 0.4

4 CRs at y 4.4 0.0 -0.1

ZPPR-15B Center CR -1.2 +2.4 +2.1
ZPPR-15D Center CR -6.8 -0.5 -1.0
7 Primary ~6.1 -1.8 -2.4

All 13 CRs -3.8 +0.3 -0.9

ZPPR-17A Center CR -7.8 -2.2 -2.1

aAdjusted calculations with control rods included in the
least squares fit,

bPredicted control rod worths without control rods in the

fit.



TABLE VIII Comparison of C/E Values for 23?°%y Fission Axial Distributions
Near the Center of ZPPR-17A,17B and 17C

ZPPR-17A ZPPR-17B ZPPR-17C

Axial Adjacent Adjacent Adjacent
Zone?  Height (cm) Fuel to CRP to CR to CRP
1B 2.6 1.004 0.973 " 0.949 0.963
IB 5.0 0.999 0.973 0,958 : 0.955
1B 7.7 0.991 0.974 - 0.971 0.949
IB 10.0 0.992 0.992 0.961 0.950
1B 12.8 . 0.994 0.969 0.960 0.955
Zone Average C/E 0.986 0.976 0.960 0.955
Standard Deviation 0.00% 0.010 0.009 0.006
IC 17.9 0.978 0.944 0.961 : 0.930
IC 22.9 0.972 - 0.969 0.959
IC 28.0 0.972 0.956 0.961 0.960
IC 33.1 0.977 0.969 0.983 0.959
ic 38.1 0.974 - 0.977 0.956
IC 43.3 0.979 0.952 0.958 0.968
Ic 48.3 0.968 0.944 ~0.957 0.963
Zone Average C/E 0.974 0.953 0.965 0.957
Standard Deviation 0.004 0.010 0.012 0.013
AB 53.4 0.968 0.957 0.966 0.979
AB 58.5 0.976 0.950 0.982 0.99%N

AB 63.6 0.963 0.957 0.983 . 0.961
AB 68.7 0.970 0.955 1.013 , 0.992
AB 73.7 0.995 0.956 1.054 1.072
Zone Average C/E 0.974 0.955 1.000 1.000
Standard Deviation - 0.012 : 0.003 0.037 0.045

81B is internal blanket, IC is inner core, and AB is axial blanket.
Results normalized to 235U fission for the same distributions in the
three cores. Axial distances measured from the midplane.



TABLE IX Analysis of '°(n,He) and 23*5U(n,f) Reaction Rates
in a Control Rod

ENDF/B-V
v ENDF/B-IV ENDF/B-V Increased 10%

Reaction _Environment c/E2 c/E® C/E?

235y(n,r) ZPPR-15A 1.071 1.094 1.049
Control Rod

19B(n,He) ZPPR~-15A 0.983 0.961 0.998
Control Rod

2354(n,r) ZPPR-12MB 1.025 1.035 1.010
Control Rod

198(n,He) ZPPR-12MB 0.945 0.928 0.983
Control Rod

198(n,He)  ZPPR-13 0.921 0.913 1.006°
Core

3411 results are normalized to a C/E value of unity for 235U(n,f)
in the core regions.

bBased on calculations made for ZPPR-15A.



Table X. Results of ZPPR-10A Rod Geometry and Enrichment Studies

Cross- .
Sectional 108 Measured
Geometr'ya Material Enrichment Mass, kg Worth,3$ c/EP

Circular B C Natural 1.58 -1.659 1.060
Hex #2 B.C Natural 1.58 -1.654 1.063
Rectangular B C Natural 1.58 -1.670 1.053
Rectangular B C 92% 7.82 -2.712 1.043
Hex #1 BC 92% 7.82 -2.692  1.051
Hex #2 B, C 92% 7.82 -2.689 1.052
Circular B C 92% 7.82 -2.680 1.055
Secondary B,C 92% 7.82 -2.705 1.045
Square B,C 92% 7.82 -3.086 1.048
Rectangular B,C 92% . 3.91 -2.139 1.066
Plates B,C Natural 3.64 -2.608 1.069

4The total uncertainty in a measured value is 1%, but for
purposes of comparing measurement, the uncorrelated part of the
uncertainty is only about 0.1%.

bExact geometries were not considered in the calculations so that
the same calculation was used for the first three rods, a second
calculation for the next five rods, and separate calculations for
each of the last three rods. The calculations were done with
diffusion theory in rz geometry with 28 energy groups. The
control rod was modeled in two regions.



