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1 INTRODUCTION

Technetium-99m (%*™Tc) is the most commonly used medical isotope today, accounting for about
50,000 medical imaging procedures daily in the United States [Whipple 2009]. **"Tc is known to
be very accurately penetrating into human body, efficiently detected by scintillation instruments,
low residual dose to a patient owing to a short half-life (6.01 hours) and flexible in fabricating
various tracers depending on diagnostic use. ®**Mo is a unique mother isotope of " T¢ that decays
to 9mTc by B-emission, becomes *°Tc by isomeric transition and stabilizes to °Ru. **Mo can be
produced through neutron capture reaction of Mo. However, the specific activity of the product is
very low because of a small cross section of (n,y) reaction. On the other hand, nuclear fission is
known to be a more favorable method, which provides a high specific activity and massive
production, although it requires radioactive waste treatment of all the fission products and
actinides.

Due to the expected shortage of ®*Mo supply, National Nuclear Security Administration (NNSA)
announced a funding opportunity entitled “Low Enriched Uranium (LEU) fission target technology
and accelerator technology for demonstration and full-scale production of a reliable, domestic
supply of Molybdenum-99 without the use of Highly Enriched Uranium (HEU).” Based on the
projected demand of ®Mo, the technology is required to produce 3,000 6-day curies of **Mo per
week, steady state, defined as greater or equal to 48 weeks per year.

1.1 Scope of Work

The Nuclear Design Report (NDR) describes physics design analysis results of the target rod (or
pin)/assembly for ®®Mo production. Multiple target rods (i.e., assembly) are used as a component
of Reactor-based Mo-99 Supply System (RB-MSS) that produces Mo via nuclear reactions. The
target rods have been specifically designed to be loaded in the reflector region of University of
Missouri Research Reactor (MURR).

The physics analyses have been conducted to determine target assembly configuration, target
rod and pellet sizes, pellet enrichment, criticality, power distribution and Mo production in
conjunction with thermal-mechanical and thermal-hydraulic design analyses. This report
describes nuclear performance of target assembly and its impact on MURR core performance.
This report shall be further used for:

e license amendment application to the United State Nuclear Regulatory Committee (U.S.
NRC),

e safety analysis of the target rod/assembily,

e radiation analysis of the target rod/assembly and

e selection of target rod/assembly operational schemes and performance analysis of Mo
production.
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1.2 Comparison of RB-MSS with Other System

The target rod uses LEU to produce *Mo as a fission product of nuclear reaction and is loaded
in the reflector region of MURR with its own cooling system. In order to understand design
specifications of RB-MSS target rod, a nuclear device which has similar characteristics, in terms
of its configuration and constituent materials, is reviewed and summarized here.

The Massachusetts Institute of Technology (MIT) Nuclear Research Reactor (MITR) fission
converter is a nuclear fission device of a higher intensity beam, designed to convert neutrons from
the MITR to neutrons with a fission spectrum. The fission converter consists of an array of up to
11 MITR fuel elements arranged on a fuel grid plate located in the fission converter tank. The
fission converter design was reviewed by NRC for several design parameters such as criticality,
power level and power distribution, which are summarized as follows:

e Subcriticality and self-sustaining chain reaction was evaluated by the Monte Carlo
N-Particle (MCNP) code [LANL 2003]. The estimated highest ke was 0.670, which is low
enough to preclude a criticality accident in the converter and is well below the limit
established for MITR fuel storage racks (ke < 0.90). The highest reactivity due to the
converter operation is 0.00125 Ak/k, which is within the limit established for the MITR for
a movable experiment with a limit of 0.002 Ak/k.

¢ The highest power level of the fission converter is 251 kW(t) or 316 kW(t) depending on
placement of the aluminum block when the reactor power level is 10 MW(t). The licensed
power level of MITR is 6 MW(t).

e The hot channel factor of the fission converter was estimated by MCNP under the
assumption that all power is deposited in the fuel region. The technical specification
requires that the nuclear hot channel factor not exceed 1.53 for the fresh fuel condition to
satisfy the safety limits and the limiting safety system settings.

The evaluation concluded that the fission converter facility is a complex experimental facility but
it is a subcritical array of fuel and cannot maintain a self-supporting chain reaction like a reactor.
In addition, similar to the RB-MSS target assembly, the fission converter cannot perform its
irradiation function without the MITR operation. The conclusions were based on acceptance
criteria that are stated in several documents, such as NUREG-1537, "Guidelines for Preparing
and Reviewing Applications for the Licensing of Non-Power Reactors," and American National
Standard ANSI/ANS-15.1-1990, "The Development of Technical Specifications for Research
Reactors" (ANS-1 5.1) as applied to experiments [NRC 1999].
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1.3 Physics Design and Analysis Methods

The starting point of the physics design is to collect relevant details of engineering design of the
target rod, which includes size of the rod, number of target rods, operating conditions, material
selection, etc. General Atomics (GA) has conducted independent studies on RB-MSS for various
reactor types and target rod/assembly concepts, and narrowed down to a feasible target
rod/assembly concept specifically for MURR [Choi 2011, Choi 2015a]. The basic method and
computer codes used for physics design are outlined.

1.3.1 Criticality and neutron flux calculation

The physics calculations are conducted by the Monte Carlo code MCNP6 using Evaluated
Nuclear Data File (ENDF)/B-VII.1 [Parsons 2012, Conlin 2013] to obtain eigenvalue and neutron
flux distribution. The MCNP6 calculations also generate fission energy deposition averaged over
a cell (F7 tally) which are used to obtain the driver fuel and target assembly power. Neutron flux
averaged over a cell (F4 tally) is used to obtain isotopic cross sections of 235U, 238U, 23°Py and
%Mo using tally multiplier for individual segment of the target rod, i.e., pellet. For the physics
calculations, 100 million active source histories (10,000x10,000) are used, which gives a standard
deviation (10) of eigenvalue less than 0.01%.

1.3.2 Depletion calculation

Depletion calculation of the target assembly is conducted by the MCNP-ORIGEN Depletion
Program (MCODE) [Xu 2006], which is an open source linkage-program for combining MCNP6
and the one-group depletion code ORIGEN2 [Croff 1980]. In this coupled simulation, MCNP6
generates neutron flux distribution and cross section tables for the target materials, while the
ORIGEN2 code performs the depletion calculation using its full burnup chain and the MCNP6
results, followed by updating target materials consistent with MCNP6 format and repeating this
process for multiple depletion steps. It is known that the standalone ORIGEN2 calculation has
limited applications because of its cross section library generated for conventional Light Water
Reactor (LWR) fuel lattice and burnup [NRC 1997]. The MCNP-ORIGEN coupling enables
consistent use of the MCNP cross section data for the depletion calculation with much less
computing time when compared to a stand-alone MCNP6 burnup calculation.

1.3.3 %Mo production calculation

The **Mo production is calculated analytically by the Bateman equation using microscopic cross
sections (capture and fission) obtained from MCNPG6. In the analytic equation, the variation of
%Mo number density is represented by its production and loss rate, where the production includes
fission yields from all actinides while the loss includes decay and neutron capture. The detailed
equations are provided in Section 2.4.3.
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2 PHYSICS DESIGN REQUIREMENTS

The physics design requirements of the target rod/assembly are different from those of
commercial or research reactor fuels. However, there are also similarities between these systems
such that both systems use nuclear materials to maintain fission reactions and they should satisfy
safety limits during normal and transient operations. The system design requirements are driven
from system functions which are as follows:

e The target rods produce Mo and other desired fission product isotopes at the required
rate when subject to neutron irradiation from in the graphite reflector region of the MURR
core.

e The target rods maintain the pellet configuration such that the target rod/assembly is safely
sub-critical by itself and such that the coupled target rod/assembly and MURR core are
safely controllable by the MURR reactivity control system.

2.1 Design Requirements

The RB-MSS shall use two graphite reflector positions of the MURR for target rod loading to meet
the performance production goal. The maximum allowable 25U enrichment of the target material
is 19.75 wt%. Before the commercial operation of RB-MSS, prototype target assemblies will be
irradiated to demonstrate the **Mo production process and integrity of the target rod. The ultimate
design goals of RB-MSS are:

e The commercial operation shall be capable of delivering 3,000 6-day curies (defined as
number of curies 6 days after production) of ®*“Mo per week in a steady-state mode, given
operation of MURR at 10 MW(t) for 152 consecutive hours before shutdown for 16 hours
per week.

e The prototype operation shall provide 1,500 6-day curies per week.

The physics design and analysis of the target assembly includes evaluation of the target assembly
and MURR core performance as summarized below.

2.1.1 Nominal flux and power distribution of the core

The nominal power of the MURR core is 10 MW(t) with and without target rod loading. Because
the target assembly loading in the reflector region affects the nominal power distribution of the
MURR core, the perturbation of the neutron flux and power distribution shall be evaluated and
shown to acceptable within the MURR operating limits. The limiting operating conditions of the
target assembly in terms of the peak linear power and total power shall be used for the cooling
system design and safety analysis of the target assembly system.
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2.1.2 Reactivity effect due to target rod loading

The reactivity effects due to target assembly loading as a result of postulated accident conditions
shall be estimated, which is necessary to evaluate the performance of existing control/safety
system. The reactivity effects that should be known for representative core conditions are the fuel
temperature coefficient of reactivity, coolant temperature coefficient of reactivity, coolant density
effect (partial and full voiding), sub-criticality of the target rods, and reactivity insertion due to
target rod loading. The requirements of the reactivity effect are specified in MURR Technical
Specifications 3.1, 3.2, 3.8, and 5.3 which are described in Section 2.2.

21.3 Target rod burnup and management

The base target operating scheme is || | | JEEEII fu!' power continuous irradiation in two
reflector positions. Depending on the **Mo demand, the irradiation time could be either shortened
or extended. Detailed (pellet-wise) power distribution and burnup of the target rod shall be
estimated and used for thermal/mechanical analysis of the target rod.

2.1.4 Reactivity control system

The static reactivity worth of the control rods (blades) must be adequate to permit the power to
be quickly adjusted to the desired value even with the target assembly loading. The static
reactivity insertion characteristics of the control rods shall be estimated. From the safety view
point, the dynamic reactivity and dynamic power transients following a reactor trip in response to
reactivity excursion are more important. These transients shall be calculated in the Safety
Analysis.

2.2 MURR Technical Specifications

MURR Technical Specifications describe the reactivity condition of the reactor and the reactivity
worth of control blades and experiments to assure that the reactor can be shut down at all times
and to assure that the reactor core safety limits will not be exceeded [MURR 2006]. The limiting
conditions for operation, including reactivity limitations, are summarized below.

(3.1.a) The reactor core excess reactivity above reference core condition shall not exceed
0.098 Ak/k. Here, Technical Specification 1.27 defines the reference core condition
as the condition of the core when it is at ambient temperature (cold) and the
reactivity worth of xenon is negligible (< 0.002 Ak/k).

(3.1.b) The reactor shall be subcritical by a margin of at least 0.02 Ak/k with the most
reactive shim blade and the regulating blade in the fully withdrawn positions.

(3.2.d) The maximum rate of reactivity insertion for the regulating blade shall not exceed
1.5x10* Ak/k/sec.
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(3.2.e) The maximum rate of reactivity insertion for the four (4) shim blades operating
simultaneously shall not exceed 3.0x10* Ak/k/sec.

(3.8.a) The absolute value of the reactivity worth of each secured removable experiment
shall be limited to 0.006 Ak/k.

(3.8.b) The absolute value of the reactivity worth of all experiments in the center test hole
shall be limited to 0.006 Ak/k.

(3.8.c) Each movable experiment or the movable parts of any individual experiment shall
have a maximum absolute reactivity worth of 0.001 Ak/k.

(3.8.d) The absolute value of the reactivity worth of each unsecured experiment shall be
limited to 0.0025 Ak/k.

(3.8.e) The absolute value of the reactivity worth of all unsecured experiments which are in
the reactor shall be limited to 0.006 Ak/k.

(56.3.a) The average reactor core temperature coefficient of reactivity shall be more negative
than -6.0x10-5 Ak/k/°F (-1.08x10 (Ak/k)/°C).

(5.3.b) The average core void coefficient of reactivity shall be more negative than -2.0x103
Ak/k/% void.

(5.3.d) The regulating blade total reactivity worth shall be a maximum of 6.0x10% Ak/k.
Technical Specification 1.35 defines the secured experiments as follows:

“A secured experiment is any experiment which is rigidly held in place by mechanical means with
sufficient restraint to withstand any anticipated forces to which the experiment might be subjected
to.”

Considering the mechanical structure of the target rods and assemblies of RB-MSS and duration
of irradiation in the reactor system, the technical demonstration of RB-MSS has been categorized
as a “secured experiment”. Therefore, Technical Specifications (3.2.e) and (3.8.b) to (3.8.e) are
not relevant to the nuclear design analysis of the target rod/assembly.

2.3 Physics Design and Analysis Model

MURR is a pressurized, reflected, open pool-type, light water moderated and cooled,
heterogeneous system designed for operation at a maximum steady-state power level of 10
MW(t). The MURR core consists of eight fuel elements, each having identical physical
dimensions. The main chamber of the MURR is shown in Figure 2-1. Staffs of MURR and GA
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agreed to use “MURR2015 reflector development MCNP model’, dated 2/4/2015, as the

reference MCNP model of the MURR core for the target assembly design and safety analysis [GA
2015].

Figure 2-1. MURR main chamber

2.3.1 MURR reference core model

The MURR2015 model describes reactor core and associated facilities that incorporate detailed
control blade (CB) geometry and graphite reflectors. The model was established for use in MCNP
calculations to obtain the flux profiles and for further use in determining the thermal-hydraulic
behavior of the MURR core during upset and accident conditions. In this model, the north-south
plane is offset 22.5 degrees clock-wise to facilitate modeling of the individual MURR fuel
elements. All annotated descriptions are with respect to this offset axis. Elements of a typical
mixed fuel MURR core are considered in this model, i.e., fuel burnup is considered. Also
considered are CB age, beryllium (Be) reflector age, reduced water density, and component
temperatures. The coolant and pool water densities are 0.98622 and 0.99254 g/cm?3, respectively.
The horizontal and vertical layouts are shown in Figure 2-2 [McKibben 2006].

The current HEU fuel elements are placed vertically around an annulus between two cylindrical
aluminum reactor pressure vessels. The fuel element has 24 curved plates that form a 45-degree
arc. The fuel plates are 0.127 cm (0.050 inches) thick. The fuel meat is 0.0508 cm (0.02 inches)
thick in each plate and consists of UAI, aluminide fuel containing uranium with a 235U enrichment
of ~93%. The fuel plates are clad with 0.0381 cm (0.015 inches) of Al-6061 aluminum. The fuel
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plates are 64.77 cm (25.5 inches) long, with an active fuel meat length of 60.96 cm (24 inches).
The plate and meat width varies by plate with each plate having two unfueled edges that are each

0.3683 cm (0.145 inches) wide.
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Figure 2-2. MURR core layout

2.3.1.1 Core configuration

The MURR core has a fixed geometry consisting of eight fuel elements, each having identical
physical dimensions. The fuel elements are placed vertically around an annulus between two
cylindrical aluminum reactor pressure vessels. Cross-sectional views of the MURR reactor core,
control blades, reflector, and experimental holes are shown in Figure 2-3.

MURR is currently licensed for a maximum core power of 10 MW(t). This power level provides
neutron flux levels in the center flux trap and irradiation positions in the graphite reflector to enable
MURR to fulfill its mission of providing experimental and irradiation services to a variety of users.
The RB-MSS will install two target assemblies in wedge L (reflector 5A) and N (reflector 5B).
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Figure 2-3. MURR map for fuel elements and reflector regions
2.3.1.2 Driver fuel element loading pattern

MURR operates continuously with the exception of a weekly scheduled shutdown. The averaged
operation time is approximately 6.33 days (152 hours) per week at full power. A core loading will
always consist of four different pairs of elements, with the two elements of each pair loaded
opposite of each other in the core. Elements are loaded at beginning-of-cycle (BOC) under xenon-
free conditions. Previously irradiated elements are kept in the storage baskets for two or three
weeks before being reused in the reactor to allow for decay of the '*Xe. Typically a fuel element
will be used in 18 to 20 different core loadings before being retired from the fuel cycle with an
average discharge burnup of ~150 Megawatt days (MWd).

Fresh elements are always loaded in core positions F1 or F5. In subsequent cycles, an element
will usually be alternated between the two positions (i.e., loaded in first in position F1, then in
position F5, etc.). The elements will typically be re-loaded in either of these two positions about 4
or 5 times before being transitioned to positions F3/F7 of the core. After 4 or 5 cycles in the F3/F7
positions, the element is alternated between the F2/F6 positions, and then finally discharged from
either the F4/F8 position [Stillman 2013].




Attachment 6

MO-99 Target Assembly Nuclear Design for Once-Through Operation 30441R00031/C

Table 2-1 shows the average, minimum, and maximum fuel burnup of the core, which are used
for the target design and analysis. The average total core burnup in the equilibrium cycles is
roughly 600 MWd. The average burnup of the fuel element is lowest in the F1/F5 positions,
followed by F3/F7, F2/F6, and F4/F8. An extreme burnup core concept is also used to represent
a core loading pattern that could create the worst power peaking in both the driver and target
assemblies. This was a near-maximum burnup core with a fresh and a to-be-discharged element
adjacent to each other in the F1 and F8 positions (and F5 and F4), respectively.

Table 2-1. Definition of MURR core burnup

Extreme Minimum Average Maximum
Driver fuel burnup core burnup core burnup core burnup core
<core_ext> <core_min> <core_avg> <core_max>
Xenon Clean Clean Equilibrium Equilibrium
F1 0 0 19 3
F2 117 20 92 122
F3 67 18 60 68
F4 142 142 130 145
F5 0 0 19 .
F6 197 20 92 123
F7 67 18 60 68
F8 142 142 130 144
Core total (MWd) 652 360 600 676

2.3.1.3 Control blade position

Four CBs and one regulating rod are partially inserted in the core during normal operation. The
CB position is affected by the driver fuel depletion, CB absorber material depletion, and
degradation of reflector material. Figure 2-4 shows a typical estimated critical position (ECP) of
CB (tip distance from fully-inserted CB tip position) during full power operation. The ECP was
generated for Core 14-03 and Core 14-37 in 2014 for the aged and fresh beryllium reflector,
respectively. For the typical operation cycle of MURR core, the control blade reaches its
equilibrium height about 48 hours (Day-2 state) after startup and slowly withdraws until the end
of cycle (EOC).

During 2014 — 2015 operation, the lowest startup and highest shutdown critical position was
recorded at CB position of 32.69 cm and 61.6 cm, respectively [Peters 2016]. These two CB
positions are used as bounding values that include various reactor perturbations such as Be
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reflector installation, CB replacement and experimental loading/unloading. Figure 2-5 shows CB

movement during 19-month operation in 2014 and 2015. The average CB age during this pefiod
is 4.7 to 5.7 years.
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Figure 2-4. Typical MURR control blade travel during full power operation
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2.3.2 Target assembly loading analysis

The loading pattern of target rod is to place two sets of 11-rod assembly side-by-side in the
graphite reflector 5A and 5B positions of the MURR, shown in Figure 2-6, which are equivalent to
Wedge L and N in Figure 2-3. The target assembly loading position was systematically searched
such that the peak linear power of the target rod and total target assembly power are within the
design limits of the critical heat flux ratio (CHFR) and cooling capability in case of loss of flow
accident (LOFA), recommended by the thermal-hydraulic design and safety analysis [Chiger
2016; Bolin 2016].

Figure 2-6. MCNP6 physics model for the target assembly loading pattern

In order to accommodate the neutron flux (power) variations of the target due to MURR operating
conditions, the analyses of the target loading pattern are conducted as follows:

e Four core burnup states are used to determine CB bounding positions and to assess the
core and target assembly performance.

e The core and target assembly performance is evaluated for both the non-critical and
critical core conditions according to the CB insertion.

e For all core states, it is assumed that the target material is fresh without impurities to
conservatively estimate the target power from the safety analysis view point.
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24

2.41

It is assumed that the Be reflector is fresh to create a higher neutron flux in the target
assembly.

It is assumed that the CB age is tilted such that A & D are fresh and B & C are 8-years
old to create a higher power peaking in the target assembly.

It is assumed that the CB tip position is tilted such that the tip position of B & C is higher
than that of A & D by 2.54 cm to create higher power peaking in the target assembly.

The central flux trap is loaded with sample materials to the maximum reactivity during
the operation.

All the experimental holes are plugged with aluminum and silicon for smaller (Inner
diameter (ID) < 2.54 cm) and larger holes (ID > 2.54 cm), respectively.

Physics Design Computer Codes

MCNP6 model

MCNP6 is a general-purpose Monte Carlo transport code. A variety of nuclear data libraries have
been generated for the continuous energy, discrete, multi-group, thermal and dosimetry neutron
data [Goorley 2013a; Goorley 2013b]. MCNP6 is used for criticality and neutron flux calculations.
In the MURR2015 model, all driver fuel plates are explicitly modeled for fuel meat and cladding
of 24x8 fuel plates. The MCNP6 model is briefed as follows:

A total of 9077 cells and 1362 surfaces are used to construct the full core model.

Each driver fuel element is modeled by 24 plates with 24 axial numerical meshes. Two
axial meshes are grouped into a single material mesh. A total of 2304 materials are defined
for the driver fuel.

The fuel composition have been generated through Argonne National laboratory (ANL)-
MURR MCNP model development program of the MURR HEU fuel cycle [Stillman 2012].
The fuel composition consists of 234U, 235(, 236, 238, 237Np, 238pPy, 239pPy, 240py, 241py,
242py, 241Am, 135, 135Xe, 149Pm, and '*°Sm and a lumped fission product, which have been
obtained by WIMS-ANL [Hanan 1998; Deen 2003; Dionne 2008] and REBUS-3 [Olson
2001] code.

Each CB (A, B, C and D) is segmented into 292 material zones, resulting a total of
1168 materials.

Be reflector is modeled by 15 materials (all are fresh).
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e All beam tubes, flux trap and experimental holes are explicitly modeled.

e The MCNP6 KCODE option is used for the criticality calculation. A total of 100 million
active particles are run for each core simulation.

Validation of MCNP code for predicting critical CB position of MURR was conducted for
unscheduled shutdown cores after normal operation as described in Sections 6.1 and 6.2. The
deviations between the predictions and actual CB heights are less than 1.0% [Peters 2013]. The
validation of CB depletion model was also conducted for a 620 MWD MURR core. The error of
core criticality was reduced from 1.1% to 0.41% when the CB depletion model is applied [Peters
2012b]. Additional benchmark test of MCNP6 summarized in Section 6.3 is a criticality calculation
of the Advanced Test Reactor (ATR), of which the fuel type, reflector, and coolant are similar to
those of MURR, i.e., HEU aluminide fuel, beryllium reflector, and light water coolant [Kim 2005].
The simulation predicts the criticality of the core within 0.2%Ak.

2.4.2 MCODE and ORIGEN2 model

MCODE, as described in Section 1.3.2, is an open source linkage-program for combining MCNP6
and ORIGEN2. The ORIGENZ code calculates the buildup, decay, and processing of radioactive
materials, using the exponential matrix method to solve a large system of coupled linear first-
order ordinary differential equations. In this coupled simulation,

e MCNP6 calculates neutron flux distribution and generates cross section tables for the
target materials. Each target rod is divided into 50 numerical meshes in the axial direction,
while 5 distinct materials are defined vertically for each assembly.

o ORIGEN2 performs the depletion calculation for 10 target materials using its full burnup
chain and the cross sections from the MCNP6. The constant neutron flux depletion model
is used with time steps automatically selected by the code.

e The target material compositions are updated and fed into MCNP6 for the new flux
calculation. The process is repeated for multiple depletion steps.

2.4.3 Analytic formulation of Mo-99 production

The Mo production is calculated analytically by Bateman equation [Bateman 1910] using
microscopic cross sections (capture and fission) obtained from MCNPG. In the analytic equation,
the variation of nuclide number density is represented by its production and loss rate. For
example, the 235U, 238U, and 2°Pu number densities can be written as follows:

5
dg: = -o°N°o (2-1)
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8
dN — otNce (2-2)
dt
9
% =oNep - o°N°% (2-3)

where ¢, 0%, 0}, and o} are 25U, 238U, 29Pu absorption cross sections and 238U capture cross

section, respectively. Then the number densities at time t under neutron flux ¢ will be as follows:

N® =N exp(- o;0t) (2-4)
N® =N exp(- 0 ;0t) (2-5)
9 — N? 9 of a2 W St i 2.6
N® =NSexp(-apt) + NS ~ g exp(-o°pt) - exp(-apt) (2-6)

2.4.3.1 Estimation of Mo number density

The %Mo number density (N™) in the target pellets during the irradiation period is a balance
between Mo production from the fission reactions and the loss due to decay and transmutation
as follows:

dN™
dt

=y o N°@+y2 0 N%@ + YO N°@- (A, + oT@)N™ (2-7)

where y°, y8,and y° are ®®Mo cumulative yields of 25U (0.06008), 23U (0.06139), and #°Pu
(0.05982), respectively. The cumulative yield was obtained from Japanese Evaluated Nuclear
Data Library (JENDL)-3 instantaneous fission yield [Nakagawa 2003]. A_ is a decay constant of

®Mo (2.92x10%/sec). of, o, of, and ¢" are 2*°U, 28U, 2°Pu fission cross section and *Mo

absorption cross section, respectively.

After irradiation, target pins are cooled and sent to the collection system for Mo extraction. When
extraction starts, the balance of collected **Mo number density (N°) is written in terms of collection
efficiency () and decay:

d(; =EN™ - A, N° (2-8)

The verification test of the analytical model has been conducted by ORIGEN2.2 code as
summarized in Section 6.4, where the prediction error of Mo number density is 0.07% and 0.2%
for the target assembly and collection system, respectively [Choi 2015b].
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2.4.3.2 Operation scheme of ®*Mo supply system

The target pins are continuously irradiated for || . The system will shut down
when the MURR is shut down for 16 hours. The **Mo production process includes several steps
until the final product (**Mo) is delivered to the end-user in an appropriate physical form. The best
estimate of process efficiency (or yield) and process time of each step are summarized in Table
2-3 and Table 2-3, respectively, for the cooling after irradiation, voloxidation for extraction,
purification, etc.

Volatilization process for separating of ®*Mo from the irradiated uranium is a known process, which
converts irradiated uranium pellet into powdered Us;Og [Motojima 1977]. The oxidation process
completely changes the physical form from pellets to powder. The crystal structure also changes,
which promotes the release of fission products kept within the crystal of uranium dioxide. To
improve the efficiency of Mo extraction, a process gas (-) is used, which produces
B corlier experiments by Rosenbaum et al. [Rosenbaum 1978] have shown the
Molybdenum release rate of 99% by weight without using [l gas. when the molybdenum
content in the pellet is greater than ~300 part per million (ppm). Considering that the process
efficiency also depends on the process condition such as temperature and pressure, the collection
efficiency of [l is used in this analysis.

Table 2-2. Nominal process yield of **Mo production

Process Efficiency

Collection cell process

5a, d,
e f

5a, d,
e, f

Extraction cell process

Nordion purification process

5a, d,
e, f

Nordion packaging

Overall efficiency

Table 2-3. Nominal process time of ®*Mo production

Process Time (hours)

Cooling after shutdown |

Transportation to collection cell and process

Extraction and shipping preparation

Shipping to Nordion

53, d,
e, f

Nordion packaging and shipping to customer

E
E
E
Nordion purification process E
7
i <4

Six-day delay to customer

Overall reduction factor due to process time -
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3 DETERMINATION OF TARGET LOADING PATTERN

A single target assembly consists of 11 target rods, which are similar to LWR fuel rods except
that the diameter and height of the target rod are much smaller than those of the conventional
LWR fuel rod. In order to facilitate target assembly loading/unloading and mechanically stabilize
the target rods during irradiation, the thermal/mechanical design implemented several supporting
and cooling fixtures around the target rods as shown in Figure 3-1. From the neutronics design
view point, the whole target assembly structure can be divided into:

1) Target rods including UO, pellets, cladding, top and bottom end-plugs, and a spacer
spring.

2) A cassette that forms a flow channel for target rods, along with top and bottom locking
fixture.

3) Aluminum container that provides a coolant flow path.

4) Stainless steel lower water plenum under the target assembly.

5a, d,
e, f
Waterinlet
(AI6061)
5a, d,
e f

Target
housing
(AI6061)

\ Target housing

lower plenum
(SST316L)

Figure 3-1. Target assembly schematic
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Current target assembly design has been established through a series of scoping calculations,
which include %Mo production capability, power distribution and temperature distribution
[Choi 2015a]. The design parameters considered during the scoping studies are:

e Target pellet diameter and cladding thickness to estimate the target rod temperature
distribution.

e Solid and annular pellet geometry to control peak pellet temperature.

e Active target rod height to increase the **Mo production rate.

e Variable rod pitches to improve neutron utilization.

¢ Number of target rods and loading position in the reflector region.

¢ Reflector material around the target assembly such as graphite, beryllium, and water.
¢ Axial reflector material of the target rod such as uranium, beryllium and graphite.

e Structural materials such as stainless steel and aluminum to enhance a higher mechanical
strength as well as neutron economy.

3.1 Target Rod Model Description

Preliminary investigations of the thermal, mechanical, neutronic performance and manufacturing
of the target rod recommended that:

e Use a single enrichment and the same dimensions for all target pellets.

e Solid pellets are preferred. The pellet diameter and pellet-cladding gap are kept small with
a thin cladding to accommodate high power density.

e Minimize the use of metal around the target rods to promote thermal neutron population.
Aluminum is used as the structural material.

e Use water instead of graphite or beryllium as the moderator.

¢ Remove top and bottom reflector but keep the spacer spring to minimize the solid waste
from the **Mo collection process.

18
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3.1.1 Target assembly dimensions

Target assembly physical dimensions and materials are summarized in Table 3-1, Table 3-2 and
Table 3-3 for the pellet, target rod and target assembly, respectively. The target pellet has dishes
and chamfers to reduce the mechanical interaction between the pellet and cladding. Because the
pellet is modeled as a solid cylinder in the physics analysis, effective isotopic number densities
are used for the pellet composition. It should also be noted that the target rod full height is slightly
different from actual height (67.32 cm) in the numerical model.

Table 3-1. Pellet parameters (cold dimensions)

Pellet material uo;

Pellet density (%) 95

Pellet 225U enrichment range (wt%) 19.75

Pellet diameter (cm) 0.5

Pellet height (cm) 0.6

Dish height (cm) 0.012

Shoulder width (cm) 0.031

Chamfer height (cm) 0.008

Chamfer width 0.024

Pellet surface roughness (cm) 1.0x10* |

Table 3-2. Target rod parameters (cold dimensions)

Target rod full height (cm) 67.22
Target rod active height (cm) 60
Cladding material Zircaloy-4 (Zirc-4)
Cladding thickness (cm) 0.05
Cladding surface roughness (cm) 1.0x104
Gap fill material Helium

Gap width (cm) 0.005
End-plug material Zirc-4
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Table 3-3. Target assembly parameters
Targetrod | Number of rods 11
Number of coolant holes 11 (connected)
Coolant hole pitch (cm) 1.12
Coolant hole diameter, maximum (cm) 1.28
Coolant Coolant material water
channel Coolant density (g/cm?) 0.99339
Coolant flow rate (m/s) >5
Cassette material Aluminum 6061-T6
Cassette thickness, minimum (cm) 0.3
Structural material Aluminum 6061-T6
Top flange upper section (gram) 141.6
Suf;i)xgg:gng Top flange middle section (gram) 143.4
Top flange lower section (gram) 75.2
Cassette base plate (gram) 416.0

3.1.2 Material compositions

Table 3-4 and Table 3-5 summarize material compositions of uranium and structural materials
(Zircaloy-4, Aluminum 6061-T6 and stainless steel 316L) used for physics modeling. The uranium
data is from Y-12 standard specification of LEU [Parker 2015]. In the physics analysis, impurities
are not included to conservatively estimate the target power. The Zircaloy-4 specifications are
provided by a manufacturer [ATI 2016]. The aluminum and stainless steel data are from the
American Society of Mechanical Engineers (ASME) specifications [ASME 2011].

Table 3-4. Chemical specification of uranium metal

Element Units LEU

Uranium purity weight % 299.90

U-232 pg/gu <0.002

U-234 weight % <0.260

U-235 weight % 19.75+0.20

U-236 pg/gu <4,600

Total impurities pg/gu <1,000
Equivalent boron content (EBC) ppm <3.0
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Table 3-5. Chemical composition (wt%) of materials for physics model

Zircaloy-4 Aluminum Stainless Steel
Material type R60804 A96061 316L
Density (g/cm?) 6.56 2.7 8.03
Aluminum 96.68
Carbon 0.03
Chromium 0.1 0.195 17.0
Copper 0.275
Iron 0.21 0.7 66.395
Magnesium 1.0
Manganese 0.15 2.0
Molybdenum 2.5
Nickel 12.0
Oxygen 0.125
Phosphorus 0.045
Silicon 0.6 1.0
Sulfur 0.03
Tin 1.45
Titanium 0.15
Zinc 0.25
Zirconium 98.115
Total 100 100 100

3.1.3 Target assembly MCNP6 model

The MCNP6 model of the reference 11-rod target assembly is shown in Figure 3-2 at axial mid-
olenc: | e
B he horizontal view includes 11 target rods, coolant channel, cartridge, aluminum
housing and pool water. The vertical configuration of the target assembly and housing is shown
in Figure 3-4. The vertical view doesn’t show all the target rods, but it shows overall flow path
through the aluminum housing and stainless steel low plenum. Figure 3-5 and Figure 3-6 show
the horizontal and vertical views of target rod, respectively. The target pellet, cladding, pellet-
cladding gap and upper plenum are explicitly modeled. The target rod numbering is shown in
Figure 3-7, where target assemblies 1 and 2 reside in the MURR reflector 5A and 5B positions,
respectively.

The target assemblies have been embedded in the MURR core model as follows:

e 1000 cells are used to define target pellets. Two pellets are defined as a single cell. The
fuel gap, dish and chamfer voids are smeared into pellet.

T
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100 surfaces are used to define the pellet, cladding, coolant and other structure.

10 materials are used for target pellets. 10 materials are used to define other structure.

Channel
housing

Coolant water

Guide rail
Pool water

5a, d,
e, f

Figure 3-2. MCNP6 model of the reference target assembly at axial mid-plane

5a, d,

e, f

D]

B maaaaaa
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Top
flange
Chanp o Cartridge
housing
Neutron
shield
Coolant
water
Target
rod
Bottom
support
Coolant
plenum

Figure 3-4. Vertical view of the target assembly

Coolant
Cladding

Pellet

Figure 3-5. Horizontal view of the target rod model
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End plug

Plenum/spring

= 8

Pellet

1 Pellet
R

1
o T

1
& o

End plug

Figure 3-6. Vertical view of the target rod model

5a, d,
e, f

Figure 3-7. Target rod numbers and positions

3.2 Target Assembly Loading Pattern

The target assemblies are planned to be installed in reflector 5A and 5B positions as shown in
Figure 2-6. Depending on MURR operating condition, especially the CB insertion depth, the flux
level in the reflector region changes. In order to comply with the neutron flux variations and to
maintain the cooling capability of the target assembly, the power density of the target assembly
should be carefully determined by examining appropriate target rod positions (distance) from the

B maaaaaa
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core. The target power is typically peaked at the axial middle zone. In order to reduce the axial
power peaking and to increase the overall target power, a neutron shield is attached to the
cartridge.

3.2.1 Selection of bounding values for control blade position

The MURR core has a one-week operation cycle. During each cycle, the CB travels in and out of
core to compensate for excess reactivity of the fresh fuel and reactivity loss due to depletion. The
actual CB insertion depth depends on the driver fuel burnup, CB absorber material depletion,
reflector material degradation and any reactivity perturbations. Typically, the CB travels over 10
cm during first two days after startup, and then very slowly withdraws as fission products saturate.
The driver fuel also has two distinct states: clean fuel and equilibrium xenon.

The critical CB positions of the equilibrium core are summarized in Table 3-6 for the core with and
without target assemblies. When the target assemblies are loaded, CBs are inserted more deeply
into the core. The estimated additional CB insertion depth is 2 to 10 cm depending on the core
states. When these offset values are applied to the lowest and highest CB position during 2014-
2015 operation, the estimated lowest and highest critical CB position with a 2-target assembly
loading are 33.7 and 51.9 cm, respectively (given in Table 3-7). The CB offset values of
<core_min> and <core_avg> were applied to BOC and Day-2 cases, respectively, while that of
<core_max> was used for EOC CB position. Here, <core_max> doesn’t necessarily mean the
EOC state, but it at least considers burnup advancement of the core. In the actual simulation of
the core with target assemblies, the lowest CB position was further extended to 44, 40, 30 and 30
cm for the maximum, average, minimum and extreme burnup core, respectively.

Table 3-6. Critical control blade position

Extreme Minimum Average Maximum
burnup core | burnup core | burnup core | burnup core
<core_ref> | <core_min> | <core_avg> | <core_max>
Xenon state clean clean equilibrium equilibrium
Regulating rod (cm) 254 254 38.1 38.1
Critical CB position without 4167 35.09 59.87 65.0
target assembly
Critical CB pos.mon with 2 fresh 38.75 3275 52 89 5528
target assemblies
CB offset (cm) 2.92 2.34 6.98 9.72

Table 3-7. Expected control blade travelling range for target-loaded core

Recorded critical CB position
without target loading

Expected critical CB range with
target loading

T T T
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Lowest Highest Lowest Highest
BOC 36.6 42.6 33.7 39.6
Day-2 491 58.8 42.1 51.8
EOC 53.6 61.6 43.9 51.9

3.2.2 Selection of target rod position

The performance of the target assembly (i.e., ®*Mo production) depends on the target power which
is determined by the target uranium enrichment and neutron flux level (or position) in the reflector.
Table 3-8 shows a comparison of target performance for two different rod positions: rod number
6 center position at 1.5 and 2.1 cm from Be reflector water gap. The simulations have been
conducted with lowest CB position for 4 core burnup states to consider power peaking in the low
half of the core. The ®Mo production was estimated in terms of 6-day Curies per week for 2 target
assemblies which are irradiated for 1 week. It should be noted that the ®*Mo production is only
for sensitivity purposes, because the production rate is seriously over-estimated here due to CB
age and mechanical tilts.

The recommended upper limit of the peak linear power is [l from the thermal-hydraulic
design. Considering uncertainties associated with neutronics design (see Section 4.6), it has
been recommended to keep the peak linear power at [ lll. For the 4 core burnup states
with the lowest CB position, the lowest peak linear power of target rods at [l is | ENGzNGEG
while the highest peak linear power of target rods at [} cm is | NIl Therefore, an
intermediate distance has been chosen as the reference position for the target assembly loading,

i.e., [l from the Be reflector water gap (S from the core center).
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Table 3-8. Sensitivity to the target rod position (2 fresh target assemblies)

Rod position | Target power Peak linear | Mo-99 production
9y buemup state (cm) (kW) power (kW/m) | (6-day Cilweek)
Maximum with 15 [ ] i ot
equilibrium xenon 2.1 [ ] s
Average with 1.5 = | ] L
equilibrium xenon 2.1 R on [ 18 5a, d,
e f
Minimum without 1.5 [ ] [ [
21 - o L)
Extreme without 1.5 - [ ] B
21 - o o
323 I
5a, d,
e f
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Linear power (kW/m)

WENBGRE RN L . SR

Figure 3-8. Axial power distribution of the peak power rod for the maximum burnup core

Linear power (kW/m)

Rod number

Figure 3-9. Azimuthal power distribution of the peak power node for the maximum burnup core

B maaaaaa
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Figure 3-10. Axial power distribution of the peak power rod for the extreme burnup core
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Figure 3-11. Azimuthal power distribution of the peak power node for the extreme burnup core
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3.3 Target Assembly at Reference Position

The key performance parameters of the target assembly are summarized in Table 3-9 for target
assembly loading at the reference position (i.e., [ || from the core center). The weekly
%Mo production is given for two loading patterns: base and staggered. In case of the base

loading, two fresh target assemblies (22 rod total) || GcGcNGNGEEEEEEEEEEEEEE. o
the staggered loading, one target assembly (11 rod total) [ GczNEINININI'N"N5N5NE

Table 3-9. Reference target rod loading with critical CB position

Mo-99 production (6-day
Target power Peak linear Cilweek)

Core burnup state (kW) power (kW/m) Staggered

Base loading loading

Maximum with - -

equilibrium xenon

Average with
equilibrium xenon -
Minimum without
3 3. B2
Extreme without
Yy 32 £

4 PHYSICS PERFORMANCE OF TARGET ASSEMBLY
Definitions of Target Assembly Loading Pattern and Operation

The reference target assembly consists of 11 target rods, aluminum cartridge and stainless steel
shield. In addition to the base and staggered loading mentioned in Sec. 3.3, the target assembly
can also be partially loaded to comply with the demand. The target assembly loading patterns
and corresponding operating scenarios are summarized as follows:

»  Base loading [N

»  Staggered loading |
S T R W OO SN N AT

e Partial loading uses a reduced number of target rods (i.e., < 11 UO: filled rods per
assembly) and the operation scheme is the same as that of the base loading. Target rods

I
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are symmetrically loaded in from the center rod position, i.e., rod position 6 and 17 (see
Fig. 3-7).

Target Power and Mo Production

The °Mo production is calculated from the target power. For all the physics simulations, the target
power is calculated as follows:

The target pellet is fresh UO2 without impurities except for the staggered loading which
has one irradiated target assembly. The initial composition of the irradiated target
assembly doesn’t include impurities either.

The target assembly power is obtained by normalizing MURR core power to 10 MW
thermal. Specifically, F7 (fission energy deposition) tally of the MCNPG6 is used to edit the
MURR core and target assembly power.

The *Mo production calculation assumes that the neutron flux is constant throughout the
irradiation. This will results in an over-prediction of Mo production. The *Mo production
is estimated for the average burnup core which is the most probable core during normal
operation. Unlike core performance analysis, the Mo production calculations are
conducted with aged Be reflector and no CB age or mechanical tilt.

For the staggered loading, though the target power is calculated based on _

Evaluation of Target Assembly Performance and Core Characteristics

The performance of the target assembly and the associated MURR core characteristics have
been evaluated for the key physics parameters as follows:

criticality of the stand-alone target assembly;

core coupling impact between the target assembly and MURR core (reactivity and power);
core coefficients of reactivity and reactivity device worth;

neutron flux and power of the target assembly for different operation schemes;

effect of control blade movement on the target assembly performance;

uncertainties due to numerical simulation and manufacturing;

target material depletion and **Mo production.

T
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4.1 Target Assembly Criticality

i Conservative calculations of kes for two target assemblies were performed using the MURR core

‘ model by replacing the MURR driver fuel and cladding with water and assuming the control blades

‘ and regulating rod are completely withdrawn from the core. The calculated value of kef for the
target assemblies located in reflector 5A and 5B is 0.65868+0.00014 and 0.65870+0.00018,
respectively. When both 5A and 5B are loaded, the kes is 0.65875+0.00018, indicating that the
target assemblies will be subcritical with a large margin for uncertainty. The uncertainties are
given in 95% confidence level, i.e., 2 standard deviations (20).

4.2 Impact of Target Assembly Loading on MURR Core

Loading two target assemblies in the MURR reflector region causes perturbations in neutronics
and thermal performance of the MURR core as follows:

¢ The MURR core excess reactivity will increase, which will be compensated by the reactivity
control devices

e The neutron flux and power of the adjacent F5 fuel elements will increase even though the
total MURR driver fuel power is maintained at 10 MW.

e The thermal power generated by the target assemblies won't affect the MURR core cooling
capability. The heat flow from the target assembly to the MURR pool will be negligible (i.e., £
20 kW).

4.2.1 Reactivity insertion due to target assembly loading

The reactivity insertion due to target assembly loading is summarized in Table 4-1. The reactivity
worth was calculated by replacing the water in the target assembly cartridge with fresh, cold target
rods. Under the hot operating condition, the reactivity insertion due to a single assembly loading
is less than 0.31% Ak/k. The maximum reactivity insertion due to hot target rod is the same as
that of the cold target rod for all core burnup states.
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Table 4-1. Kesr and reactivity insertion values for single target assembly

5A/5B fully SA/SB with Target in 5A Target in 5B
Core burnup state losdod assembly
e housing ket | AKK(%) | ke | Ak/k (%)

Maximum with 0.99995 0.99368 | 099658 | 029 | 099660 | 0.29
equilibrium xenon

Average with 0.99999 0.99392 | 099673 | 028 | 099677 | 0.29
equilibrium xenon
M'”'mx‘g:oﬁ‘tm“t 0.99995 0.99385 | 099662 | 028 | 099690 | 0.31
Ex"e;‘;i(‘)":]'th°”t 1.00002 009382 | 099667 | 029 | 099685 | 0.31

4.2.2 MURR core power peaking due to target assembly loading

The target assembly loading in the MURR reflector has a relatively small impact on power peaking
of the MURR core driver fuel element. Table 4-2 compares the distribution of MURR fuel element
power with and without target assembly loading. For most of core states, the fuel element F5
(closest to the target assembly, see Figure 2-6 for fuel element identification) peaking factor is
the highest because the fuel burnup is the lowest and the fuel is located close to the target
assembly.

Table 4-2. MURR core power peaking due to target assembly loading

Number of Inner-most fuel plate Outer-most fuel plate
Core burnup target 7
state : i Peaking . Peaking
rods Axial node factr Axial node fackor
Maximum with 0 13 (F5) 2.541 13 (F1) 2.064
equilibrium
xenon 22 11 (F5) 2.637 11 (F5) 2.218
Average with 0 12 (F5) 2.426 12 (F1) 1.999
equilibrium
SarBn 22 11 (F5) 2.511 11 (F5) 2.155
Minimum without 0 8 (F5) 2.968 9 (F6) 2.444
xenon 22 9 (F5) 3.031 9 (F6) 2.565
Extreme without 0 10 (F5) 2.905 9 (F1) 2.200
xenon 22 10 (F5) 2.976 8 (F5) 2.397

*Axial nodes 1 and 24 correspond to the bottom and top of MURR drive fuel plate, equally spaced.

For the F5 fuel element, the peaking factor of the inner plate is always higher than that of the
outer plate. When two target assemblies are loaded, the increase of peaking factor is less than
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4% for the inner plate, while the maximum increase of peaking factor is ~11% for the outer plate.
However, the absolute value of the outer plate peaking factor is always less than that of the inner
plate peaking factor. More detailed distributions of peaking factors for F5 element are given in
Table 4-3, where the peaking factors are defined as follows:

e Element peaking = Fuel element power / (total core power/8)

e Radial peaking = Fuel plate average power density / Fuel element average power density

e Axial peaking = Axial node power density / Fuel plate average power density

e Total peaking = Element peaking x Radial peaking x Axial peaking

Table 4-3. MURR fuel element F5 power peaking factors

Extreme burnup core Minim::r:r:urnup Averagcz ;urnup Maxing:eburnup
Element 1.189 1.177 1.105 1.129
Plate |Radial | Axial | Total | Radial | Axial | Total | Radial | Axial | Total | Radial | Axial | Total
1 1.859| 1.346| 2.975| 1.867| 1.379| 3.030] 1.798| 1.264| 2.511| 1.837| 1.271 2.636
2 1.508| 1.356| 2.431| 1.516| 1.374| 2.452| 1.473| 1.269| 2.066| 1.486| 1.269| 2.129
3 1.301] 1.343| 2.077( 1.308| 1.375| 2.117| 1.270| 1.275| 1.789| 1.276( 1.266| 1.824
4 1.163| 1.351| 1.868| 1.169| 1.384| 1.904| 1.139| 1.275| 1.605( 1.135]| 1.271| 1.629
5 1.068| 1.341| 1.703[ 1.072| 1.371] 1.730| 1.044| 1.281| 1.478| 1.041| 1.272| 1.495
6 1.000| 1.360| 1.617| 1.007| 1.383| 1.639| 0.979| 1.274| 1.378| 0.974| 1.269| 1.395
5 0.950( 1.345| 1.519| 0.959| 1.384| 1.562| 0.930( 1.270| 1.305| 0.925| 1.267 | 1.323
8 0.915( 1.348| 1.467| 0.921| 1.380| 1.496| 0.895| 1.268| 1.254| 0.890| 1.265| 1.271
9 0.887( 1.344| 1.417]| 0.892| 1.381| 1.450| 0.868| 1.262| 1.210| 0.862| 1.271| 1.237
10 0.867| 1.349| 1.391| 0.871| 1.387| 1.422| 0.850| 1.264| 1.187| 0.844| 1.265| 1.205
11 0.851| 1.348| 1.364| 0.857| 1.389| 1.401| 0.834| 1.266| 1.167| 0.832| 1.264| 1.187
12 0.838( 1.344| 1.339| 0.845| 1.391| 1.383| 0.825| 1.268| 1.156| 0.822| 1.264| 1.173
13 0.831( 1.348| 1.332| 0.839( 1.385| 1.368| 0.818( 1.273| 1.151| 0.815| 1.262| 1.161
14 0.827| 1.358| 1.335| 0.832( 1.389| 1.360| 0.818| 1.275| 1.152| 0.812| 1.257| 1.152
15 0.827| 1.345| 1.323| 0.830| 1.388| 1.356| 0.818| 1.276| 1.153| 0.813| 1.259| 1.156
16 0.830( 1.348| 1.330| 0.833| 1.406( 1.379| 0.823| 1.281| 1.165| 0.819| 1.269( 1.173
17 0.837( 1.359| 1.352| 0.840| 1.414| 1.398| 0.833| 1.278| 1.176| 0.830| 1.266| 1.186
18 0.851( 1.357| 1.373| 0.852| 1.417| 1.421| 0.851| 1.285| 1.208| 0.847| 1.274| 1.218
19 0.876( 1.365| 1.422| 0.872| 1.423| 1.460| 0.879( 1.277| 1.240| 0.876| 1.275| 1.261
20 0.909( 1.374| 1.485| 0.907( 1.435| 1.532| 0.922| 1.288| 1.312| 0.919| 1.283| 1.331
21 0.963( 1.377| 1.577| 0.955| 1.454| 1.634| 0.985( 1.304| 1.419| 0.981| 1.296| 1.435
22 1.044| 1.396| 1.733| 1.035| 1.475| 1.797| 1.079| 1.309( 1.561| 1.078| 1.298| 1.580
23 1.174| 1.413| 1.972| 1.159| 1.501| 2.048| 1.224| 1.315| 1.779| 1.231| 1.304| 1.812
24 1.396 | 1.444| 2.397| 1.371| 1.532| 2.472| 1.472| 1.325| 2.155| 1.491| 1.317| 2.217

s,
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4.2.3 Core reactivity characteristics

4.2.3.1 Coefficient of reactivity

Though the MURR core power distribution, or power peaking factor, is altered when two target
assemblies are loaded, the core reactivity characteristics won’t change due to target assembly
loading. The reactivity coefficients of the core with two fresh target assemblies were calculated
for the fuel temperature coefficient, coolant temperature coefficient and void reactivity as
summarized in Table 4-4.

The MURR fuel temperature coefficient was calculated by increasing the fuel temperature by
906.4°C, i.e., from 20.44°C to 926.84°C. The variation of fuel temperature coefficients is
consistent with core burnup state and kept negative. Due to the limitation in cross section data,
however, the temperature dependence of lumped fission products (all fission products except for
135] 135X, 149Pm, 149Sm) was not considered.

The coolant temperature coefficient was calculated by changing the coolant temperature from
20.44°C to 76.84°C, where the coolant density changes from 0.99815 to 0.97378 g/cm3. The
principal cross section data used for the calculations are basically the same for both the lower
and higher coolant temperature conditions, but the S(a,8) thermal scattering was correctly treated.
The coolant void reactivity of the core was calculated by removing 99.9% of coolant from the core.

The statistical uncertainty (20) of the reactivity coefficient is ~2.6x10-* when the error propagation
rule is used. However, the perturbations of the fuel temperature and coolant density were large
enough to obtain consistent results. The least negative values are -1.03x106 and -1.69x10
Ak/k/°C for the fuel and coolant temperature coefficient, respectively.

Table 4-4. Reactivity coefficients of core with two fresh target assemblies

Fuel temperature Coolant void

Core burnup state coefficient CQOIENTRSI peramIre reactivity

. coefficient (Ak/k/°C) At
(Ak/k/°C) (Ak/k/%voiding)

Maximum with o 4 3
ediillibetin XBhon -1.20x10 -1.69x10 -3.40x10

Average with 5 4 -3
equilibrium xenon -1.16x10 -1.73x10 -3.40x10

M'”'mx‘;“r:o"r"j'tm”t 1.27x10° -1.85x10 -3.40x103

E"tre)’(';i(‘)":]'th°“t -1.03x10° -1.79x10 -3.40x103
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4.2.3.2 Regulating rod worth

The impact of target assembly loading on the existing reactivity devices (CB and regulating rod)
were estimated for their reactivity worth and subcriticality margin as summarized in Table 4-5.
Reactivity worth of regulating rod was calculated from fully-in and fully-out conditions while the
CB is kept at its critical position. For the selected core states, the lowest worth of the regulating
rod is 3.41x103 Ak/k.

4.2.3.3 Control blade subcriticality margin

The CB subcriticality margin was at first calculated for the average burnup core. Among four CB’s
(A, B, C and D), the subcriticality margin of C is the largest even though it is almost the same as
that of B. The subcriticality margin increases as the core burnup increases due to effective neutron
flux changes. The lowest subcriticality margin with most reactivity CB (A) and regulating rod fully
withdrawn is 0.055 Ak/k for the minimum burnup core.

Table 4-5. Reactivity device worth with two fresh target assemblies

v | G | L o
Maximum with equilibrium xenon 0.109 3.56x10°
Average with equilibrium xenon 0.106 3.41x10°3

Minimum without xenon 0.055 3.69x103
Extreme without xenon 0.076 4.02x103

4.2.3.4 Core excess reactivity

The excess reactivity of the core with two fresh target assemblies was calculated for the minimum
burnup core which has the largest excess reactivity. All CB’s and regulating rod are fully withdrawn
from the core. The excess reactivity of the cold core (all in room temperature) is 0.072 Ak/k, while
that of the hot operating core is 0.067 Ak/k.

4.2.4 Kinetic parameters

The kinetic property of the core is dominated by the driver fuels, which is slightly perturbed by
the presence of two target assemblies in the reflector region. The effective (or adjoint weighted)
neutron generation time (/<) and effective delayed neutron fraction (Ber) can be readily obtained
from the MCNP6 calculation [Kiedrowski 2010]. The results are summarized in Table 4-6 for
different burnup states of the core with and without target assemblies. The neutron generation
time tends to increases when the two target assemblies are loaded, but the difference is very
small. The effective delayed neutron fractions of the core with and without target assemblies

B
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coincide within the uncertainty range (+20). From the viewpoint of point kinetics, the target
assembly loading won’t deteriorate the slope of power increase (or inverse reactivity period)
during the reactivity-induced transient.

Table 4-6. Kinetic parameters of the core with and without target assemblies

Target Core burnup

loading Siate Aest (sec) STD (10) Besr STD (10)
Maximum 62.3 0.273 0.00723 0.00015
Average 60.6 0.278 0.00731 0.00015

No target
Minimum 53.7 0.244 0.00749 0.00016
Extreme 57.0 0.248 0.00732 0.00015
Maximum 62.7 0.237 0.00730 0.00013
Two target Average 61.5 0.235 0.00745 0.00014
assemblies Minimum 54.7 0.215 0.00766 0.00014
Extreme 58.4 0.220 0.00769 0.00014

4.3 Target Assembly Flux and Power Distribution
4.3.1 Base target assembly loading

The neutron flux in the target assembly is driven by incoming neutrons from the core even though
the target assembly produces neutrons from fission reactions. Figures 4-1 and 4-2 show 4-group
axial neutron flux distributions of the target rods 6 and 17 (see Fig. 3-7 for rod numbering) when
two fresh target assemblies are loaded. The upper energy boundaries of the 4-group are 20 MeV
(Group 1), 0.1 MeV (Group 2), 5.53 keV (Group 3), and 0.625 eV (Group 4). The solid and dotted
lines indicate the MURR core states <core_ext> and <core_max>, respectively. The axial nodes
1 and 25 correspond to the bottom and top, respectively. It is obvious that the neutron flux drops
at the bottom and top section of the target rod. The neutron flux is suppressed even more in the
top section due to the control blades, which is relaxed to a certain extent when the control blades
are pulled out in the maximum burnup core. The thermal neutron flux is effectively flattened in the
vertical middle section, from node 5 to 20, owing to the neutron shield.

Figure 4-3 shows neutron flux in the azimuthal direction, from rod 1 to 11 (position 5A) and from
rod 12 to 22 (position 5B), at axial middle plane. The neutron population is suppressed at the
assembly edge region due to elongated neutron absorber on the cartridge edge. For the average

e T .
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burnup core, the peak neutron fluxes of the target pellet are —

_ for group 1, 2, 3 and 4, respectively.
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Figure 4-1. Target rod 6 axial neutron flux distribution in position 5A for the base loading
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Figure 4-2. Target rod 17 axial neutron flux distribution in position 5B for the base loading
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Figure 4-3. Target assembly azimuthal neutron flux distribution for the base loading

Calculated target assembly power and pellet linear power are given in Table 4-7. Figures 4-4 and
Figure 4-5 show the pellet linear power envelope of the extreme and maximum burnup core,
respectively. The target axial power profile is bottom-peaked for the extreme burnup core and
changes to middle-peaked shape for the maximum burnup core as the regulating rod and control
blades are withdrawn from the core. The distribution of pellet linear power is shown in Figure 4-6
for the four different MURR core states. For the most probable operating core condition, i.e., the

average burnup core, the peak pellet linear power and total target assembly power are || IR

and . respectively. Zi" d,

Table 4-7. Calculated target power level and linear power

Extreme Minimum Average Maximum
burnup core | burnup core | burnup core | burnup core

Assembly power (kW)

Assembly in 5A 5a, d,

Assembly in 5B e, f
Peak linear power (kW/m)

Rod number

Axial node*

*Axial nodes 1 and 25 correspond to bottom and top node, respectively. All nodes are equally spaced.
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Figure 4-5. Power envelope of the base loading for the maximum burnup core
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Figure 4-6. Target assembly pellet linear power distribution for the base loading
4.3.2 Staggered target assembly loading

Prior to the commercial operation of target assemblies (full loading), a prototype operation of
target assembly will be conducted to demonstrate the *®Mo production capability and performance
of the target rod. The prototype target rod and assembly are exactly the same as those for
commercial operation. However, the prototype operation is supposed to adopt different loading
patterns such as staggered or partial loading. For the staggered loading, | EGczG

I . e
difference between the base and staggered loading is the burnup states of target assemblies: the
fresh target assembly is in one reflector position and 1-week-burned target assembly is in the
other reflector position. Therefore, it is expected that the target assembly power and the impact

on MURR drive fuel with the staggered target assembly loading are always less severe when
compared with the base loading case.

Figure 4-7 and Figure 4-8 show 4-group axial neutron flux distributions of the target rods 6 and 17,
respectively, when a fresh target assembly is loaded in position 5A of the extreme and maximum
burnup core. The axial flux shape of the target assembly is almost the same as that of the base
loading. Figure 4-9 shows the azimuthal flux variation on the axial middle plane, which shows a
slight decrease of neutron flux level in reflector 5B.
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Figure 4-7. Target rod 6 axial neutron flux for the staggered loading with fresh assembly in 5A
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Figure 4-9. Target assembly azimuthal neutron flux for the staggered loading with fresh
assembly in 5A

For the staggered loading with a fresh target assembly in 5B (a || | |} ]I assembly is in
5A), the 4-group axial neutron flux distributions of the target rods 6 and 17 are shown in Figure 4-
10 and Figure 4-11, respectively. The azimuthal fluxes are shown in Figure 4-12.
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Figure 4-10. Target rod 6 axial neutron flux for the staggered loading with fresh assembly in 5B
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Figure 4-12. Target assembly azimuthal neutron flux for the staggered loading with fresh
assembly in 5B

Target assembly power and rod linear power of the staggered target assembly loading are
summarized in Table 4-8 when the fresh assembly is in reflector 5A. The linear power envelopes
of the staggered loading are shown in Figure 4-13 and Figure 4-14 for the extreme and maximum
burnup core, respectively. The distribution of pellet linear power is shown in Figure 4-15. The axial
power profile of the staggered loading is the same as that of the base loading, but the overall
linear power is slightly reduced in the burned assembly. For the most probable reactor condition,
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i.e., average burnup core, the power of the target assembly in 5B is lower by 11 kW when
compared with that of the target assembly in 5A, which is due to the target fuel depletion. The
total target assembly power (5A and 5B) is slightly lower than that of the base target assembly

loading by [}

The pellet linear power envelopes of the staggered loading with fresh target in 5B are shown in
Figures 4-16 and Figure 4-17 for the extreme and maximum burnup core, respectively, and their
distribution is plotted in Figure 4-18. The total target assembly power of the staggered loading
with fresh target assembly in 5A and 5B are almost the same. The power from the target assembly
in 5B is higher by - when compared with that from the target assembly in 5A.

Table 4-8. Calculated target power level and pellet linear power of the staggered loading

Staggered loading | Staggered loading
(fresh target in 5A) | (fresh target in 5B)

Core burnup

afsite Target power

Assembly power (kW)
Assembly in 5A

Maximum with Assembly in 5B

eqrg:?g#m Peak linear power (kW/m)
Rod number
Axial node

Assembly power (kW)
Assembly in 5A
Assembly in 5B

Peak linear power (kW/m)
Rod number
Axial node

Assembly power (kW)

| Assembly in 5A

| Minimum Assembly in 5B

without xenon | Peak linear power (kW/m)

| Rod number

| Axial node

{ Assembly power (kW)

|

|

|

Average with
| equilibrium
{ xenon

Assembly in 5A
Extreme Assembly in 5B

without xenon | Peak linear power (kW/m)

Rod number

Axial node
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4.3.3 Partial Target Assembly Loading

30441R00031/C

The neutron flux and power distribution of the target assembly were simulated for the case of
3-rod loading per assembly. The rod positions 5 to 7 and 16 to 18 were selected to maintain the
symmetry. Other rod positions are loaded with solid stainless steel 316L rods (filler rods) to avoid
unnecessary neutron thermalization while maintaining the nominal flow condition.

The 4-group axial neutron flux distributions of the target rods 6 and 17 are shown in Figure 4-19
and Figure 4-20, respectively. The azimuthal fluxes are shown in Figure 4-21. Target assembly
power and pellet linear power are summarized in Table 4-9. The pellet linear power envelopes of
the extreme and maximum burnup core are shown in Figure 4-22 and Figure 4-23, and their
distribution is plotted in Figures 4-24.

Table 4-9. Calculated target power level and pellet linear power of the partial loading

Extreme
burnup core

Minimum

burnup core

Average
burnup core

Assembly power (kW)
Assembly in 5A
Assembly in 5B

Maximum
burnup core

Peak linear power (kW/m)
Rod number
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Figure 4-19. Target rod 6 axial neutron flux for the partial loading
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Figure 4-20. Target rod 17 axial neutron flux for the partial loading
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Figure 4-21. Target assembly azimuthal neutron flux for the partial loading
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Figure 4-23. Power envelope of the partial loading for the maximum burnup core
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Figure 4-24. Target assembly pellet linear power distribution for the partial loading

4.4 Sensitivity to Control Blade Position for Base Target Assembly Loading

The peak linear power of the target rod is dominated by the CB insertion depth. The sensitivity of
peak linear power to the CB position was calculated for the maximum, average, minimum and
extreme core burnup states. The CB position represents the core response to all kinds of reactivity
perturbations to the core such as the fuel depletion and material aging. In order to determine
limiting cases for the thermal-hydraulic and cooling system design, the effects of CB position on
the peak linear power and total target assembly power have been estimated for both the non-
critical and critical cores.

4.41 Sensitivity of non-critical core cases

The sensitivity calculations have been conducted for a wide range of CB position beyond the
estimated minimum and maximum critical CB position for the base target assembly loading
pattern (described in Section 3.2.1). In this simulation, the regulating rod was fixed to its typical
position: 25.4 cm for the extreme and minimum burnup core and 38.1 cm for the average and
maximum burnup core. It should be noted that the CB movement is synchronized with the
regulating rod in real operation. Therefore, the actual operating range of CB will be smaller than
the values used for simulations.

The results are summarized in Table 4-10 for the total target power, peak target linear power (LP)
and driver fuel peaking factors. The total target power is relatively low for the BOC condition which
is a relatively short term period. For the equilibrium core (average and maximum burnup cores),
the target power stays within [l The peak linear power of the target rod is kept between [l
B o the simulated equilibrium core states and CB position. The variations of total
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target power and peak linear power versus CB position are shown in Figure 4-25 and Figure 4-
26, respectively.

Table 4-10. Sensitivities of target assembly power and core peaking factors for the base

loading
Coro atele CB position Target Peak LP Inner p_:late Outer Plate
(cm) power (kW) (kW/m) peaking peaking
62 2.010 2.147
60 2.577 2173
58 2.605 2.192
Maximum 56 2.622 2.208
burnup with 54 2.662 2.239
equilibrium 52 2.674 24273
xenon 50 2.709 2.302
48 2.755 2.348
46 2.792 2.385
44 . l 2.861 2.441
56 2.488 2.109
54 2.505 2.131
52 2.529 2.163
Ayerage 50 2575 2.192
Z‘;'&EEJ{,‘,T 48 2.609 2.240
o 46 2.648 2.263 5a, d,
44 2.684 2.310 e,f
42 2,057 2.374
40 2.802 2.392
42 2.790 2.386
40 2.857 2.419
Minimum 38 2.898 2.453
burnup without 36 2.944 2.489
xenon 34 3.046 2.546
32 3.055 2.576
30 3.120 2.609
42 2.906 2.301
40 2.930 2.351
Extreme 38 2.991 2.403
burnup without 36 3.053 2.475
Xxenon 34 3.130 2.539
32 [ ] i 3.182 2.594
30 BE e 3.231 2.636
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Figure 4-25. Variation of target power vs. control blade position
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Figure 4-26. Variation of peak linear power vs. control blade position

The MURR fuel element power peaking occurs in the fuel element F5. The fuel element peaking
is higher for the BOC state when the CB and regulating rod are deep into the core. The calculated
maximum peaking factor is 3.231 for the inner plate. For the outer plate that faces the target
assembly, the maximum peaking factor is 2.636, which is lower than that of the inner plate for all
core state and CB positions. The variations of fuel element peaking factor versus CB position is
shown in Figure 4-27.

s,
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The maximum linear power found from the sensitivity calculation is || il for the extreme
burnup core with CB positioned at 30 cm and regulating rod positioned at 25.4 cm, which is
recommended for the thermal-hydraulic, critical heat flux (CHF) margin analysis. The maximum
target assembly power is ||l for the maximum burnup core with CB at 44 cm and regulating
rod at 38.1 cm, which is recommended for the target assembly cooling analysis.
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Figure 4-27. Variation of driver fuel peaking factor vs. control blade position

The sensitivities of non-critical core to the CB position have also been calculated for the staggered
and partial target assembly loading cases. Tables 4-11 and 4-12 summarize the performance
parameters of the staggered loading with a fresh target assembly in 5A and 5B, respectively.
Table 4-13 summarizes the partial loading core with 3 target rods per assembly. It can be seen
that the total target assembly power and peak linear power of these cores are always lower than
those of the base loading case when the CB is at its estimated lowest position.
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Table 4-11. Sensitivities of target assembly power and core peaking factors for the
staggered loading (5A)

Core state | ©P :’;:')tw" po"v;ae’ rg(ektw) ?:3;;; ln::;k?rl‘a;te o::rk;i:rllzte
62 [ ] E 2.571 2.140
60 o Y - 4 2.588 2.159
58 i o 2.603 2.184
Maximum 56 - 2+ 3 2.643 2.198
burnup with 54 [ 4 E 2.668 2.227
equilibrium 52 P EE 2.678 2.265
e 50 ] -] 2.723 2.306
48 s L 2.777 2.322
46 [ =T 2.811 2.376
44 BE e 2.863 2.410
56 [ [ 2.490 2.098
54 [ e 2.502 2.128
52 o] BE 2.535 2.148
Average 50 A B 2.582 2.187 5a, d,
gh /i 48 [ BRE 2.612 2.223 e, f
qxenon 46 [ E 2.664 2.264
44 [ rq ] 2.690 2.306
42 B B 2.769 2.342
40 s e 2.810 2.382
42 ] BB 2.789 2.373
40 o B 2.825 2.416
Minimum 38 i BEE 2.906 2.453
burnup without 36 o R 2.959 2.492
«anon 34 s BR 3.009 2.529
32 B BE 3.072 2.551
30 R 51 4] 3.120 2.601
42 e N 2.901 2.282
40 A B 2.952 2.351
Etha 38 B BR 3.014 2.396
burnup without 36 o e 3.047 2.456
ROnon 34 E 55,4 3.129 2.522
32 G B 3.193 2.577
30 6 == 3.238 2.637
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Table 4-12. Sensitivities of target assembly power and core peaking factors of the
staggered loading (5B)

5a, d,
e f

Core state | CB Position Target Peak LP Inner plate | Outer plate
(cm) power (kW) (kW/m) peaking peaking
62 . R 2.555 2.144
60 [ [ ] 2.568 2.163
58 E (s 2.602 2.180
O 56 [ ] [ ] 2.611 2.209
burnup with 54 | o 2.663 2.239
equilibrium 52 [ [ 2.677 2.267
il 50 f [ 2.719 2.294
48 [ [} 2.761 2.332
46 - [ ] 2.802 2.364
44 ) B 2.853 2.417
56 e [ 2.477 2.109
54 s R 2.497 2.136
52 a e 2.541 2.163
Average 50 B B 2.582 2.190
DUt 48 [ [ 2.603 2.032
equilibrium

xenon 46 [ [ 2.673 2.266
44 N s 2.701 2.295
42 e e 2.750 2.357
40 BE B 2.780 2.396
42 N [ 2.789 2.384
40 o [ 2.844 2.419
Mirirhum 38 e oK 2.911 2.457
burnup without 36 JE P 2.939 2.490
xonel 34 e e 3.023 2.544
32 Ll BE 3.066 2.578
30 B EE 3.123 2.614
42 Y e 2.895 2.284
40 N [ ] 2.935 2.340
Extreme 38 [ . 3.005 2.402
burnup without 36 e L. ) 3.076 2.476
a2l 34 IeE s 3.122 2.519
32 EE E 3.165 2.583
30 (] [ 3.244 2.630
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Table 4-13. Sensitivities of target assembly power and core peaking factors for the partial
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5a, d,
e f

loading

it i e e TR e R el et iy
62 s EE 2.555 2.070
60 [ x 2.566 2.073
58 .5 ] % 2.583 2.100
e 56 o BE 2.619 2.117
burnup with 54 EE BE 2.646 2.141
equilibrium 52 B - - o 2.662 2177
it i 50 R 578 2.702 2.193
48 [ B 2.739 2.236
46 S 50 2.792 2.284
44 I e 2.852 2.338
56 i BE 2.472 2.029
54 i =E 2.509 2.038
52 EE e 2.525 2.080
Average 50 B INE 2.552 2.093
bumip with 48 BSE 5% ] 2.606 2.138

equilibrium

xenon 46 <. BEE 2.620 2.177
44 ERE E 2.683 2.205
42 e i 2.731 2.255
40 HEEE B 2772 2.295
42 [ o 2.778 2.327
40 == a% 2.830 2.363
M 38 EE = 2.891 2.407
burnup without 36 W 45 7] 2.933 2.442
xenon 34 10y 7] HE 3.000 2.468
32 = B 3.040 2.511
30 o 4 B 3.125 2.542
42 BE e 2.807 2.200
40 1.7 A e 2.927 2.266
Estrante 38 B K 3.005 2.332
burnup without 36 e BE 3.046 2.379
xenon 34 175 4] ) 3.119 2.454
32 [k 2K 3.158 2.501
30 4107 X 3.222 2.550
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4.4.2 Sensitivity of critical core cases

During normal operation, the reactor is critical all the time. However, it is difficult to model a critical
core without knowing the status of driver fuel burnup, CB depletion, Be reflector age, etc.
Therefore, a simplified model is proposed in this analysis to simulate critical cores with different
CB positions: the CB age has been changed from 0-year to 8-year. Table 4-14 shows the CB age
matrix used for the critical core calculations. The critical core was searched for ke value of
1+£0.00006.

For all the critical core cases of the base target assembly loading shown in Table 4-15, the
calculated total target power and the maximum linear power are less than those of non-critical
core cases. For the extreme burnup core, the peak linear power is 54.2 and 51.3 kW/m for the
non-critical and critical core, respectively, when the average CB age is the same (4-year) for both
cases. The peak linear power is the highest for the CB average age of 4-years which has the
largest age tilt in the CB age model (Table 4-14). If the CB age is 8-years, the peak linear power
drops to 50.3 kW/m even though the critical CB position is deep into the core, i.e., 32.28 cm,
because the CB age tilt is assumed to be zero. Therefore it is crucial to use the appropriate CB
age model when estimating target assembly power to avoid unnecessary over-design of the target
assembly.

The investigation of MURR operation history of the CB age has shown that the average CB age
during the operation period of April 2006 and October 2016 is 3.65-year. During this period, the
maximum CB age tilt between AD and BC is 6.3-years, while the maximum tilt of any CB pair is
9.2-years. The analysis also has shown that the CB age tilt is the highest when the CB average
age is 4- to 5-years and the tilt is small when the CB average age is very low (~1-year) or high
(~7-years) as shown in Figure 4-28. In summary, the average CB age used for the simulation is
close to the actual operating data. The CB age tilt used for the simulation is higher than the
operation data, but could be conservatively used. The non-critical core analysis that uses the CB
age tilt of 8-years will be the conservative estimation of the target power.

Table 4-14. Control blade age model for critical core conditions

CB Control blade age (year)
A 0 0 0 4 8
B 0 4 8 8 8
C 0 4 8 8 8
D 0 0 0 4 8
Average 0 2 4 6 8

TR+ v,
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Table 4-15. Sensitivity of target assembly power and peaking factors for the critical core

of the base loading

30441R00031/C

5a, d,
e f

CB Target Inner Outer
i S position Keff power e plate plate
kW/
ik (year) (cm) (kW) (ki) peaking | peaking
i 0 58.86 | 1.00000 | N B 2.622 2.208
burnup 2 57.61 1.00002 | R e 2.617 2.213
with 4* 55.28 | 0.99995 | R e 2.637 2.218
equilibrium | g 5241 | 1.00002 | [ BE 2642 | 2.220
xenon
8 47.71 | 1.00005 | R B 2.678 2.237
A 0 56.74 | 0.99998 | R ] 2.537 2.134
verage
burnup 2 55.25 | 0.99994 | R B 2.535 2.147
with 4* 52.89 | 0.99999 | R e 2.511 2.155
equilibrium 6 50.08 | 1.00000 | [ [ 4 2.530 2.155
xenon
8 4540 | 099995 | IR X 2.534 2.154
0 38.06 | 1.00004 | R BE 3.039 2.511
'\'g"'mum 2 36.12 | 100005 | R | 1R 3.032 2.523
urnup *
s oA 4 3275 | 099995 | R | ] 3.031 2.565
xenon 6 30.36__ | 1.00003 | IR BE 3.027 2.536
8 2669 | 1.00005 | N a5 3.065 2.497
0 43.65 | 1.00003 | N i - 3.004 2.366
be"eme 2 41.88 | 1.00001 | N BB 2.984 2.389
urnup »
without 4 38.75 | 1.00002 | N 3E 2.976 2.397
xenon 6 36.26 | 1.00005 | R ERE: 2.991 2.400
8 3228 | 0.99995 | R BE 3.008 2.376
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Figure 4-28. MURR control blade age tilt vs age distribution

4.4.3 Limiting core configuration

The critical core calculations have shown that the non-critical core calculations conservatively
estimate the target power and the maximum linear power. However, it should also be noted that
the critical core simulation here is limited by the range of CB age and, therefore, the variation of
CB position is smaller when compared with the expected CB traveling range (see Section 3.2.1).
This means that consideration of CB age is not sufficient to realistically model the critical core. It
is also true that in the actual core the CB position could be even higher or lower than those used
for the critical core calculations due to Be reflector aging and other reactivity perturbations. And it
is also logical to assume that the target power and its axial shape are dominated by the CB
position. Therefore, the limiting core configuration has been selected from the non-critical core
cases as follows:

e For the total target power, the maximum burnup core with the equilibrium xenon and CB
at 44 cm is used. The corresponding total target power is [ Gz

e For the peak linear power, the extreme burnup core without xenon and CB at 30 cm is
used. The corresponding peak linear power is | G

The power peaking factor of the driver fuel and linear power of the target rod are given in
Appendices A and B, respectively, for the limiting core configurations.

s s
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4.4.4 Sensitivity to regulating rod position

The effect of regulating rod position was assessed for critical cores. Three regulating rod
positions, i.e., lowest (25.4 cm), highe<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>