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1.0 INTRODUCTION

One of the primary concerns in commercial light water reactor (LWR)
safety is the hydraulic and material behavior during a loss of coolant
accident. As part of its response to that concern, the Fuel Behavior Re-
search Branch of the USNRC Division of Reactor Safety Research is sponsoring
a series of LOCA experiments. These experiments will be conducted in the
Nation Research Universal (NRU) reactor at Deep River, Ontario. The experi-
mental program will allow the unique opportunity to study full length muliti-
rod bundles.

In all six test assemblies will be irradiated. Each assembly will be a
6 x 6 segment of a 17 x 17 Pressurized Water Reactor (PWR) assembly. The
tests will examine the heatup, reflood and quench phases of a hypothetical
LOCA event. Low level fission heat within the test assembly driven by the
NRU reactor, will be used to simulate the decay heat power and system stored
energy which are the energy sources acting on the fuel during LOCA.

The Pacific Northwest Laboratory (PNL) has overall responsibility for
experiment design, operation and evaluation. A neutronics task was established
as part of this effort. The basic objectives of this task were to provide
estimates of nuclear parameters, in support of the experiment design and
evaluation. This entailed the development of reactor models which were used
to calculate parameters such as the relation between reactor power and power
produced in the test assembly, the spatial variations in power generation and
gamma energy deposition rates. Other areas included the calculation of neutron
energy deposition rates, fission product generation, shielding requirements
for the irradiated test assemblies, and a limited amount of reactor kinetics.

The NRU reactor, while providing an excellent exper‘mental tool for these
tests, presents a series of challenges to neutronics analysis. The reaction
is driven with low density, highly enriched metallic fuel moderated by heavy
water. This is quite unlike the high density, low enriched ceramic light water
moderated fuel of LWR's which is used in the test assembly. It is necessary
to model both types of fuel simultaneously in a self-consistent manner. The
reactor offers another difficulty common to many research reactors. The rods
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making up the reactor are of many types. Their heterogeneous arrangement
leaves no simplifying axis of symmetry. The test itself adds one other com-
plication. The heatup phase of the test 1s steam cooled. This presents a
region of very low moderator density among regions of high moderation and
absorption, a difficult situation for neutronics analysis.

This report describes the approaches taken, models used and results
generated to answer the neutronics questions posed. It includes a broad
range of nuclear physics activities and as such provides a summary of the
work performed under the NRU Neutronics Task.



2.0  SUMMARY

The report describes the neutronics analysis for the LOCA simulation ex-
periments in the NRU reactor. The experimental program will provide greater
understanding of nuclear fuel assembly behavior during the heatup, reflood and
quench sequence of a hypothetical LOCA. The decay heat and stored heat, which
are the energy source in a LOCA will be simulated by fission heat provided
by the NRU reactor. The reactor, the test and test operation are described
in Section 3.

A neutronics task was needed to predict a number of important parameters
which eff__t the experiment design and operation. Since the analysis was
conducted during and in support of the design a range of conditions were
studied. These included fuel enrichments from 2.0 to 3.0 wt% 2*%U, different
shroud thicknesses, different NRU fuel configurations and different coolants
within the test. A full core, quarter core and axial model of the NRU reactor
were de.2loped.

In support of the reactor models a reactor validation calculation was
perform=4. In this the neutronics analysis results were compared to AECL best
estimate values. The primary function was to sharpen those models and illumin-
ate weak points in early versions of those models. The reactor validation is
described in Section 4.

One of the most important parameters predicted by the neutronics analysis
is the relationship between reactor power and power generated in the test. At
a high reactor power (taken as 127 MW) the radial and axial averaged power in
the test ranged from 22 kW/m to 13 kW/m depending on the conditions of coolant,
test fuel enrichment, shroud type and reactor fuel loading. The 2.5 wt% 235
enriched, thick shroud, hot fuel loading cases, which represent perhaps the
mest likely set of conditions for the test, have predicted powers of 16 kW/m
and 17 kW/m for the steam and water cooled cases respectively. Section 5 dis-
cusses .ae models used in the prediction of power and details the results.

Another important parameter is the shape of the power, the relation of
power to position. Section 6 gives these power profiles. The full core model
was used to give radial power shapes across the reactor. The guarter core model
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gave two dimensional plan view power snapes within the test assembly, and
the axial model gave power shapes as a function of height along the assembly.

In addition to the reactor models a series of other neutronics calcula-
tions were performed. One such additional calculation concerns the fission
product source term in the test assembly and the post-test examination
shielding requirement needed because of that source term. These are described
in Section 7. Another set of calculations fall under the heading of transients.
These include reactor transients caused by accidental voiding of the test loop,
reactor power after a scram, and decay heat in the test assembly. These are
considered in Section 8. Neutron and gamma heating rates within the coolant
and structural materials of the test make up the last of the additional studies.
These are discussed in Section 9.

Three appendices are included in the report. The first presents abstracts
of the major neutronics computer codes used in the study. Appendix B gives
a collection of fission product data which are estimated for three different
cases associated with the test assembly. The last appendix summarizes the
preliminary neutronics calculations which preceded this report, but were
required for early design choices.
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3.0 REACTOR AND TEST DESCRIPTION

The NRU-LOCA experiments will be conducted in the National Research
Universal (NRU) reactor at the AECL research facility at Deep River, Ontario.
In order to understand the neutronics calculations performed in support of the
experimental program a brief background description of the NRU reactor, the
test assemblies and the test operation is required.

3.1 REACTOR DESCRIPTION

The NRU reactor, located at the Chalk River Nuclear Laboratories, Ontario,
Canada, is owned and operated by Atomic Energy of Canada Limited. The RU is
a thermal neutron, heterogeneous, heavy water moderated and cooled reactor.
It was designed for operation with natural uranium metal fuel rods and con-
verted to operation with enriched driver fuel rods in 1964. The reactor has
a rated maximum power of 135 MW. In any given core loading the nominal reactor
power is set to give the specified thermal neutron flux levels at loop ex-
periments. The core loading as seen on December 31, 1978 is shown in Figure 3.1.

The NRU vessel is an aluminum cylinder with stainless steel headers at
the top and bottom. The vessel is 3.51 m in diameter with an inside depth
of 3.66 m. There are 227 lattice spaces located within the vessel with a
lattice spacing of 197 mm.

The fuel sections of the rods are 610 mm shorter than the vessel and the
lattice diameter is 406 mm less than that of the vessel. This space around
the fueled core is filled with a heavy water moderator.

The NRU fuel is an enriched uranium (93 wt% *?5U) aluminum alloy. The
uranium makes up 21 wt% of the alloy. Fach rod has twelve UA1 fuel pencils
extrusion clad with aluminum with six fins per element (see Figure 3.2).
Fuel rod data are given in Table 3.1.

3.2 TEST ASSEMBLIES

In all, six different test assemblies will be irradiated during the test
program. The first to be tested will be tre thermal-hydraulic assembly. The
remaining six are material test assemblies. While there are significant dif-
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TABLE 3.1. NRU Driver Fuel Description and Enrichment

Fuel Rod Data

Flow Tube 1D 49.99 mm
Flow Tube Wall 1.27 mm
Flow Tube 0D 52.53 mm
Diameter of Bundle 43.99 mm
Radius of Centersof Three Inner Elements 11.25 mm
Radius of Centers of Nine Quter Elements 17.22 mm
Elems. ¢ Spacing 4.27 mm
Element Diameter 7.01 mm
Sheath Thickness 0.76 mm
Fuel Diameter 5.49 mm
Fuel Length 2.74m
Fuel Cross Section per Bundle 283 mm®
Sheath Cross Section (including fins) 249 mm?
Flow Cross Section 1431 mm?
Material Cross Section (including tube) 726 mm?
Hydraulic Diameter 2889 mm?
Weight of U-235 per Rod 500 g
Materials
Fuel Uranium-aluminum alloy 21 wt% uranium
(93 wt¥ u-235)
2.d
79 wt% aluminum
super-pure
Cladding Fuel is extrusion clad with

#6102 (Spec. 1S) aluminum
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ferences between the thermal-hydraulic assembly and the materials test
assemblies (instrumentation, internal rod pressure, etc.) these differences
have little impact on the nuclear physics behavior of the fuel. The basic
iesign of the assemblies is uniform.

The test bundie fuel element is a full length 31 pin design modeled after
a typical Babcock and Wilcox 17 x 17 light water reactor element. The per-
tinent data are given in Table 3.2 and the test bundle is shown in Figures
3.3 and 3.4.

The 31 fuel pins are placed inside of a stainless steel shroud. The
shroud designs analyzed in the =utronics calculations are shown in Figures
3.3 and 3.4. The final shroud design had not been decided upon by the com-
pletion of the neutronics analysis. The various clips and spacers which will
appear on the outside surfaces of the shroud are taken into account by a
smearing process within the analysis for the nominal shroud case. The total
weight of the shroud and associated structural materials which appears 'n the
core, is transformed into an equivalent unifrom cylinder of equal weight. The
smearing process is not used in the thickened shroud case due to the small
percentage of extra area that the clips and spacers add to the thickened shroud.

Qutside of the stainless steel shroud tube there is a double wall pressure
tube. The inner wall is constructed with zircaloy-4 while the outer wall is
a mixture of zircaloy-4 and niobium.

The enrichment for the test fuel pins was varied between 2 und 3 percent
throughout the neutronics analysis as the final fue! pellet specs had not
been decided upon by the completion of the analysis.

The two coolants used for these erperiments were steam and hot water.
The steam was at a gage pressure of 520 kPa and 800° K with a dzicity of
0.0017 g/ce. The hot water was saturated at 12.1 MPa and 600° K with a

density of 0.64S7 g/cc.

3-5



TABLE 3.2. Test Bundle Data

Fuel Element 0.D. 9.6
Fuel Element Pitch 12.7
Pitch/Diameter 1.32
Clad Thickness 0.597
Fuel Pellet Diameter 8.23
Pellet - Clad Gap 0.10
Water Thimble 0.D. 11.81
Water Thimble I.D. 10.92
Pressure Tube I.D. 103.38
Pressure Tube 0.D. 119.4
Active Fuel Length 3.55
Mass Nomina! Shroud* 33
Mass Thick Shroud* 60

*Qver 3.66 m of 2ctive fuel length
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3.3 TEST OPERATION

As described earlier the test program has two distinct types of tu.c
assemblies. These being the one thermal-hydraulic assembly and the five
materials test assemblies. The different assembly types correspond to a
different set of experimental conditions. However, as in the assemblies
themselves, the experimental conditions appear nearly the same in regard to
neutronics conditions. The basic test operation is described below, the
relavent differences between the two experiment types are noted.

After the test is installed into the reactor, the test loop is charged
with light water. The reactor is brought by steps to a high power, pausing
to conduct instrument calibrations. This phase of the test is called pre-
conditioning since its main purpose is to crack the fuel pellets to simulate
some reactor residence time. The total time of the irradiation is short
(approximately one hour).

After preconditioning the loop is drained and replumbed for the next
phases of the test. The time before the next irradiation may be a day. To
begin the next phase steam flow is initiated through the loop. Reactor power
is brought, stopping for calibrations, to a low power level. This establishes
the pretransient conditions. Steam flow is then cut off causing a temperature
transient in the fuel. At a predetermined time and predetermined rate, reflood
water is introduced from the bottom of the Toop.

The complete sequence simulates the heatup, reflood and quench portions
of a LWR-LOCA. The thermal-hydraulic test will undergo not one but a series
of heatup-reflood cycles. The total irradiation time, ev.luding preconditiong,
could be as long as twenty hours. The materials tests, in contrast, will un-
dergo only one heatup-reflood cycle each, the irradiation period of the cycle
crobably less than one hour.

After a test seg ence the test assembly will be removed from the reactor
and transported to the NRU fuel storage basin for inspection. The inner test
rods will be removed and the next set of inner test rods mounted into the
guard heater rods/shroud assembly. If the guard heater rods are damaged, they
too will be replaced. The reassembled test is returned to the reactor for
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the next test sequence. The time period between tests will be approximately
two months.

From the neutronics standpnint we have two test configurations of in-
terest. The distinguishing attribute is the density of the moderating water
within the test loop. The two cases are the water cooled case of precondi-
tioning and reflood, and the steam cooled case of the heatup phase. In
actuality the conditions of the water during the reflood are likely to be
widely variable but for simplicity they were assumed to be that of the con-
stant high pressure, high temperature preconditioning.

There are also two types of irradiation. The thermal-hydraulic test
with its multiple cycles represents one. The materials tests with a single
cycle represent the other variety.
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4.0 REACTOR VALIDATION

In any scientific or engineering analysis effort in which mathematical
models are used to simulate physical processes, it is necessary to compare
the results of those models to empirical measurements. Such comparisons
can be used to improve and sharpen the calculational model. In the
neutronics calculation we were fortunate to obtain a set of data from
AECL for the NRU reactor itself. This data took the form of a reactor
description and the associated rod power values. This data and the results
yielded by our final models are described below.

4.1 AECL DATA

The AECL benchmark data is evolved by their staff through a process
which attempts to match the mcasured power distribution to the theoretical
power distribution.

The measured power distribution is derived from driver rod flows and
outlet temperatures which are assumed to be only accurate to + 10% for
each measurement. The confidence level for this stated uncertainty is not
available. Particular sites may be much worse, or not responding properly.
These inaccuracies lead to a measured power at any location to be in error
on tne order of + 20%.

The theoretical power distribution is derived from the AECL code
LATREP which is empirically adjusted to give good results for CANDU fuel
bundles. In a reactor of the complexity of NRU, this may give poor cell
parameters, especially for fuel at high burn-up.

The measured and theoretical power distributions do not match very
well. Trerefore a compromise is produced by adjusting both measured and
theoretical lattice parameters to produce a good match which will remain
good under many different reactor configurations and flux distributions.

This AECL "best match" or "best estimate" power distribu*ion data is
used as our benchmark data.
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4.2 NEUTRONICS MODELS AND RESULTS

Full Core Validation Results

The full core was modeled in a two dimensional hexagonal geometry by
the ZDBS computer code. Each individual lattice was modeled by a set of
homogenized cross sections which represented the material wichin the
lattice. The NRU driver fuel was modeled as fuel having one of four
distinct burnups. Due to insufficient modeling data the cross sections
representing the four material test loops have been adjusted to generate
the approximate power shown by the AECL data. A detailed description of
the full core model is given in Section 5. A comparison between the
lattice pow »~ predicted by the 2DBS computer code for the full core model
and the "best estimate" AECL data is shown in Figures 4.1 and 4.2. The
average deviation between the predicted powers and the AECL data is
approximately =17% across the core.

Quarter Core Validation Results

A quarter core model of the reactor in the benchmark configuration
was also constructed. The quarter core model allows more detail and was
used in modeling pin to pin interactions within the test assembly.
Section 6.3 describes this in much more detail.

The quarter core examines only the southwest fourth of the reactor.
Reflecting bourdaries are put along the centerline interfaces. In the
non-symmetric NRU this assumption causes some difficulty.

The results of the benchmark calculation are shown in Figure 4.3. The
average deviation from the AECL data is slightly more than=: 20%. If the
deviations are weighed against rod powers the average is just under = 19%.

While within the bounds of th: AECL uncertainties, the quarter core
. deviations are clearly larger than those of the full core model. The
reflecting bourdaries are the prime suspect for this offense. The area
around the U2D materials locp shows this. The parameters for the loop
itself are adjusted to match the AECL power predicticn. However, the
materials loop and several of the neighboring rods in the region are
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relatively high in poweir. The mirror boundary places eguivalent high

power rods on the other side of the boundary. This causes an artificial
flux amplification in the region. This complication necessitates a
depletion in cther portions of the quarter core. The result is an imbalance
which increases the deviations in calculated rod powers.

4.3 JALIDATION CONCLUSIONS

As stated earlier the primary usefulness of the validation effort was
to entance the neutronics models by providing a standard to compare against.
In this regard the validation was a great success. A significant improve-
ment was obtained between early and final models. The deviations from the AECL
power data were reduced and flux imbalances smoothed.

It would have been desirable to also obtain an absolute assessment
of the uncertainty in the power results predicted by the me-els. The data
used in the validation does not, however, permit such an assessment. In
the first place the data lacks a clear statement of experimental uncertainty.
It is partly empirical (temperature and flow measurements) and partly
theoretical (calculated correction factors). The temperature and flow
measurements have a stated uncertainty of + 10% each, but no confidence
level could be assigned to that uncertainty. The theoretically derived
correction factors applied to the rod powers are an improvement over
measurements, but from a propagation of errors viewpoint must increase
uncertainty. We have no estimate of what that additional uncertainty
might be. The total uncertainty in the AECL best estimates for rod powers
is then not precisely known, but on the order of + 20%.

In addition, to be able to assess uncertainties in the predictions of
power within the test, experimer.al data for siznlar tests within the NRU
reactor would be neaded. An attempt was made to secure such data. For a
variety of reasons including proprietary considerations this data could
not be obtained. Therefore an absolute determination of uncertainties
associated with the neutronics predictions of power is not possible.

4-6



5.0 POWER

Perhaps the single most important parameter predicted by the neutronics
analysis is the relation between reactor power and power produced in the test
assembly. The power produced in the test must fall within certain bounds.
During preconditioning the power must be as high as possible to cause pellet
cracking. This requires a high test/reactor power ratio. During the heatup
and transient the power in the test is to be set at a low level. Since the
reactor is unstable at very low power levels the test/reactor power ratio
should be low for this case. Obviously a balance must be struck.

The power production for the test assembly was calculated for a variety
of conditions. A full core reactor model was used to yield the power re-
lations. That model is described below. The description includes discussion
of neutron cross section preparation, exposure anaiysis and the reactor mode |
itself. This is followed by the presentation of the estimated power results.

5.1 CROSS SECTION PREPARATIONS

The preparation of the cross sections to describe the various lattices
is dic:ated by their relative importance neutionically and the amount of in-
formation available concerning the.r composition. The various methods are
described in the following paragraphs.

Single Pass - Single Run

The single pass-single run method involves the use of the EGGNIT II com-
puter code to generate an "infinite sea" cross section for a particular
material. The EGGNIT 'I code with an imposed C,0 flux and current spectrum
generates a 4 group (3 fast, 1 thermal) cross section from the ENDF/B-IV
library. The majority of the cross sections for the materials in the non-
fueled lattices, such as the various isotope and cobait rods, are generated
in this manner.
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Single Pass - Double Run

The single pass-double run method involves the same steps as the single
run methcd with the addition of the BRT code to generate the thermal group
cross sections. The thermal calculation performed by BRI is a more sophis-
ticated treatment than that used by EGGNIT II.

The materials which have a higher importance neutronically are modeled
in this manner. The materials included in this section include heavy water,
lTight water, and stainless steel.

Double Pass - Double Run

The double pass-double run methods are used to prepare cross sections
for the NRU fuel bundles, thorium rods, fast neutron rods, and the test
bundle. The design of these elements (see Figures 5.1, 5.2 and 5.3) requires
the inclusion of detailed analysis to describe the proper pin to pin inter-
action within a bundle and also the proper bundle to bundle interaction be-
tween neighboring lattice cells. There are presently two types of cross
sections which are developed by this method.

The first type is called the SMEAR cross sections (see Figure 5.4, which
gives an example for the test bundle). In this development the individual pin
cell within a bundie is modeled in both EGGNIT IT and BRT. EGGNIT II produces
a sir~le 20 group set of cross sections (19 fast groups, 1 thermal group) which
characterize the homogenized fuel pin, BRT produces a single 30 group set of
thermal cross sections which also characterize the homogenized fuel pin cell.
The homogenized fuel pi: ~ell cross sertions produced by these two codes are
now input into a discretely modeled roc bundle lattice cell as calculated by
ANISN and BRT. The ANISN calculation utilizes the homogenized fuel pin cell
cross sections produced by EGGNIT II, along witn single pass-single run cross
sections produced for the remaining regions of the lattice cell, and generates
a single 4 group (3 fast, 1 thermal) set of cross sections which describe the
fuel bundle lattice cell. The BRT code uses the homogenized fuel pin cell
cross sections previously generated by BRT, along with internally produced
cross sections for the remaining regions, to c.iculate a single set of thermal
cross sections which describes the fuel bundle lattice cell. The 3 fast group
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cross sections from ANISN are combined with the thermal group cross sections
from BRT to produce a single 4 group set of cross sections to describe the

fuel bu~dle lattice cell. The SMEAR cross sections are used to mcdel the NRU
driver fuel, thorium rods, and fast neutron rods in all the reactor models.

They are also used to model the test assembly in the 20 full core model.

The use of the SMEAR cross sections to model the test bundle lattice
cell provides no discrete information concerning the flux profile across the
fuel pins. The lack of discrete information is due to the smearing action
present in the production of a single set of cross sections to model the en-
tire lattice cell. To provide the discreteness necessary to generate flux
profiles, a second type of cross section generation, for the test bundle, was
developed.

The second type of cross section generation is called the DISCRETE mcdel

(see Figure 5.5). The DISCRETE model follows the same steps as the SMEAR
model up to the point of producing a single set of cross sections for the en-
tire lattice cell from both ANISN and 3RT. The DISCRETE mode! takes the out-
put from ANISN and extracts the cross sections calculated for only the fueled
region of the lattice cell. The cross sectiors for each reyion of the lattice
cell, at this point, have been both volume ard flux weighted against the cell
as a whole. The DISCRETE model corrects for the volume and flux weighting
to produce a single set of cross sections (3 fast groups, 1 thermal) to describe
the fuel region only. The output of BRT allows for the direct axtraction of
* single set of thermal cross sections which describes only the fuel region.

¢ 3 fast group cross sections from ANISN are then combined with the thermal
group cross sections from BRT to produce a single set of cross sections which
describe the fueled region of the test bundle lattice cell.

The DISCRETE model provides a method of discretely modeling the test
bundle in the final 2D quarter core and axial models which allows for the
extraction of flux profiles within the test fuel.
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5.2 EXPOSURE MODEL ING

The fueled lattices present in the NRU reactor cover a wide range of
burnups. The models which were used to account for the burnup in the different
types of elements are presented below.

Driver Fuel Burnup

Burnup of the driver fuel was done with the LEOPARD code. Because of
the limitations in LEOFARD, the parameters werz adjusted such that the begin-
ning-of-1ife reactivity matched that calculated with a simplified BRT/EGGNIT
calculation.

The existing fission product model in the LEOPARD code was not adequate

to track the burnup of the driver fuel, so considerable effort was expended

in mcifying it. Except for !35Xe and '“°Sm, the fission products are com-
bined and represented as a cross section per fission which varies with exposure
in each group. The !?5Xe and 1“?Sm are calculated and entered explicitely.

We used the CINDER code to determine the value of the fission product cross
section for the driver fuel. The data used in CINDER consist of ENDF/B-IV
cross sections, actinide concentrations calculated by LEOPARD, and group fluxes
calculated by LEOPARD. The resulting values are shown in Figure 5.6. For use
in LEOPARD a table of values were input to the code.

The LEOPARD calculation was then repeated using the new fission product
model. The calculated reactivity, k_, is compared to the AECL calculated
curve in Figure 5.7. Our values show a 10% 2k early and late in life. At 400-
500 GWd/MTM our values are 5% high. The discrepancy is not bad considering
that the AECL values have been adjusted to match experimental results. It is
important that the overal! shape of our curve agrees with the AECL curve.

The isotopics from LEOPARD at several different exposures were used in
double-pass EGGNIT/BRT/ANISN calculations. Pseudo fission products were used
in BRT and EGGNIT such that the 2200 m/s value from LEOPARD and CINDER and
the group 3 spectrum-averaged cross section from LEOPARD were preserved. The
resuiting k_ values are also shown in Figure 5.7. At 357 GWd/MTM the reactivity
effect due to fission products (except '35Xe and !“?Sm) is -7.4% ak for group
4 (thermal) and -0.9% ak for group 3 (lowest epi-thermal). The effect of *3°Xe
and !“3Sm is smaller than this and relatively constant through exposure.
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Fast Neutron Rod Burnup

Burnup calculations for the fast neutron rod were also performed with
LEOPARD. The U0, fission produrt model already existing in PNL's version of
LEOPARD was assumed to be adequate. This model is based on enriched U0, fuel,
but since the exposure is not very high and the spectrum is very soft in the fast
neutron rod, it was assumed that the model would predict the proper fission
product absorption rate.

The fast neutron rod wa. nodeled in LEOPARD such that the 23°U resonance
integral and the escape-to-thermal probability matched the results of double-
pass BRT/EGGNIT/ANISN calculations. The resulting reactivity curve was much
flatter than the curve generated by AECL. The most likely reason for cur
curve being too flat was the generation of too much 23°Py. The nonthermal-
to-thermal flux ratio calculated with 2DB was much lower than the value cal-
culated with LEOPARD or the value calculated with the double-pass model.

Upon adjusting the LEOPARD parameters to match the 20B nonthermal-to-thermal
flux ratio, the reactivity curve became much steeper. It is compared to the
AECL curve in Figure 5.8. In the softer neutron spectrum about 80% of the
captures in 238U occur in the thermal neutron group. The 235U burnout rate
and the 2°°Py buildup rate are shown in Figure 5.9. Initially, 235U burns out
very fast and 22°Py builds in very fast. At 6 GWd/MTM there is just as much
239y as 235Y in the fast neutron rods.

At 12.9 GWd/MTM the fission products (except '35Xe and !“%Sm) are worth
-5.1% in Ak, 85% of this reactivity effect is in the thermal group. It is
felt that a re-evaluation of the fission products with CINDER would not change
their worth by more than 1.0% in Ak.

§.3 FULL CORE MODEL

The NRU core is modeled in two dimensions by the 2DBS computer code.
Each hexagonal lattica cell is modeled by a set of six triargular mesh cells
as shown in Figure 5.10. The material cross section sets used to describe each
individual lattice cell are shown in Figure 5.11. In additicn to the lattice
cells which comprise the core of the NRU reactor, a representation is made of the
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reactor's radial reflectors by placing approximately 200 mm of heavy water
immediately adjacent to the core followed by 400 mm of light water and 150 mm

of stainless steel structural material.

The NRU driver fuel is modeled by four distinct burnups. The range of
actual burnups covered by each of the four modeled burnups is shown in Table
5.1. Cross sections have also been develcped to describe thorium rods, fast
neutron rods, and the four material test loops. The fission cross sections
for the material test loops have been adjusted to give good agreement with
the AECL power data. This adjustment is necessary due to the lack of proper
modeling information caused by the complexity of the material within these
rods.

The NRU reactor contains 11 cadmium control rods and 7 cobalt control
rods, but only a combination of the last three cobalt rods are normally used
at power. Thus for simulation purposes the cadmium control rods have been
modeled as D,0 cells while the removed cobalt rods, which have a shroud tube,
are modeled as dummy rods. The dummy rod model is simply an aluminum tube
119 nm 0.0. x .16 mm thick placed in a hexagonal cell of D,0. The remainin-
cobalt rods are modeled by the effective amount of cobalt remaining in the
core. An additional source of cobalt is obtained from the isotope and ad-
juster rods present in the core. The isotope and adjuster rods are also
modeled according to the amount of effective cobalt presented in the core.

The remaining 10cations in the NRU core are taken by flux detectors or
are vacant. The flux cetectors are modeled by the dummy rod model mentioned
above while the vacancies are modeled as a D,0 cell.

The test fuel bundle will be placed in the U-2 loop which is in the
southwest portion of the reactor. This lattice position is normally occupied
by an isotope rod containing 750 grams of cobalt. The test fuel bundle was
modeled for three different enrichments ranging between 2 and 3 percent with
two different shroud designs for both steam and hot water cooling. The various
fuel enrichments and shroud designs were analyzed to support the selection of
the fuel bundle design. The effect on the power generated by the test iuel
bundle by increasing the surrounding flux was also investigated. The high
flux or "hot configuration" replaces two higher exposure driver fuel rods
adjacent to the test with two lower exposure rods. This surrounds the test
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TABLE 5.1.

Driver Fuel Burnup

Range of Burnups Covered by

Modeled Burnups

0
140
240
300

140 MWd/ROD
240 MWd/ROD
300 MwWd/RC
360 MWd/ROD
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Modeled Burnup

114 MWd/ROD
192 MWd/ROD
275 MWd/ROD
320 MwWd/RCD



with four of the lowest exposure, hence hottest, driver fuel rods.

The powers generated by the test fuel bundle for the various enrichments,
shroud designs and driver fuel configurations are given in the following

section.

5.4 RESULTS

The powers predicted for test fuel bundle for various enrichments and
shroud designs are given in Table 5.2. The powers predicted for the cases
where the adjacent fueled locations are fueled with low burnup fuel (high
flux cases, hot configuration) are also given.

The powers are taken frem the 2DBS output for the full core model. The
20BS computer code generates the total power produced within the test fuel
bundle lattice cell. These powers are normalized to account for the test
bundle's 3.66 m length when compared to the driver fuels 2.74 m length. The
resulting power is divided by the number of pins in the test bundle and the
total height of the pins. This procedure generates an axially and radially
averaged linear power rate for the fuel pins.

Table 5.3 gives the reactor power reouired to give a specified linear
power within the test assembly Only the steam cooled cases are presented since
it is the heatup and transient phases of the test operation which are concerned
with relatively lTow reactor powers.
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TABLE 5.2. Calculated Powers for Various Test Bundle Configurations
(Reactor at 127 MW)

Enrichment Coolant Shroud Size Flux Field Power (kiW/m)

2.0 Water Nominal Nominal 15.8
2.0 Water Thick Nominal 13.7
2.0 Water Thick Hot A 14.5
2.5 Water Nominal Nominal 18.7
.9 Water Thick Nominal 16.2
2.5 Water Thick Hot 17.1
3.0 dater Nominal Nominal 21.1
3.0 Water Thick Nominal 18.8
3.0 Water Thick Hot 19.7

2.0 Steam Nominal Nominal 16.9
2.0 Steam Thick Nominal 12.8
2.0 Steam Thick Hot 13.4
2.5 Steam Nominal Nominal 20.1
% Steam Thick Nominal 15.0
2.5 Steam Thick Hot 15.7
3.0 Steam Nominal Nominal 22.2
3.0 Steam Thick Nominal 16.9
3.0 Steam Thick Hot 17.7
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TABLE 5.3. Reactor Power Required to Obtain Specified Power in Test Bundle

Reactor Power Required (MW) to Obtain

Enrichment Coolant Shroud Flux .98 kW/m 1.31 kiW/m 1.64 kW/m

2.0 Steam Nominal Nominal 7.35 9.83 12.30

.0 Steam Thick Nominal 9.7% 13.04 13.04
2.0 Steam Thick Hot 9.27 12.40 15.52
2.5 Steam Nominal Nominal 6.19 8.27 10.36
€5 Steam Thick Nominal 8.32 11.12 13.92
2.5 Steam Thick Hot 7.92 10.58 13.25
3.0 Steam Nominal Nominal 5.60 7.49 9.38
3.0 Steam Thick Nominal 7.35 9.83 12.30
3.0 Steam Thick Hot 7.02 9.39 11.75



6.0 POWER PROFILES

After the magnitude of the power the next item of concern is the shape
of that power in the reactor anu in the test. This section describes the
estimates obtained for those shapes. First, the profile of the neutron flux
across the reactor as calculated by the full core model is shown. This shows
the relation of the flux in the test to that in adjacent reactor regions.
This model was described in the preceding section.

The reactor and test are also modeled in a quarter core and a R-Z axial
geometry to provide more detail. The quarter core model provides pin to pin
power shape information and the R-Z axial model shows the power as a function
of height. The models and results of these two geometries are described below.

6.1 FULL CORE RADIAL FLUX PROFILES

A plot of total flux through the regions including the U-2 loop where
the test bundle is located is shown in Figure 6.1. The flux depression
near the center of the reactor is caused by a cobalt control rod. The
test bundle is also shown to cause a depression in the total flux.

The flux profile was calculated with 2DBS using the model shown in
Figure 5.11. The flux peak occurs near a NRU driver fuel rod at a radial
distance of approximately 250 mm from the reactor center. This flux peak is
shown as the flattened portion of the flux curve with a ;_.ative flux value
of 1.0. The remaining flux values are normalized to this portion of the
curve. The test bundle was modeled at a 2.5 percent enrichment with a
thickened shroud and steam as a coolant. The flux profiles shown by the other
various combinations of enrichment, shroud shapes, and coolants all exhibit
the same characteristics as the case plotted.

6.2 QUARTER CORE MODEL AND RESULTS

Quarter Core Model

In order to get detail within the test bundle, a finer mesh 2D model
was required, however, a fine mesh model of the full core generates an
unmanageably large number of mesh spacings. Therefore, a quarter core
mode! was developed. The hexagonal Tattice cells were approximated by
rectangular cells conserving cross sectional area. The resulting model
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is shown in Figure 6.2. The left hand, bottom corner of the figure is the
reactor center. A reflecting boundary condition was applied on the left
hand and bottom boundaries. This approximates the full reactor while
requiring only a quarter core description. In a symmetric reactor the

error in such an apprcximation is quite small. The NRU is, unfortunately,
quite asymmetric and therefore, the absolute power values from this model
are somewhat suspect and not used. The full core model is deferred to for
absolute powers. However, the neutron flux is likely not to be highly
asymmetric, despite the heterogeneous reactor composition. Relative powers,
compared point to point, should be acceptable. Therefore, the error intro-
duced in the power profiles from the quarter core approximation is felt to be small.

Figure 6.2 shows the location of the test within the quarter core
model. Figure 6.3 and 6.4 describe the detail of the test for the nominal
and thick shrouds respectively. Each fuel pin is modeled as a homogeneous
region whose cross sections are prepared from the discrete model as described
in Section 5.1. The fuel pin regions are shown as a blank square in the figures.

Quarter Core Results

The results from the quarter core model are shown in Figures 6.5A-F
and 6.6A-F. These figures are pin power maps giving the normalized
axially averaged power in the pins. The powers are normalized to the
average power in the assembly.

Along with a description of the case being displayed, three other
parameters are given in the legend associated with the maps. The first
of these is the peaking. This is the ratio of the highest pin's power to
the lowest pin's power. The tilt is the ratio of highest to lowest pin
taken along a diagonal at the edge of the assembly. The maximum tilt
tends to be along the southeast-northwest diagomal. The final parameter
is the radially and axially averaged power for the assembly as predicted
by the full core model. Thus the power in any rod can be found by
multiplying the normalized value from the map by this average power.

Figures 6.5A-F compare the nominal and thick shrouds. The nominal
shrouds are shown at the top of the figure, the thick shroud case at the
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FIGURE 6.5A, MNormalized Pin Power Map, Nominal and Thick Shrouds
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FIGURE 6.5C.
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FIGURE 6.5D, Normalized Pin Power Map, Nominal and Thick Shrouds
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FIGURE 6.5E.
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FIGURE 6.5F.

Normaiized Pin Power Map, Nominal and Thick Shrouds
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FIGURE 6.6A. Normalized Pin Power Map, Nominal and Hot Configurations
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FIGURE 6.6B. Normalized Pin Power Map, Nominal and Hot Configurations
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FIGURE 6.6C.
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FIGURE 6.6D.
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FIGURE 6.6E, Normalized Pin Power Map, Nominal and Hot Configurations
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FIGURE 6.6F, Normalized Pin Power Map, Nominal and Hot Configurations
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bottom. Figures 6.6A-F compare the nominal fual configuration and the "hot
configuration," both of these with the thick shroud. The nominal configu-
ration has the NRU fuel arranged as in Figure 6.2. The hot configuration
replaces two higher exposure driver fuel rods adjacent to the test with

two lower exposure rods. This leaves the test surrounded by four of the
lowest exposure, hence hottest, driver fuel rods.

Studying Figures 6.5A-F reveals that for the water cases the thick
shroud has a slightly larger tilt and more peaking. These same effects
Jre seen in the steam cases but to a greater degree. The compariscn of
nominal to hot configurations shown in Figures 6.6A-F indicate only a
small difference. The water cases have a larger peaking and tilt for the
nominal configuration. This minor effect is caused by the more uniform
nature of the surrounding rods in the hot configuration. The steam cases
also favor a larger tilt and peaking for the nominal configuration but
here the effect is hardly detectable.

6.3 AXIAL MODEL AND RESULTS

Axial power distributions for the test region were obtained from R-Z
diffusion theory calculations with the test region in the center of the
core. In two dimensional geometry, in order to utilize the axial dimension,
radial symmetry must be assumed. To obtain proper size and detail this re-
quires the test be located in the center of the model. The calculational
model is depicted in Figure 6.7. The fuel in the test region is a homogeneous
mixture of fuel, clad, and water or steam. The water hole in the test region
is represented explicity in the center of the test region. The structure
material at the top and bottom of the core consists of stainless steel. The
driver fuel, etc. region was represented by several zones containing mixtures
of the various types of elements. The outside radius given for the shroud
is that of the thick shroud. The thin shroud radius is 44.8 mm. Axial burnup
effects in the driver fuel were represented by three different exposures in
the axial direction. This was done only for the elements closest to the test
region.

The absolute power level in the test region is not realistic with this
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model because the test region is in the center of the core and the surround-
ing regions are mixtures of several kinds of elements. However, the power
distribution within the test region for various conditions should be valid.

The radial power shape through the test region is shown in Fiyure 6.8
using the thick shroud. The data shown in Figure 6.8 were taken from the
midpoint height of the fuel. Near the ends of the test region the shape
is somewhat different.

The axial power shape in the center of the test region is shown in
Figure 6.9 for the thin shroud and Figure 6.10 for the thick shroud. The
peak power is higher for the water cases than for the steam cases. The
data shown on Figures 6.9 and 5.10 assume that the driver fuel exposure is
distributed uniformly in the axial dimension. In reality the center
portion of the driver fuel is more exposed than the average and the ends
are less exposed. The thick-shroud cases were rerun assuming that 22%
of the driver fuel at the ends of the rods was at an exposure of 70% of
the average, and the central 44% was at an exposure of 115% of the average.
The remainder of the fuel was at the average exposure. This was done for
the first five rings of driver fuel. The resulting axial power distribution
in the first ring of driver fuel is compared to the distribution obtained
#ith a uniform axial exposure in Figure 6.11. The discontinuities in
the distributed exposure curve are caused by discrete lengths of different
exposures in the model. The effect on the test region of grading the axial
exposure is shown in Figures 6.12 and 6.13 using the thick shroud. For the
water case the peak power is reduced by 5 1/2%. For the steam case the
peak power is reduced by 4%. In addition the average power in the test
region is reduced by 1 1/2% when axially graded driver fuel is used in
the calculation.

The axial power shape near the center of the test region compared to
the average power taken near the edge of the test region is shown in
Figure 6.14 for the thick shroud case with water and axially graded fuel.
There is very little difference between the two curves.
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7.0 SHIELDING

As part of the neutronics support provided to experiment design, a set
of shielding calculations were made for post-test examinations in the NRU
fuel basin. Tne examina .n of the irradiated tcst fuel requires personnel
to work almost directly above the test. For a number of reasons it is pre-
ferable to bring the fuel as close to the perscnnel as possible. Obviously
this desire is bounded by radiation safety considerations. The objective of
the shielding calculations was to estimate the relation between radiation
dose and depth of water, i.e. shield thickness.

The first step in the calculation was to generate fission product source
terms. These data were used not or'y for shielding but also for safety, and
gamma scanning considerations. The fission product inventory was estimated
using the ORIGEN code. This is a point reactor code which calculates fissile
depletion, fissic product buildup, radioactive decay and generates an
isotopic inventory.

Two cases were considered. Tne first was for an irradiation conserva-
tively modeling the thermal-hydraulic test sequence. The long irradiation
time of this sequence makes it the upper bound of the source term. Ever if
the same assembly were to be taken through the five shorter material tests,
the decay times between the test are sufficient to reduce the radiation
source to less than that immediately following the thermal-hydraulics test.

The second case was a lower bound using a lower irradiation power and
a shorter total time. This was generated to give the minimum gamma source
a gamma scanning examination may have to contend with. The earlier case
conservatively over estimated radiation sources and fission product inven-
tories, for gamma scanning requirements this conservatism was not appropriate.
Table 7.1 shows the assumptions used in generating the source term estimates
for the two cases.

The next step was to perform the radiation transport calculations to
estimate the dose rates. The ANISN code was used for this. The results
in tne form of duse rate vs shield thickness are shown in Figure 7.1.
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TABLE 7.1. Primary ORIGEN Input Assumptions

Power,
Time, hr MW/Test Assembly
Conservative Case 1.0 4.0
48.0 0.0
20.0 0.4
Minimum Case 1.0 1.116

These results are for tne inspection period following the thermal-hydraulics
test. As stated earlier this presents the worst case. The dose rate fol-
lowing the last materials test, assuming the same assembly is used in all
the tests, is estimated to be about a fifth of that following the thermal-
hydraulic test.

Also included in Figure 7.1 is consideration of additional shielding
material. Since the personnel need rut have ' ontinuous access to the test
assembly, such additional material could redi-.e their total exposure. As
can be seen from the figure adding 13 mm of steel cuts the dose rate by
roughly a factor of two.

Another means of reducing the dose is to increase the cooiing time, the
time after irradiation before examination. Figure 7.1 assumes one day cooling,
which is felt to be 2 minimum time to remove the test assembly from the reactor
and transfer it into the basin. Increase the cooling time to 30 days yields
about a factor of 35 reduction in the dose rate.

The dose estimates presented in Figure 7.1 are from our test only. The
basin also contains irradiated AECL material. However, this material is
kept at a considerable depth, up to 3.7 m, and therefore the dose from that
material will be quite small as compared to that coming frc our test.
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8.0 TRANSIENTS

The majority of neutronics work done in support of the NRU-LOCA project
have involved steady state reactor conditions. This is sufficient to supply
the answers needed for the majority of the project. However, in some special
cases the transient or time dependent behavior of the reactor or the test s
desired. Estimates were made of the reactor's response to a sudden voiding
of the test loop, the total reactor energy generation following a scram and
the decay heat rates for the test assembly as a function of time.

8.1 WATER LOSS FROM THE TEST LOOP

The presence of light water in the test loop during the preconditioning
phase acts as a neutron poison. This seemingly unusual effect is a product
of the very well thermalized flux of th. heavy water reactor. The thermal
flux impinging on the light water is degraded by absorption while benefiting
little from further moderation. Therefore, there is a concern that if the
water were to be lost suddenly from the test loop a sharp positive nuclear
reactivity insertion would occur.

The loss of water from the loop is estimated to have a positive
reactivity worth of 2.6 mk ($0.45). This is within the acceptable limits
established for the NRU reactor. Even though the reactivity increase was
acceptable, a series of calculations were performed to further examine the
effect. The loss of water in the loop and subsequent replacement with steam
results in an increase in reactivity and therefore a power spike. The
results of the analysis indicate that the reactor would undergo a 17% maximum
increase in total power before the control system could shut the reactor down.

The analysis of the reactor power was made using a point kinetics model
with six groups of delayed neutrons. The set of equations were solved using
a fourth order Runga-Kutta numerical technique. The numerical values of the
nuclear data are displayed in Table 8.1.

The test loop was assumed to drain in a minimum of one second. The
pesitive reactivity insertion was assumed to be linear with time during the
water 1oss up to a maximum positive insertion of 30.45 after one second.
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The reactor control system was modeled as inserting a maximum negative
reactivity of $4.5 in two seconds with a cosine shaped iisertion. A three
tenths of a second delay time was allowed between the de'ector response and
the initiation of control rod motion. The reactor was mcdeled to scram on
any cne of three different events: 110% of steady state maximum (135 Mw)
power; 5%/second rate change in the log power measurement; or 5 MW/second
rate change in the linear power measurcment. No time lag existed between
the actual occurence of an event in core and its detection.

Tiie numerical results are displayed in Table 8.2 for the base case.
Figure 8.1 shows the reactor power and reactivity for the same case. The
calculations indicate that the postulated transient would generate a reactor
power increase rising to a peak of 117% of the pretransient power (assumed
to be 135 Mw) and decaying to 100% pretransient power about one second after
voiding begins.

As an indication of the sensitivity of the water dra n rate an analysis
was performed in which a $0.45 step insertion was made in the reactivity. In
this case the power rises to 154% of pretransient power. The power and
reactivity are shown in Figure 8.2 for this case.

TABLE 8.1. Nuclear Constants for Delayed Neutror Precursors

Group Fractional Yield Decay Constant
(Seconds -17

] .000215 .0124
2 .001424 .0305
3 .001247 A1
4 .002568 .301
5 .000748 1.14

6 .000273 3.01

Prompt Neutron Lifetime - .002 seconds
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TABLE 8.2. The Normalized Reactor Power After a Ramp Reactivity Insertion

Time Reactivity

(Seconds) ($) Power

0. 0.0 1.0
. 0.045 1.007
.2 0.090 1.024
.3 0.135 1.051
4 0.179 1.085
8 0.206 1.123
.6 0.197 1.157
of 0.136 1.172
.8 0.009 1.154
9 -0.187 1.091
1.0 -0.451] 0.981

8.2 REACTOP POWER AFTER SCRAM

If some untoward event should happen during the test a reactor scram,
or emeryency shut down, might be activated. Even with the scram, however,
energy generation in the reactor does not immedi»* 1y cease. The energy
generation will have two components, these being ..ie tail off of fission
power and decay heat.

Fission power will take a sharp decrease upon control rod insertion.
The magnitude of this "nrompt drop" is a function of the magnitude and rate
of negative reactivity insertion. After the prompt effect the reactor fission
power will tail off at an eighty second period. That is it will decrease
by a factor of e, the nature logarithm, every eighty seconds. The rate and
magnitude of the insertion has no effect on this period. Once the reactor
becomes subcritical, fissions are running off delayed neutrons, whose generation
rate is fixed.

Decay heat is generated by the radiocactive decay in the reactor core.
The fission process creates a large number of radicactive isotopes. These
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decay at various rates, giving off radiation which will ultimately appear as
heat.

Both of these processes contribute to the total reactor power. We have
combined then and the resultant total power is shown in Figure 8.3. In
generating this figure it was assumed that $4.5 worth of control rods were
dropped in a two second cosine shaped insertion. This approximates one of
two banks of NRU reactor control rods. It was further assumed the reactor
has been at power for a sufficient length of time (~100-200 hours minimum)
to saturate the fission products.

8.3 DECAY POWER FROM TEST ASSEMBLY

While the preceeding material describes the behavior of the reactor as
an aggregate it does not strictly apply to the test assembly. The thermal
power, from decay heat, for the test assembly can effect the design and
operation of post irradiation handling. To estimate the heat generatisn
as a function of time the ORIGEN runs which are shown in Appendix B were
used. As part of its prodigious output ORIGEN estimates thermal power.

In addition to the thermal power listed in ORIGEN an additional source of
heat is supplied by the gamma heating due to the NRU reactor. The gamma
heating in the test bundle, from the NRU reactor, is estimated by a ratioing
factor. The amount of gamma heating supplied by the reactor to the test
bundle, while at full power (see section 9.0), is ratioed down to the reactor
at decay power. A weightina factor is then applied to account for the fact
that only 7% of the operating power is attributable to gamma heating whereas
50% of decay power comes from gamma heating. The estimates for the test
assembly decay heat following the thermal-hydraulics test and one materials
test are shown in Figure 8.4. The decay heat in Figure 8.4 includes the
gamma neating supplied by the reactor.
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9.0 NEUTRON AND GAMMA HEATING

As a consequence of the nuclear fission process neutrons and gamma rays
are produced. The interaction of the radiation with structural material and
coolant fluids results in energy deposition which appears as heat. The rate
of this deposition is usually small, as compared to direct fission heat, but
potentially significant.

This section describes the physical process of the neutron and camma
interaction, the neutronics calculations performed to estimate the heating
rates, and the results obtained. The calculations were performed before the
final reactor model and test specifications were established. However, since
the results are generally conservative and the original results did not
generate undue concern, the calculations based on the preliminary information
was not revised.

9.1 HEATING RATES IN TEST FUEL COOLANT

The neutron and gamma heating in the test fuel coolant is only signifi-
cant for the water cooled condition. The steam coolant presents too little
density for significant interactions. The processes of neutron and gamma in
teraction are described below.

Neutron

Fission neutrons carry in the form of kinetic energy about 3% of the
energy released in the fission process. The majoritv of this energy is de-
posited in the reactor core, i.e., fuel, coolant and structure. There are
two ways in which that enery deposited will be converted to heat. The first
is a local deposition through scatterina reactions, atom recoil, and charge
particle production. The second is via the process of gamma production,
a=-transoort, and a-absorption.

To determine the amount of heat deposited in the reactor for a single
charged particle reaction, each type of reaction must be analyzed indepen-
dently. For reactions which produce no gamma rays, the energy deposited may
be calculated assuming that it is equal to the kinetic energy of the neutron
plus the reaction mass difference. For reactions which produce gamma rays,
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the average energy carried off by the gamma rays must be subtracted as the
gamma energy will be aeposited elsewhere in the reactor. For reactions in-
volving 8 decay, the energy carried off by neutrinos must be taken into
account.

In neutron capture reactions, heat is deposited in the reactor due to
the recoil of the nucleus following the emission of gamma rays. Neutron scat-
tering reactions also result in a transfer of energy. In this process the
particle leaving the reaction site is identical with the incident particle,
the rnet result being that some of the kinetic energy of the incident
particle is deposited with the target nucleus.

The total energy deposited in the reactor from the individual neutron
reactions may be determined by the use of fluence-to-kerma factcrs. Fluence
is the time integrated flux and kerma is an acronym for the kinetic energy
released in materials. The neutron kerma include the energy deposited by the
neutrons and charged particles produced by neutron interaction. The kerma
factors for neutrons do not include the effects due to collisions after the
first collision or energy deposition due to gamma rays produced by a neutron
interaction. The assumption that charged particles deposit their energy locally
(at the site of the neutron interaction) is an approximation since some charged
particles may travel far from the reaction site before all of their kinetic
energy is deposited. However, in a steady state case away from a boundary,
the average energy deposition from all charged particles is such that this
approximation may be made with little error. The microscepic kerma factors
may be found by summing over the energy releasing reactions for a particular
nuclide

KFi(E) = 2 ai(E) E5(E)

where KF(E) is the kerma factor fo. - ireal i; °ji(E) is the microscopic cross
section for reaction j; and E}(E) is the energy released by reaction j from

a particle with energy E with element i.
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The space dependent heating rates, HRi, in the coolant from neutron in-
teraction may be calculated by use of the fluxes, and the respective group
kerma factors from the following relationship:

KF, A

HR1 = 119 ik Avi

kg
where 021 is neutron flux in energy group 2 at space point i; KF;_k is the

kerma factor for element k corresponding to flux energy group i; and Aki is
the number density of element k at space point 1.

For our particular case, kerma factors were weighted using 20 group rod
cell fluxes from ANISN into 4 groups. These 4 group kerma factors were used
with the four group fluxes from an ANISN reactor calculation to determine the
heating rates in the coolant. The results are plotted in Figure 9.1.

Gamma

Gamma radiation in a reactor is produced in a variety of ways. The most
important sources are:

Prompt Fission Gammas
Fission Product Decay Gammas
Neutron Capture

Inelastic Scatter

The gammas from prompt fission carry about 7.25 Mev.(l) The fission products
will release about 7.63 Mev(’) through decay, and 75% of the gammas will have
been released within 10 seconds following fission. '/ If the reactor core
has reached equilibrium, it may be assumed that 14.88 MeV, the sum of the de-
layed plus prompt gammas, are released with each fission. In addition, the
gamma energy spectra from both prompt and fission gammas are agproximately
equal.

Typically from 6 to 8 Mev(’) of gamma energy is produced per capture
event. Since about 1.4 neutrons per fission undergo capture, it can be es-
timated that about 10 MeV of energy is released in the core, due to capture,
per fission. This 10 MeV plus the gamma energy generated from other gamma
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sources results in an energy release that is approximately equal to 15 MeV
due to fission and fission products.

There are three main ways in which gamma rays interact with matter,
namely: photoelectric effect, Compton effect, and pair production. These
are absorption and scattering processes, thus transport methods may be used
to calculate the gamma flux in the reactor core. Each of these processes
transfer energy into the form of heat to the core.

Each point in the core is a possible site of gamma production due to
one or more of the gamma production processes. However, the gammas produced
may be transported a considerable distance before their energy is deposited
as heat. Thus the heat distribution is somewhat different from the source
distribution, in that, it is flatter and smoother. In addition it would be
expected that the capture and decay gamma source would be the highest in the
vicinity of the neutron source, that is, where fissions occur. For these
reasons, as a first approximation, it was assumed that the gamma flux dis-
tribution from fission and fission products is representative of gamma flux
distribution in the core due to all sources. In addition, it is assumed that
the total energy deposited at a point from all sources, is twice that
deposited by the fission and fission product decay gammas since, as noted
earlier, the energy release from other processes are approximately equal to
that of fission gammas plus fission products decay gammas.

An empirical fit,(l) to the fission spectra measured by Peelle and
Maienschein,(z) was integrated over each of 16 gamma energy groups, to
determine the number of gamma rays in each energy group due to fission and
fission product decay. The space and energy dependent gamma source was cal-
culated by multiplying the 16 group spectra times the fission density at each
of the space points in the reactor.

This gamma source was used with the preliminary one dimensional model.
Using the ANISN code and previously calculated gamma cross sections.(3) one
dimensional Sg-P3; gamma transport calculations were made. The resultant
space and energy depandent gamma fluxes and associated reaction rates were
used to calculate the energy deposited at each space point in the rcactor.
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Integration over space points gave the energy .2posited from the prompt
fission and fission product gamma rays. These results were multiplied by two
to obtain an approximation for the total gamma energy released.

The calculations yielded an average heating rate in the center of this
test cell (in the water pin) and in the water surrounding the shroud. Linear
interpertation was used to plot the heating rate across the fuel. The results
are plotted in Figure 9-1.

The combined heating rate at the midpoint of the test fuel was estimated
to be 7.7 W/g. This estimate is at 135 MW reactor power. Heating rates for
lower powers can be approximated by linear scaling.

9.2 GAMMA HEATING IN STRUCTURAL MATERIAL

In estimating the energy deposition in structural materials only gamma
rays were considered. Because uof the relatively low neutron absorption rates
and high densitities, neutron heating would be only a small component in the
total heating rate of structural materials.

In estimating the heating rates the pressure tube, separating the test
from the reactor, and the shrcud are of special concern. In order to cal-
culate the gamma heating the jamma sources, gamma transport and rates of
deposition must each be determined. The methods used to calculate the heating
rates are approximate in nature and the results may be viewed as an upper
lTimit.

Using the approximations noted earlier the total gamma energy deposited
per gram of material in the shroud and pressure tube was calculated for three
specific cases. The pressure tube was assumed to be two annular rings, the
inner of zircaloy and the outer of aluminum.* Two types of shrouds are con-
sidered. The first is a zircaloy shroud which was specified in preliminary
designs. The second is the stainless steel shroud of later desians. Water

*It was later discovered tha: both the pressure tube and the outer liner tube
are zircaloy. Using the inner zircaloy heating rates for the liner should be
conservative.
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was assumed as coolant in the case of the stainless steel shroud. The zircaloy
shroud cases were calculated with both steam and water coolant. The results
of the calculations are given in Table 5.1.

The differences noted in the heating rates arise from the change in
the fission density across the core and the test loop when water replaces
steam as a coolant, or stainless steel replaces zircaloy in the shroud. In
the zircaloy shroud, water cooled case, 85% of the gamma energy deposited in
the shroud came from the test bundle. In the pressure tube, 72% of the enercgy
deposited arose from the test bundle. This gives an indication of the impor-
tance of the power level of the test bundle to the gamma heating rates in the
surrounding structure.

TABLE 9.1. Gamma Heating Rates (at Full Reactor Power - 135 MW)

Shroud Test Shroud Zr Annulus Al Annulus
Material Coolant Heating Rate Heating Rate Heating Rate
Ir Water 3.2 Wg 2.4 W/a 2.1 W/g
Ir Steam 3.7 W/g 2.8 W/g 2.5 W/g
SS Water 2.1 W/g 1.8 W/g 1.6 W/g
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APPENDIX A

o
NEUTRONICS CODE DESCRIPTION
- The preliminary neutronics calculations and predictions for the NRU
reactor utilized the following computer codes:
1. EGGNIT II

The EGGNIT II Code(x) generates multigroup constants in the energy
range from 0 to 10 MeV for either homogeneous mixtures or heterogeneous
arrays of cylindrical fuel elements. The thermal group constants are
averaged over either (1) Wigner-Wilkins 1ight moderated spectrum, (2)
Wilkins heavy moderator spectrum, or (3) Maxwellian distribution. For
heterogeneous arrays, the spatial thermal flux is calculated by the P,
approximation. For epithermal energies, the slowing down distribution
is described by either a P, or B, approximation to the Boltzman equation.
Resonarce absorption is calculated by the Nordheim metnod. Nordheim
nurerical integration method nermits treating absorbers and admixed
scatterers exactly. An iteration technique is utilized to extend Nordheim's
method to multiregion and other complex geometries. Fast fission cor-
rections are calcu'ated by an n-flight collision probability technique.

Other features are: 1) Interference absorption due to a nearby
resonance line is permitted, (2) Interference scattering is included,
3) resonance absorption integral contributes to the absorption of several
GAM-1 fine groups, 4) Dancoff shielding correction is computed for either
square or hexagonal lattices.

2. ANISN

ANISN(Z) solves the one dimensional Boltzman transport equation for
neutrons or gamma rays in slab, sphere, or cvlinder geometry. The source
may be fixed, fission, or a subcritical combination of the two. Criti-

- cality search may be performed on any one of several parameters. Cross
sections may be weighted using the space and energy dependent flux gener-
ated in solving the transport equation.
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The solution technique is an advanced discrete ordinates method
which represents a generalization of the method originated by G. C.
Wick and greatly developed and extended to curvilinear geometry by
B. C. Carlson at Los Alamos Scientific Laboratory.

ANISN was designed to solve deep-penetration problems in which
angle-dependent spectra are calculated in detail. The principal
feature that makes ANISN suitable for such problems is the use of a
programming technique with optional data-storage configurations which
allows execution of small, intermediate, and extremely large problems.
ANISN also includes a technique for handling general anisotropic
scattering, pointwise convergence criteria, and alternate step function
difference equations that effectively remove the oscillating flux
distributions sometimes found in discrete ordinates solutions.

2085

2085(3) is a two dimensional (x-y, R-Z, R-8, trianguiar), multi-
group diffusion theory code for use in reactor criticality shielding
and burnup analysis. The code can de used to:

e Compute keff and perform criticality searches on buckling,
time absorpticn, reactor composition and reactor dimensions
by means of either a flux or adjoint model.

e Compute material burnup using a flexib'e material shuffling
scheme.

o Compute flux distributions for an arbitrary extraneous source.

Since 2DBS was designed for fast reactor calculaticns a simple
modification was performed to allow the user to input the correct re-
moval and transport cross scctions for a thermal system.

BRT

The original THERMOS code was written by H. C. Honeck(“) in 1961
at Brookhaven National Laboratory. It is designed to compute the
neutron density from the collision probability form of the integral
transport-theory matrix equation using either a combination of power
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iteration, overrelaxation and extrapolation or straight power iteration.
The neutron currents are computed from eitner the gradient of the scaler
flux or the uncollided flux matrix. The flux and current spectra are
used to weight point thermal cross sections over an arbitrary thermal
energy range for use in multigroup transport or diffusion theory codes.

The first revision of the code at Pacific Northwest Laboratory (PNL)
was done by D. R, Skeen and L. J. Page in 1967.(6) More recently, BRT,
or Battelle Revised Thermos was written by C. L. Bennett and W. L.
Purcell.(s) They prepared the previous revisions for release, and also
revised the code in mixture expansion, fission cross section averaging,
transverse buckling, random access data file, multiple edits, isotropic
albedo boundary condition, and neutron current calculations.

LEOPARD

The LEOPARD(7) computer program determines fast and thermal spectra
using only basic geometry and temperature data. The code optionally
computes fuel depletion effects for a dimensionless reactor and recomputes
the spectra before each discrete burnup step.

LEOPARD (abbreviation for Lifetime Evaluating Operations Pertinent
to the Analysis of Reactor Designs) is based on the MUFT-SOFOCATE(S’a)
mode] as modified by Arnold!'®) and again by Strawbridge.(!!)

LEOPARD requires only the most basic input data. The reactor geome-
try, compositions and temperatures are supplied by the user. The code
temperature-corrects the input data and computes number densities and
three epithermal cross .ections (zs for the fuel pellet, g for the clad
and moderator, £l for the homogenized cell) to be used in the spectrum
calculations.

LEOPARD assumes that every reactor contains a large array of unit
fuel cells arranged in either a square lattice or a hexagonal lattice.
Each unit cell contains one cylindrical fuel rod, a metallic clad around
the fuel rod, and a moderator. In a real reactor this geometry is ade-
quate within a large fuel bundle, but commonly several percent of the
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core is taken up by control rod followers, water slots, assembiy cans,
structure, etc. LEOPARD accounts for this by allowing a fictitious region
to be defined and described in a manner entirely analogous to the descrip-
cion of the "real" regions within the unit fuel cell. Spectrum calcula-
tions are then done on an "equivalent” unit cell.

CINDER

The temporal concentrations of fission-product nuclei produced in a
nuclear reactor are described by a large set of coupled differential
equations, each nuclide concentration being determined by a history of
gains from direct fission yield, transmutation and radioactive decay
from parent nuclei, and losses from its own decay and particle absorption.
In 1962 the depletion and fission-product computer program CINDER(IZ)
was published. It simplified the solution for fission-product concen-
trations by resolving the complicated nuclide couplings into "linear
chains." Each linear chain represents a unique linear path from nuclide
to nuclide, resulting in small independent sets of coupled differential
equations describing the rate of change of "partial concentrations" of
nuclides in each chain. The solution of a large set of coupled differen-
tial equations was thus reduced to the solution of a number of small sets
of coupled differential equations, each characterized by a single genera-
lized form.

A modified version of the basic CINDER code (EPRI-CINDER)(!*) was
developed under the management of the Electric Power Research Institute.

ORIGEN

ORIGEN(IQ) is a versatile point depletion code which solves the
equations of radioactive growth and decay for large numbers of isotopes
with arbitrary coupling. The code uses the matrix exponential method
to solve a large system of coupled, linear, first-orcder ordinary dif-
ferential equations with constant coefficients. The general nature of
the matrix exponential method permits the treatment of complex decay and
transmutation schemes. An extensive library of nuclear data has been
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compiled, including half-lives and decay schemes, neutron absorption
cross sections, fission yie:ds, disintegration energies, and multigroup
phonon release data.
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APPENDIX B

ORIGEN DATA

The ORIGEN code was used to generate fission product source terms and
decay heat estimates for the test assembly (see Sections 7.0 and 8.3). In
this appendix some of the important input assumptions are given and the
fission product inventory by curies is given for three cases. The three
cases include the final design power history cases for the thermal
hydraulics and materials test and the lower bound irradiation for gamma

scanning.

TABLE B.1.

THERM = /} -1.-'° = 0.5

To
RES = 0.0874

FAST = 0.0

ORIGEN Input Assumptions

The ratio of the neutron reaction rate for

a 1/V absorber with a population of neutrons
having a Maxwell-Boltzman distribution of
energics at absolute temperature, T, to the
reaction rate with 2200 m/sec neutrons

293.16°K
922°K = 1200°F

The ratio of the resonance flux per unit
lethargy to the thermal neutron flux

The ratio of flux above 1 MeV to the

fraction of the fission spectrum above
1 MeV, divided by the thermal neutron flux
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TABLE B.2 ORIGEN Irradiation Assumptions

Time, hr Power, MW/Test Assembly

Thermal-Hydraulics Test 1.0 2.60
48.0 0.00

20.0 0.14

Materials Test 1.0 2.60
24.0 0.00

1.1 0.14

Minimum Case 1.0 1.12

TABLE B.3. Fuel Isotopes Charged to Reactor

Isotope Weight in Test Assembly, g
234, 1.24 x 10
235, 1.63 x 10°
238, 5.27 x 10°
16, 7.28 x 10°
7 2.8
18 1.49 x 10’

The ORIGEN code output shown below may at first appear somewhat odd.
The difficulty is caused by the format designing the print out of the time
periods. It prints only in integer days, hence the anomalous 0. days on the
print out. The proper time spans are 0.01 days, 0.1 days, 0.5 days, and the .
rest are correct as given.
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APPENDIX C
SUMMARY OF PRELIMINARY CALCULATICHMS

Prior to the inal design calculations a series of preliminary calcula-
tions were performed. These were needed to provide input into the design
effort, to give a starting point to thermal-hydraulics analysis and mechanical
design.

Test assemblies examined in the preliminary studies included combinations
of zircaloy or stainless steel shrouds with light water or steam coolant. A
range of enrichments were considered. The analysis utilized two one-dimen-
sional (1D) reactor models and three two-dimensional (2D) reactor models.

The major calculational results were the power coupling factors and
flux/power profiles. The power coupling factors give the relation between
power produced in the test assembly and the power produced in the reactor.

The coupling factors calculated resulted in average linear power in the test
ranging from 67.9 kW/m to 15.4 kW/m, at full reactor power, depending on
modeling methods used and test conditions (coolant/shroud/enrichment). While
the models employed were different, the major reasons for the sianificantly
higher powers calculated in the preliminary study were the use of zircaloy and
thinner stainless steel shrouds and enrichments up to 4.0 wt% 235y,

These results must be considered preliminary for a number of reasons.
First, the reactor description, which forms the basis for the model of the
NRU used in the calculations, was based on data obtained from the literature
arnd partial information from AECL staff. This did not adegquately represent
the reactor. We later obtained from the AECL staff a more complete, detailed
and up-to-date descritpion of the reactor.

Secondly, reactor benchmark validation calculations were necessary to
assure the adequacy of the calculational model in predicting neutronic be-
havior. Here again we asked for and received a NRU reactor benchmark ex-
periment from the AECL staff. Thus, although results of a methods testing
calculation performed in the preliminary study were encouraging the results
could not be given the confidence of the final model until experimental
benchmarks were caiculated and the results evaluated.
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Work with the benchmark allowed a good deal of fine tuning on the reactor
model. The single largest difference between the preliminary and final models
is perhaps the treatment of exposure. The preliminary model used a very
simple power generated, fissile depleted, fission product generated calculation.
The final model used the much more sophisticated methods described in Section
5.1,

Lastl,, there were a number of design changes between the times of formu-
lation of the two models. The original zircaloy shroud was dropped in favor
of stainless steel. The shroud thickness increased from 2.5 mm to the 3.2 mm
of the nominal shroud to the much more massive thick shroud (see Section 3).
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