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THMI-2 Criticality Analysis

Summary -

The criticality analyses of the TMI-2 reactor to support the recovery
activities through head removal have modeled the core assuming 50% cladding
fajlurc in all fuel rods. The associated amount of fuel damage {is the max{imum
that could have credibly occurred as a result of the 1979 accident. This
report discusses the worst case model of additional fuel disruptions that
could occur as a result of a heavy load drop accident, such as dropping the
reactor head onto the vessel or plenum. The heavy 1oad drop model 1s conser-
vative for criticality analyses because it assumes the maximum credible amount
of additional cladding faflures, with the fuel collapsed to the most reactive
configuration. The analyses indicate that with this conservative model the
core will remain 1.0340 subcritical (k,¢¢ <.99) with a boron concentration of
3500 ppm.
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1. Introduction -

Criticality calcuIationsl'z

of the core region in the TMI-2 reactor
have modeled the fuel as 50% damaged and 50% undamaged. This model was
developed by the NRC3 and was conservatively adapted for criticality

safety analyses following the accident. This model has also been used for
criticality calculations in support of the safety evaluations for recovery
activities through head removal‘.' It continues to be a conservative
approach for head removal recovery activities, since there are no plans to
disturb the fuel. However, a model with 50% damage could be nonconservative
if additional fuel disruptions occurred as a result of a heavy load drop
accident. This report describes the worst case model of additional fuel
disruptions that could occur in the TMI-2 core resulting from a heavy load
drop accident. It shows that the core will remain'1.0%40 subcritical for this
reconfigured condition with 3500 ppm borated water.

The model of additional fuel failures caused by a heavy 10ad drop
accident results in 623 of the core being damaged. Like the 50% damaged
model, the 623 damaged model is a conservative adaptation of-the NRC model of
damage. The development of the 62% damaged model 1s discussed in more detail
in the following section entitled "Damaged Core Model.”

The model not only considers 12% additional core damage, but also includes
an optimization of all varfable parameters affecting the reactivity (p) of the
core. The optimization analysis determines the physical arrangement and con-
dition of the core parameters such that the highest effective neutron multi-
plication factor (keff) is obtained for fhe worst case. The parameters in-
clude fuel particle size, the particle shape, particle spacing, structural



debris, temperature coefficients, et cetera. The specifics of the
optimization are discussed in a subsequent section entitled "Optimization of
Reactivity®.

The last two sections of the réport discuss the calculational methods
and procedures, and summarize the results. The calculational methods and
procedures are the same as thuse used in the previous ana‘lyses.l" The
methods for optimizing the fuel configurations are based on spectrum and
spatial analysis of the various fuel-moderator comdinations. The procedures
for determining the highest core reactivity are based on determining the
reactivity coefficient for all the parameters affecting the multiplication
factor. The optimized results of the most reactive worst case model of the

heavy load drop accident show the core will be 1.0% subcritical.
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11. Damaged Core Model -

-The damaged core criticality model for the heavy load drop accident

4,5 6

evolved from the existing core criticality models *~, the Quick Look data,
and a hypothetical scenarfo which produces the maximum amount of additional
fuel rod cladding faflures. This discussion explains the evolution of the
model by (1) reviewing the development of the existing models, (2) indicating
how the Quick Look data shows the existing models are conservative, (3) showing
how the existing model may be potentfally non-conservative {f additional clad-
ding faflures occur, and (4) developing the scenario of additfonal fuel dis-
ruptions caused by a heavy load drop accident. |

The existing core criticality models were developed when the first criti-
cality safety calculations were performed on the TMI-2 reactor following the
accident. At that time, there were no predictions as to the degree of damage.
Consequently, the criticality calculations assumed a range of damage including
a total core collapse. Models of all the fuel collapsed within the vessel
indicated the reactor would not be subcritical with 2100 ppm boron in the mod-
erator. Thus, efther more boron was required, or assessments of the maximum
degree of damage were needed, or both. The NRC used simpl1ifying and bounding
calculations to determine the maximum degree of damage. The results indicated
that cladding embrittiement would occur to a depth of between 6 and 7 feet in
the center assembly locatfons, and to a depth of 5 to 6 feet in most of the
other assub!iess. The average amount of cladding faflure predicted by the
NRC was less than 50%, with much less than 50% of the cladding of the high
enriched batch 3 fuel on the periphery predicted to fail. Consequently, a
conservative criticality model was developed with 50% of the cladding damaged

and S0T undamaged.
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The lower 6 feet of the core were assumed to Be undamaged. This region
was modeled geometrically to be the same as the original core with the fuel
pellets In the original fuel cell arrays and the fuel cell arrays comprising
the original 177 fuel assemblies. In the damaged upper half of the core, the
criticality model further assumed that none of the fuel particles would be
confined by the cladding. Without any structural support, the damaged fuel
was mixed with the most reactive amount of moderator and placed in a uniform
mass on top of the undamaged fuel. Thus, a vertical cross section of the core
geometry would show a two region cylinder with the damaged fuel stacked on top
of 6 feet of undamaged fuel.‘

Subsequent to the accident, there were several more predictions of core
damage using varfous calculation methods. These predictions were evaluated
and a reference core model was established as well as a maximum damage nodels.
The amount of fuel predicted to be free of the cladding 1s less than 50%.
Thus, these later sobels further confirmed that the earlier criticality
calculations are conservative when treating half of the fuel as completely
damaged, without any cladding support.

The Quick Look data has also shown that the 503 damaged core model 1s
conservatives. In fact, the Quick Look data indicates that the peripheral
fuel (batch 3) may be standing which would indicate much less than 50% of the
fuel will be free of the cladding. This would indicate that the criticality
analyses used to support recovery activities through head removal (reference
4, BAN-1738) are very conservative because they assume 50% damaged fuel.
However, reference § does not address criticality accidents. Due to the
unknown structural rigidity of any batch 3 fuel that may be standing, there {s
the possibility of an accident scenario that results in more than 50% damaged

S N Babdcock & Wilcox
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fuel. The following discussion explains the scenario for additional fuel
damaged as & result of a heavy load drop accident, such as the reactor vessel
head drop. The development of the criticality model for the fuel
configuration 1s also explained. _

Figure 1 shows a schematic of the damaged core with the peripheral fuel
(60 batch 3 assemblies) standing. If the shock of dropping the head has
sufficient force to fracture the embrittled cladding of the standing fuel,
then the standing fuel will collapse. Rather than attempt to mechanically
analyze the embrittled cladding to quantify the amount of fuel fafilures, if
any, the criticality evaluations have assumed that the shock fractures all
embrittled cladding.

References 3 and 5 show the predictions of cladding embrittiement as a
result of the 1979 accident. The degree of embrittiement follows a Slightly
parabolic radial distridbution with the most embrittled cladding occurring at
the center of the core, 7.5 feet from the top of the fu2l. Figure 1
schematically shows this embrittiement zone.

To ensure a conservative criticality model, the fracture zone resulting
from the heavy load drop accident is specified to occur at the lowest point on
the esbrittiement zone. This results in the greatest amount of additional
fuel damage. Only the bottom 4.5 feet of the original core remain undamaged
with this model, while the remaining 62% of the fuel is damaged. Figure 2
schematically represents the potential core configuration following this
scenario of a heavy load drop accident. On top of the undamaged fuel rests
the fuel damaged in the 1979 accident. On top of this damaged fuel 1s a layer
of the peripheral (batch 3) fuel which collapsed as a result of the
postulated heavy 10ad drop accident.

e P Babcock & Wilcox
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While the amount of additional fuel damage s the maximum that would be
credible, the core model 1s not the most conservative criticality model:

(1) There are uncertainties assocfated with the composition of the existing
damaged fuel which could increase reactivity; and, (2) There are uncertaintfes
associated with the configuration of both the damaged fuel and collapsed fuel.
The uncertainties associated with the cooposition of the damaged or collapsed
fuel are eliminated by optimizing the parameters affecting reactivity. This
optimization 1s discussed in the following section entitled “Optimization of
Reactivity®. To ensure the fuel arrangement in the criticality model s
conservative, the uncertainties assocfated with the damaged fuel configuration
are enveloped by specifying the criticality model shonn in Figure 3.

Figure 3 represents the worst case criticality model. A1) the damaged
batch 3 fuel is sandwiched between the undamaged fuel on the bottom and the
remaining (batches 1 and 2) fuel on the top. As discussed in the follcwing
section, this separation of all the damaged batch 3 fuel from the other
damaged fuel produces a higher reactivity than any homogenized mixture of all

the damaged fuel.
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111. Optimization of Reactivity -

The previous discussions of the ®damaged core model” described a
hypothetical scenario of additional fuel damage. While the additional damage
1s the maxisum amount that could be credible, the damaged configuration alone
does not produce the worst case criticality model. The criticality moder is a
worst case when the parameters within and around the fuel regions have been
optimized to produce the most reactive conditions. This section outlines the
optimization of the core reactivity by indicating how the values of all
parameters which affect reactivity are analyzed.

A1l the materfals within the reactor, along with the geometrical
arrangement of these materials are parameters affecting the reactivity of fuel
configurations. In an undamaged reactor, these parameters are well defined.
In the dauged THI-2 reactor, most of these parameters cannot be defined.
Criticality safety procedures require that all parameters which are not
specifically known or precisely controlled be treated conservatively to
produce the most reactive systam possible. This procedure has been followed
in both the criticality safety analyses following the accident and the
analyses supporting recovery activities through head reuml.‘ It will
continue to be followed for the analysis of the heavy load drop accident.

Reference 4 contains a detailed description of specific evaluations for
obtaining the maximum reactivity in previous worst case critical ity models.
Reference 4 also explains the optimfzation techniques for determining the
values of all the various parameters affeclting the reactivity of the damaged
core criticality models. Since the worst case criticality model for the heavy

load drop accident contains essentially the seme parameters as the previous

-10 - Sabcock & Wilcox
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models, this discussion will be abbreviated. Appendix A gives a detailed
description of parameters which have changed from previous analyses while the
following discussion gives a synopsis of the optimized fuel conditions.

The two basic parts of the optimized fuel regions are the moderator and
the fuel particles. The fuel particles with the highest reactivity are in the
form of the original pellets (see Appendices A and C). The pellets are
stacked end-on-end 1ike a rod and contain only UOZ and the fsotopics
corresponding to the burnup that each rod received during the 94 equivalent
full power days of operation. The moderator is the region surrounding the
fuel and 1s limited by Technical Specifications to a minimum of 3500 ppm
borated water which establishes 1ts most reactive condition.

The moderator and fuel in the undamaged fuel region are constrained to be
in the geometrical form of fuel pins and fuel assemdlies. Therefore, opti-
mizing the fuel-moderator cosbination (hydrogen to uranfum ratio) involved an
analysis of water logging. The optimal reactivity occurs with the standard
cladding 1n place and the original fuel to clad void space. The optimal
fuel-moderator array in the damaged fuel regions is a square (see Appendices A
and C). The most reactive combination of fuel and moderator for the damaged
batch-3 regfon 1s produced when the fuel volume fraction is .58. The
corresponding volume fraction for the region with the damaged batch 1 and 2
fuel 1s .61.

The fuel configurations within the core model (Figure 3) radially extend
across the area of the original core. The height of the undamaged fuel, 4.5
feet, i3 determined by the fracture zone boundary shown in Figure 1. With a
fuel volume fraction of .58, the height of the damaged batch 3 region is 1
foot 3.3 inches. Likewise, for the remaining damaged fuel, with a .61 fuel

= J1's Babcock & Wilcox
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volume fraction, the height is determined to be 2 feet 4.7 inches. The
reflectors for this core model are defined by the actual saterfal and
components on the top, bottom, and sides of the fuel configuration.

The tesperature of the various components of the core (fuel, moderator,
and reflector) are 211 assumed to be uniform. The most reactive temperature
is SO°F (the lower technical specification 1imit) and the core temperature
coefficient §s negative. '

12 - Babcock & Wilcox
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IV. Calculational Methods and Procedures -

The two previous sectfons (11 and. 111), respectively, described the core
model resulting from a heavy load drop accident, and the parameters within the
reactor that affect the reactivity of the model. In this section, the methods
and procedures for optimizing the parameters to attain the most reactive
(worst case) core model will be described, along with methods and procedures
used for the core analyses. This description will refer to the computer
codes NUL1F7. ANISNS. and PDQg. These codes have been described in
reference 4 which includes other references explicitly detailing the methods
used within each code. Therefore, no discussion of the codes per se s
included in this section.

The core configuratfon (Figure 3) was separated into cells of fuel and
moderator combinations for the three respective fuel regions, and cells of the
non-fuel regions, such as the reflector regions, control rod guide tubes, and
instrument tubes. Optimization of the core model to determine the most
reactive combination of all parameters began with NULIF analyses of each
cell. NULIF calculations determined the sensitivity of the multiplication
factor to each parameter. An {terative optimization technique was then
employed to detemine values for each parameter in combination with all other
parameters such that the highest overall sultiplication factor was produced
for each fuel region.

The three fuel regions and the reflectors were coupled together with the
PDQ code to determine the most reactive core configuration. The PDQ calcula-
tions in 1-dimensfon (axfal) and 2-groups served as the principal model for
predicting the overall core multiplication factor and the associated reacti-
vity changes. While the 1-dimensional calculation only computed the axfal
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_ flux distribution, the calculation of keff represented the 3-dimensional

core by including radial bucklings for the three respective fuel regions. The
accuracy of the l-dimensional PDQ results was verified by benchmarking them
with two 3-dimensional PDQ calculations and with a 13-group l-dimensional
ANISN calculation. The specifics of the benchmark calculations are described
i{n Appendix D.

c 14 - Babcock & Wilcox
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v‘ Rlsults =

The worst case criticality model which would occur from the postulated
heavy Yoad drop accident is 1.0%ap subcritical with the most reactive combi-
nation and configuration of the parameters affecting reactivity. The results

are summarized in the following table.

Criticality Results

l:.” with control rods, 3500 ppm boron .988

Control rod worth 2380

"‘eff for an additional 500 ppm boron -.02

Inverse boron worth 240 ppn/38p
Tesperature coefficient, 3500 ppm boron - -.4x10 Y0 /°F
Tesperature coefficient, 4000 ppm boron e ax10”%0/F

The koee (.988) is the maximum possible value including the uncertainties
identified as part of the benchmarks for this analysis and uncertainties
identified previous'ly‘.

The control rod worth was determined to be .2%40. This very low worth
reflects the high importance weighting of the damaged fuel regions relative to
the undamaged since the control rods are assumed to be only in the undamaged
fuel region. In the undamaged region the control rods are worth 6.8%4p. Thus
the implied importance weignting factor s .03 for reactivity changes in the
undamaged fuel. Such & low importance weighting factor and 1ow control rod
worth means that uncertainties associated with the control rods have

essent{ally no effect on the reactivity of the overall core.
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If an additional 500 ppm boron {s added to the moderator, k." will
Vdecrnse by a value of .02 Ake". Thus, the inverse boron worth is
240 ppm/%ap when the core parameters are optimized with 3500 ppm borated
water. The inverse worth provides an estimate of the boron concentration
required to achieve any particular degree of subcriticality.

The temperature coefficient of the criticality model was determined to be

-.4x10"u/°r. This value was obtained by increasing the temperature from
SO°F to 73.1°F. It shows that 50°F is the most reactive temperature for the
worst case core model (S50°F 1s the lower technical specification limit).
The temperature coefficient at 4000 ppm boron was assessed by comparing the
calculations of the temperature coefficient for the damaged batch 3 fuel at
3500 and 4000 ppm. It is estimated that the core temperature coefficient at
4000 ppm boron will be essentially the same as at 3500 ppm boron.

Reference 4 shows the worst credible fuel configuration that could exist
in the TMI-2 reactor. This configuntion‘ meets the shutdown criteria (lx.ff <
.99) with a margin of 1.0%ap; thus, the calculated "eff 1s less than or equal
to .98. The hypothetical worst case heavy load drop accident results show
that a 1.038p shutdown margin will be maintained (lz." < .99) should such an
accident occur. Appendix E describes the reactivity margin associated with

this worst case model.
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Appendix A

Parameters Affecting Reactivity -

The discussion of the parameters affecting reactivity is divided into
four categories as was done previously.‘ These categories are, (1) fuel
composition, (2) moderator composition, (3) fuel-moderator combinations, and
(4) fuel-moderator-reflector configurations. By dividing the parameters into
categories, the explanation of each parameter's affect on reactivity can be
simplified. Knowing each parameter's separate affect on reactivity provides a
better understanding of the optimization process, where the most reactive

combination of all parameters is determined.

Fuel Composition - The most important parameter change that has occurred in

modeling the fuel {1s the treatment of burnup. Previously, the reactivity
effects of burnup were applied to the undamaged and damaged regions by
sodifying the sultiplication factor in these regions. The heavy load drop
model has introduced the effects of burnup by implementing the burned
fsotopics directly into the fuel regions. In the undamaged fuel region, each
batch of fuel has the burned isotopics representative of that batch. In the
damaged batch 3 fuel region, the fuel is assumed to have no burmnup. This
ensures that uncertainties associated with the distribution of the burmup
within the batch 3 fuel are treated conservatively. In the damaged batch 1
and 2 fuel region, the burned fsotopics not only represent those for batches 1
and 2, but also conserve the total uranium and plutonfum isotopics for batches
1, 2, and 3. The treatment of the burnup 1s described further in Appendix B.

S99 <
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The other parameters used in modeling the fuel that were reevaluated for
their reactivity effects were, (1) the gadolinium poisoned fuel, (2) the fused
fuel composition, and (3) the temperature coefficient of each fuel region as
well as the temperature coefficient for the overall core criticality model.
The depletion of the gadolinium fuel was explicitly calculated, therefore fts
burnup effects on the isotopics were explicit. However, the fsotopics of
gadolinium n the criticality model were conservatively eliminated. The fused
fuel will be discussed further when fuel-moderator combinations are discussed
and in Appendix C. The temperature of the fuel is nat separated from the
temperature of the nnderator.‘ Therefore, the discussion of temperature
coefficients will be deferred to the discussions on fuel-moderator

combinations and fuel-moderator-reflector configurations.

Moderator Composition - The moderator has been defined as the region that

surrounds the fuel. The changes from previous analyses in the composition of
the moderator are, (1) the water logging of the undamaged fuel, (2) the
treatment of void and temperature reactivity coefficients, and (3) an analysis
with 4000 ppm boron as well as the standard analyses with 3500 pom boron.‘
Calculations of reactivity coefficients have indicated the undamaged fuel
has a negative moderator density coefficient with 3500 ppm and 4000 ppm boron.
Thus, the water logging reactivity affects need to be conservatively treated.
Previously, the treatment involved modifying the multiplication factor in the
undamaged fuel region. For this analysis, the most reactive condition is when
the water in the undamaged fuel was placed outside the cladding. In addition,

the cladding was assumed to have {ts original outside diameter and thickness.

.22 -
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The density of the water in the moderator 1s principally a function of
its tesperature and pressure. However, there may be other materfals in the
soderator which affect the homogenized isotopic concentrations as well as the
density of the water. Reference 4 explains the effects of mixtures and solu-
tions of the various reactor materials, showing all will decrease reactivity.
The one substance that could possibly increase reactivity is a low density gas
in the undamaged fuel region. The existence of such a substance was not con-
sidered credible previously. However, further evaluations indicate that voids
in the form of fission gases could possibly be present. The gases are
contained in the plenum region of the undamaged core. Consequently, should
they be released, the voiding would occur in the damaged core region which has
a negative void coefficient. Thus, no void coefficient was explicitly
evaluated for the heavy load drop criticality model. 7

The moderator tesperature coefficient s normdlly considered to include
both the effects of changes in the scattering properties of the moderator as -
well as changes in the moderator density. Since the moderator volume is
optimized in the damaged fuel regions, the moderator density change with
tesperature can be fgnored in these regions. Therefore, the temperature
change in the moderator of the damaged fuel does not reflect a change in
moderator density. The moderator temperature and the fuel teeperature are the
same, thus, there is only a single tesperature coefficient. This parameter {s

discussed in more detail in the subsection on fuel-moderator combinations.
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The analysis of the criticality models for recovery activities through
head removal are based on a measured boron concentration of 3700 ppm and a
minisun value for the safety analyses of 3500 ppm. This concentration
continues to be used for the heavy load drop accident. An additional
calculation was performed with 4000 ppm to obtain the boron worth for the core
criticality model. This worth was based on all other parameters being
constant at the values determined from the 3500 ppm optimization analyses.

Fuel-Moderator Combinations - The size and shape of the fuel and surrounding

moderator are the parameters that have the predominant effect on reactivity in
this category. In the undamaged core region, the sizes and shapes are fixed
by the geometrical configuration of the fuel pins and the assembly. In the
damaged fuel regions, there are essentially no constraints to the sizes and
shapes of the fuel-moderator combinations. The chinges in these parameters
that have been made for the heavy load drop models include an optimization of
fused fuel particles and an analysis of the temperature reactivity
coefficients.

Since the previous analysis, additional data on fragmented and crushed
002 have been anolyzed.w'u This data has been used to evaluate the most
reactive fused fuel particle that is judged credible. The evaluation includes
the 002 packing fraction, the materials filling the open porosity, and the
composition of @ zircaiqy-uoz eutectic. The details of the fused particle
evaluations are presented in Appendix C. The most reactive fused fuel parti-
cle with the optimal amount of moderator volume was determined and compared to
the reactivity of the originally fabricated UO2 pellets with the optimal

arount of moderator volume. The pellets were found to be the most reactive

- 24 -
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particle. Thus the damaged fuel was optimized as cylindrical pellet stacks.
The most reactive fuel volume fraction for the damaged batch-3 fuel is .58,
while the most reactive volume fractfon for the combined batch 1 and 2 fuel
(2.34 weight percent uranfum-235) 1s .61. The optimal shape of the fuel-
roderator combination 1s a square array as explained in Appendix C.

The temperature coefficients for the damaged and undamaged fuel-soderator
combinations were analyzed within Technical Specification 1imits to determine
the most reactive core criticality model. The damaged regions were determined
to be most reactive at 50°F (the lower technical specification 1imit) and had
a negative temperature coefficient. The undamaged region was analyzed with
50°F temperatures, but had a positive temperature coefficient. The most
reactiv® temperature for the core model and the tempeﬁture coefficient of the
core is discussed further in the following subsection on fuel-moderator-

reflector configurations.

Fuel-Moderator-Reflector Configurations - The pnvi&us discussions of the

“damaged core model” described the scenarfio for additional fuel damage
resulting from a heavy 10ad drop accident. The hypothetical worst case shown
in Figure 3 has a core model composed of thr?fuei regions. The reflectors
for this core are defined by the actual physical reactor configuration.

Radfally, the reflector i{s composed of the baffle, and the water between
the barrel and baffle with the baffle plate directly adjacent to the fuel
regions. Axfally, there is a top reflector and a bottom reflector. The top
reflector is borated water with 3500 ppm boron. The bottom reflector is
divided into 2 regions. The first, adjacent to the undamaged fuel region, is
the plenum extension of the fuel pins. This reflector is followed by an end
fitting reflector region. -

- 25« Babeock & Wicox
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The fuel configuration (Figure 3) radfally extends across the area of the
original core. The hefght of the undamaged fuel has been defined by the level
of cladding embrittiement to be 4.5 feet. The height of the damaged fuel
regions s determined by the optimization of the fuel-moderator combinations
and the mass of damaged fuel. For the damaged batch 3 region the hefight was
determined to be 1 foot 3.3 inches. The remaining damaged fuel region was
determined to have a height of 2 feet 4.7 inches. This fuel-soderator-
reflector configuration {s the most reactive worst case model of a heavy load
drop accident,

The most reactive temperature for the core model is 50°F and the
temperature coefficient for the core is negative. The analysis of the
temperature coefficient was based on increasing the temperature of all

regions, fuel-moderator-reflector to 73.1°F.
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Appendix B

Fuel Burmup -

The burnup of the fuel in the criticality model for the heavy load drop
accident has been explicitly factored into the fuel isotopics. A two-
dimensfonal 9009 deﬁletion which accurately followed the core operationlz
was used to obtain the fuel pin isotopics. The isotopics were conservatively
adjusted to account for the uncertainties associated with power measurements,
uranfum isotopics and loadings, and isotopic changes during the 4 years
following the accident.

In the undamaged fuel region shown in Figure 3, the burned fuel was
sodeled to be axfally uniform. This 1s a conservative approximation because a
non-uniform model would reduce the overall reactivity. This reduction would
occur as a result of increased leakage caused by much lower burnups occurringl
on the ends of the pins than occurs in the central region.

The damaged batch-3 fuel region (Figure 3) was assumed to have completely
unburned fuel. By treating batch-3 as unburned, all uncertainties associated
with the varfation in the batch-3 burnup are eliminated, thus producing the
maximum reactivity. This approach is conservative, but not overly so, because
the effects of the batch-3 burnup are included in the remainder of the damaged
fuel.

The ... depletion contains the complete {sotopic content of all the
damaged fuel. Therefore, 1f the damaged batch-3 fuel 1s treated as being
unburned, the isotopics of the remaining damaged fuel can be determined by
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simply conserving the uranium and plutonium isotopic content of all the
damaged fuel. The demaged fuel region shown in Figure 3 is consequently a
composite of the damaged batch 1 and 2 fuel with burned uranium and plutonium
fsotopics from all the damaged fuel. The technique for determining the

fsotopics 1s as follows:

Damaged Fuel X Volume of the
Isotopic Concentrations Damaged Fuel

Core iIsotopic

Concentrations X Damaged Core Volume

Damaged Batch-3 = Volume of the
Isotopic Concentrations Damaged Batch-3

Since the damaged batch-3 fuel has a higher neutronic importance weighting

than the remaining damaged fuel, this technique is conservative.



Appendix C
Fused Fuel -

Previously, fused fuel particles were assumed to have at least 10%
zircaloy either bonding the ceramic fuel particles or fn solution with the
particles as a eutectic‘. The optimization analysis assessed various par-
ticle shapes including spherical as well as cylindrical. The most reactive
particles that have settled into a debris bed are the cylindrical ones stacked
end-on-end, with a sfize that is 3.44 times larggr than the standard pellet.
Various fuel arrays, including triangular, were analyzed. The most reactive
array is a square with a moderator volume fraction »f .39 and a corresponding
fuel volume fraction of .61. Other arrays had the same optimal fuel and
moderator volume fractions, but were slightly less reactive due to Dancoff
effects. The eutectic density was determined to be less than that of a
mixture of ceramic uoz and zircaloy. Thus, the conservative procedure of
computing the fuel and zircaloy isotopics based on the mixture density was
utilized.

While this previous treatment of the fused fuel was assessed to be con-
servative, there fs the uncertainty associated with the fuel containing 10%
z2ircaloy. This much zircaloy decreases the reactivity of the optimized fuel-
soderator combination by more than 1.0330. Therefore, this reassessment of
the most reactive fused fuel configuration had the objective of defining the
highest possible fuel packing fraction with the lowest amount of interstitial
or eutectic material.

The fused fuel could be in efther of two forms, (1) ceramic fuel parti-

cles with structural material on the outside forming an amelgamatéon, or
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(2) eutectic fuel particles stuck together forming an amalgamation. In either
case, the maximum packing fraction of the fuel particles 1s conservatively
determined to be less than 912, as explained below.

The evaluation of the maximum packing fraction was based on material
compaction data including that for crushed Uozlo'll. The maximum theore-
tical packing fraction for spherical particles with a uniform size is 75%. If
the particle size distribution is varied, and 1f vibratory or fluid compac-
tion processes have been applied to an agglomeration of particles, then higher
packing fractions can be attained. However, the compaction data shows that an
80% packing fraction represents an upper bound.

To be consistent with the fuel particle shapes and arrays considered for
the criticality models, the fuel packing fraction was determined assuming the
maximum theoretical packing fraction for an array of infinite cylindrical
particles. The fuel packing fraction is («/3/6), slightly less than 91%.

This provides an interstitial porosity of slightly more than 9%.

Considering the first form of fused fuel, ceramic (UOZ) fuel particles
bonded by structural material, the structural material that provides the most
reactive fuel 1s 2ircaloy. Therefore, 002 cosbined with approximately 9%
2ircaloy was one limiting type of fused fuel analyzed. It {s evident that
while the interstitial volume in the fused fuel may contain zircaloy, it could
also contain moderator. Thus, a second limiting type of fused fuel was consi-
dered with borated water “bonding” the fuel particles. Analyses were per-
formed on these types of fused fuel particles to obtain the most reactive
conditions and configurations.

The results showed the zircaloy bonded fused fuel (3.44 times the size of
a stancard pellet) was .4%ap less reactive than stindard pellet sized fuel

particles with only UD,.
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The water “bonded” fused fuel was 5% 8p less reactive than the zircaloy bonded

case. The following table {llustrates the values of K_ .

L9
Standard Pellet 1.063
Zircaloy Bonded Particles 1.058
Water "Bonded” Particles 1.053

Thus, UO2 fuel particles (limited to the size of the original pellets)

are more reactive than uoz fused fuel bonded with structuvral material.
These results also indicate IJO2 fuel particles are more reactive than the
second form of fused fuel, zircaloy-uoz eutectic particles. The eutectic
fuel particles would contain at least 9% 1nterst1ti|l zircaloy or borated
water plus zircaloy in the eutectic.

One additional consideration 1n analyzing the water "bonded” fused fuel
was the amount of boron associated with the bonded water. With greater than
92 open porosity in the fused fuel model, it was reasoned that over the years
the boron would be in equilibrium throughout the moderator. Thus, the boron

concentration was assumed to be 3500 ppm.
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Appendix D
Benchmark Calzulations -

The l-dimensional (axfal), 2-group PDQ mode) was the principal model used
to compute the multiplication factor of the damaged core configuration (Figure
3). There are two approximations associated with this model that require
benchmarking to ensure the results are accurate. The first is the assumption
that the three fuel regions and three axfal reflector regions can be spec-
trally separated and then coupled with a 2-group diffusion theory spatial
flux. The second approximation is that the spatial flux can be separated into
axfal and radfal (x,y) components such that the axfal calculation will repre-
sent the overall core multiplication factor when radially averaged leakage and
reaction rates are included as input parameters 1n-the solution. The methods
and procedures for treating these two approximations in the 1-dimensional PDQ
calculation were verified to be accurate by benchmarking them with
calculations that did not include these approximations.

The approximation that the spatial flux can be separated into axial and

radial (x,y) components was verified to be accurate by performing two 3-dimen-

sional calculations. The 3-dimensiona) models were of the damaged core shown
in Figure 3 with and without control rods in the undamaged region. The
comparison of Kiff results and the relative axial power profile results for

the 3-dimensional and 1-dimensional PDQs are shown below:

-3 <
Babcock & Wilcox



Control Rods Withdrawn 1-Dimensional 3-Dimensional

Kefs .987 .987
Undamaged RPD .174 171
Batch-3 RPD 3.793 3.808
Damaged RPD 1.065 1.061
Control Rod Inserted

Kets .985 .985
Undamaged RPD .145 .142
Batch-3 RPD 3.814 3.824
Damaged RPD 1.108 . 1.107

(RPD §s the Relative Power Density)

The excellent agreement between the 3-dimensional and 1-dimensional results
verifies that the procedures for including the radial bucklings and spatfally
weighted cross sections are valid. The agreement shows that the sultiplica-
tion factor is not biased by the approximation of separable axfal and radfal
fluxes.

The 1-dimensional, 2-group PDQ employed cross sections for the damaged
fuel regions and the reflector regions that were obtained from WULIF calcula-
tions of each respective region. Thus, the sultigroup spectrum in each region
was not influenced by the spectrum in the adjacent regions. This was also
true in the undamaged fuel region. However, in the undamaged fuel region, a
2-dimensional radial (x,y) POQ calculation was employed to obtain the radfal
flux weighting for the cross sections.
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The procedures for obtaining the radially weighted cross sections and
bucklings for each axial region are known to be accurate. The accuracy has
been deconstrated with benchmarks of representative critical experiments.
However, the axial coupling of each region within the damaged core model with
8 2-group diffusion theory method 1s not benchmarked. Consequently, 13-group
diffusion theory (Sz) and transport theory (Sa) calculations were performed on
the 1-dimensional core model. These 13-group calculations were performed with
the ANISN code and the results compared to the 2-group PDQ results. This

comparison §s shown below.

Ketf
13-group S2 ANISN 1.0088
2-group PDQ 1.0069

These 1-dimensional models did not have any radial bucklings, nor burnup
effects. In all cases, the cross sections for each fuel and reflector region
came directly from NULIF.

The results indicate that diffusion theory is completely adequate to
solve for the spatfal fluxes. This is deconstrated by the nearly fdentical
results of the 52 (diffusion theory) and S8 (transport theory) ANISNs.

The results further indicate that the assumption of no spectral interaction
between regions {s very accurate, introducing only a .002 LIy difference
between 2 and 13 groups. This small difference has been conservatively

applied to the 2-group PDQ model by increasing xeff by .002 axeff.



Appendix E
Reactivity Margin -

The results show the worst case model of the heavy load drop accident
will be 1.0%48p subcritical. However, the degree of conservatism in the model
is an important consideration to be reviewed when assessing the adequacy of
this shutdown margin. The worst case model ensures an adequate margin of
safety 1f 1t is much more reactive than a model with sore realistic assump-
tions. To 1llustrate the conservatisms in the Beavy load drop accident model,
five of the credible assumptions having the largest reactivity effects have
been reassessed. The following table shows the approximate reduction in leff
as a result of changing the parameters associated in each assusption to more

probable values.

Reactivity Effects of More Probable Conditions
8Kors Reduction

1) Model Configuration .009
2) Random Particle Size! 007
3) Random Particle Arnngennt‘ .015
4) Structural Material Mixed With Fuel Debris? .005
S) 3700 ppm Boron .008

Total 044

Worst Case Keff e ,988
More Probable K.ff = a4

- 35 <



The explanation of the more probable conditions for each of the above

parameters is given in the following paragraphs.

1)

2)

3)

Model Configuration - The criticality model for the heavy load drop
accident (Figure 3) has ensured any uncertainties associated with the
composition or location of the batch-3 fuel are conservatively treated by
sandwiching batch-3 between the undamaged fuel and the damaged batch 1 and
2 fuel. The more credible scenario is represented by Figure 2 where the
batch-3 fuel collapses on top of the existing damaged fuel. The model in

Figure 2 is .9% 8K, ¢¢ less reactive than the worst case sodel,

Distribution of Particle Sizes - It s not realistic to assume that the
fuel particles in the core are solid pellets sfnce during power operation
the pellets crack. A more reasonable assumption is that the particles
have a random distribution of sizes. This distribution will have an
average reactivity affect that can be determined from Reference 4. The

reactivity decrease will be more than .7% AKeff.

Particle Arrangement - The collection of fuel particles cannot possibly be
stacked end on end such as cylindrical pellets in fuel rods. A reasonable
assumption is that the particles will collect {n a random arrangement.
Such a random distribution allows the ends of the cylindrical particles to
be exposed to the moderator thus decreasing their reactivity by
approximately 1.5% AK.ff.




4) Structural Materfal - The structural saterial was not included in the
calculations of the most reactive conditions because it always reduces
reactivity. Realistically however, the zircaloy cladding, inconel grids,
and other structural components will be in the core region in approxi-
mately the same proportion to the fuel as before the accident. Including
the cladding and grids in with the fuel and moderator decreases reactivity

by .5% a'%".

5) Actual Boron Concentration - Measured data indicates that at least 3700
ppm boron is in the reactor coolant system. Thérefon. the_assumd boron
concentration of 3500 ppm used in the most reactive model could be
realistically increased by 200 ppm. This additional boron is worth .8%
u,." in reactivity.

The total reactivity worth of these five changes to more probable
conditions 1s a .0443 8Kors decrease in reactivity. Consequently, while the
worst cise model gives a K." of .988, the more realistic value of v\" is
less than .944. However, the worst case approach is the only basis for
ensuring the probability of a criticality event is negligible.




