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1. Selective Gas Extraction Target Experimental Facility Overview
1.1 Proposed Experiment Description

The Selective Gas Extraction (SGE) experiment employs a first-of-a-kind concept for radioisotope
production. It is a reactor-driven, low-enriched uranium (LEU)-based system that selectively removes
specific isotopes of interest, viz., molybdenum-99 (Mo-99), in gaseous form, that are produced from
fission during irradiation of Zircaloy-4 clad target rods containing LEU. The LEU is in the form of
uranium dioxide (UO,) pellets that are nominally enriched to 19.75% in the isotope uranium-235 (U-235).
The target rods are contained in Al6061 cartridges that ensure uniform cooling water flow around the
target rods and will be located in the graphite reflector region of the University of Missouri Research
Reactor (MURR). The SGE Target Experimental Facility (TEF) will be operated by MURR staff in
concert with MURR’s routine reactor operations.

During SGE experiment operation, one (1) or two (2) target cartridges, holding 11 target rods each, are
placed in permanently installed support assemblies in the reactor graphite reflector region. Fission
product isotopes, including Mo-99, are generated during target irradiation. At the end of irradiation (0.5
to 3 weeks), and following a short period of cooling (to reduce decay heat), the target rods are removed
from their respective cartridge and transferred to a loading/unloading and storage location within the
reactor pool. Subsequent target rod transfer to a bank of hot cells inside the reactor containment building
will be addressed in the Part 2 license amendment submission.

Figure 1 shows a functional block diagram of the SGE experiment overview for this Part 1 License
Amendment submission as well as for the Part 2 submission.

The in-pool (IP) portion of SGE process, the TEF, is the focus of this reactor License Amendment
request. A description of these IP systems and associated analyses are presented in this document as
follows:

1. Target System including the Target Rods, Cartridge, and Housing (1 or 2 Units)
Target Cooling System (TCS)
Cartridge Loading/Unloading and Storage Station

2

3

4. Instrumentation and Control (I&C) Systems

5. Analyses of Potential Accidents and their Impact on the MURR Facility

The remaining SGE process (ex-pool) systems and associated safety analyses will be described in the
Part 2 submission.

Figure 2 and Figure 3 show the layout of the TEF irradiation systems within the MURR reactor pool and
containment building.
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Target Cooling and Decay

Material Color Code: ot CellDesignations: Fnalpurification |
Cooling Water HC-13A Target Transfer Cell/Capsule Welding |
Fresh Target Rods HC-13B SGE Collection Packing & Purlf ‘
Irradiated Target Rods HC-13C De-Cladding/Canning and Cooldown To G — port e |
Mo-99 HC-14A Waste Transfer Cell System Y |
Spent U0, HC-14B Waste Accumulation |
Cladding Waste

Figure 1

Selective Gas Extraction Process Scope, Functional Relationships and Interfaces

CARTRIDGE
LOADING/UNLOADING
STATION

Sa, b,
d,e, f

Figure 2
Layout of SGE Experimental Facility in the MURR Graphite Reflector Region and Containment
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Figure 3
Location of Target Assemblies in MURR Graphite Reflector Positions No. SA and No. 5B

1.2 Normal Operation

During normal operation, one (1) or two (2) target cartridge(s) are loaded with fresh target rods in the
loading station shown in Figure 2. The cartridge(s) is then inserted into the target housing(s) located in
graphite reflector positions No. SA and/or No. 5B (Figure 3) while the reactor is shut down. When the
reactor is restarted, neutrons from the reactor will fission the LEU in the target rods generating fission

producs, including the radioisotope Mo-59. | N
I " (1<t assermbis (TAS)

are cooled by forced flow from the Target Cooling System (TCS) both when the reactor is operating and
to remove decay heat during routine reactor shutdowns. The heat removed from the TAs is rejected via
the TCS to the existing facility secondary coolant system without significantly affecting the reactor bulk

pool temperature. The nominal operation cycle will load and remove 11 target rods per week for
processing.

At the end of the irradiation cycle, the reactor is shut down and the TA is allowed to cool by forced flow
from the TCS — At this time the level of stored and decay heat in the cartridge is
sufficiently low that direct conduction to the reactor pool water is sufficient to maintain the target rods in
a safe condition. The cartridge(s) is then moved to the loading/unloading station and the target rods are
transferred to in-pool storage or a shielded transfer cask which has been moved to an underwater position
near the loading/unloading station for safe transfer. Meanwhile a previously prepared fresh cartridge(s) is
loaded into the TA positions No. SA or/and No. 5B.
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1.3 Design for Loss of Forced Cooling

Loss of forced cooling (LOFC) to the TA could occur by a power failure, pump failure or coolant pipe
break. If a LOFC event occurs, a low flow signal (85% of normal flow) or a high flow signal (115% of
normal flow) is sent from the SGE TEF to the MURR reactor safety system to scram the reactor. Decay
heat removal from the target rods is provided by pool water flowing through automatically-actuated decay
heat removal valves into the target cartridge.

14 Target Experimental Facility Safety Design Approach

The safety objectives for the SGE TEF are (1) minimization of exposure of occupational workers to
radiation from normal system operation, (2) prevention of release of radionuclides to the MURR reactor
containment building and the environment from operation of the system, and (3) control of target rod
cladding temperatures to prevent cladding failure leading to a fission product release to the reactor
containment building and potentially, to the environment.

To meet these objectives, the SGE TEF has been designed to the following top-level requirements to
ensure that the safety objectives are met:

e The target rods and cartridges shall be capable of sustained operation with the reactor operating at
a steady-state power level of 10.0 MW, and through anticipated operating transients where the
reactor power reaches its scram power limit, without jeopardizing the integrity of barriers that
would release radionuclides to the reactor pool water, target cooling water, or the reactor
containment building.

e The target cartridges together shall not increase the reactivity worth by more than 0.006 Ak/k
when inserted into the No. SA or No. 5B positions of the graphite reflection region.

e The target rods shall be hermetically sealed in cladding that will serve as a barrier against the
release of radioisotopes to the reactor pool water, target cooling water, or the reactor containment
building.

e In case of a loss of forced flow, natural circulation of the pool water through the TA shall provide

an adequate backup means of removing target decay heat without damage to the cladding.

e Normal cooling shall ensure that the minimum critical heat flux ratio (MCHFR) using the Bernath
correlation shall not fall below 2.0 for normal operation.

e The SGE TEF shall interface with the MURR reactor safety system to initiate a reactor scram
under any condition that threatens the barriers against the release of radionuclides to the reactor
pool water, target cooling water, or the reactor containment building.

e The SGE TEF Instrumentation and Control (I&C) System shall incorporate instrumentation to
ensure that essential system variables are monitored and are within specified operating ranges at
all times.
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e The SGE TEF 1&C System shall be equipped with a reliable and redundant system that monitors
the operation of systems required for safety. Upon detection of conditions that indicate an
anomalous state, failure or impending failure of a barrier against the release of radionuclides to
the reactor pool or the containment building, the system shall cause a reactor scram, or generate
appropriate alarms to cause operator action to the anomalous condition.

o The SGE TEF shall satisfy the facility limits for any releases of radioactivity to the environment.

Target and cladding design temperature limits are shown in Table 1.

Table 1
Temperature Limits for Target Assembly Design
Component Normal Operation Transients
Target UO, pellets' 2400 °C (4352 °F) 2860 °C (5180 °F)
Zircaloy-4 target rod cladding’ 360 °C (680 °F) 900 °C* (1652 °F)
Aluminum target cartridge housing 200 °C (392 °F) 200 °C (392 °F)

T The maximum normal operating temperature limit for the target rods is set so that even at their hottest conditions of a
maximum power level and a minimum flow rate LOFC event, the maximum pellet temperature will still be below the UO,
melting temperature of 2860 °C.

? Zircaloy-4 is not an ASME code material. General Atomics uses the irradiated properties of Zircaloy-4 contained in
Reference 1, which shows adequate strength to 360 °C for normal operations.

3 This design limit on Zircaloy-4 cladding is the predicted temperature for onset of rapid oxidation of 900 °C (Reference 2). The
cladding temperature predicted by transient analysis for the most severe LOFC event (0.5 sec pipe shear in the pool at the target
assembly water inlet) is 650 °C, well below the onset of rapid oxidation. Further, the same analysis shows that during this time,
retraction of the contained UO, pellet eliminates any compromise of the cladding mechanical strength.

The following design features minimize the likelihood of the target cladding exceeding the design
temperature limits during irradiation and subsequent processing, and causing a release of radioactivity to
the environment:

e The U-235 loading in the target rod is limited to ensure the TAs remain substantially subcritical
under normal operation and all credible off-normal conditions.

e The MURR reactor will scram on low or high TA cooling water flow or loss of heat sink
(secondary coolant flow) thereby limiting heat generation in the target.

e The TA is designed to permit cooling by natural convection using reactor pool water, in the event
of a LOFC transient.

e The heat flux from the target rods is limited by design to ensure the temperature of the Zircaloy-4
cladding does not exceed the design limits.

e The target rod cladding serves as a barrier to the release of radionuclides. A breach of this barrier
will be detected by the reactor pool coolant system radioactivity monitoring system.
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e In the unlikely event of a leak of radionuclides from the target rods, the reactor pool serves to
reduce the amount of both Iodine and noble gas release due to plating out of lodine, decaying of
noble gases by slowing down the time it takes the gas to rise to the pool surface, and gas
solubility.

1.5 Design Bases

During the course of target operation the total thermal power and power distribution will depend upon the
combination of several independent variables including burnup and location of the fuel elements, age and
position of the control blades, age of the beryllium reflector, time in reactor operating cycle and time in
target operating cycle. This leads to a near-continuum of core and target states. The target nuclear design
analyses are performed for a selected set of conditions that typify the variation in target operating states.
No one set of conditions can form a conservative basis for all the safety analyses, but rather the safety
design basis was created from a composite of several states to give the conservative worst-case conditions
for evaluating the safety performance of the TEF operations.

Design bases, including all assumptions for the design bases, as well as documentation of software
verification calculations that form the bases of the design and safety information presented in the License
Amendment are provided in the reports listed in Table 2 below.

Table 2
Design Calculation Reports
REPORT NO. TITLE
30441R00017 ANSYS Target Cartridge, Housing Structural Analysis Design Calculation Report
30441R00019 Target System Cooling Calculation Report
30441R00021 Target Assembly Thermal Analysis
30441R00022 Source Term Analysis Design Calculation Report
30441R00030 Mo-99 Target Cooling System Seismic Analysis Design Calculation Report
30441R00031 Mo-99 Target Assembly Nuclear Design for Once-Through Operation
30441R00032 RELAP Acmder}t Analysis and FRAPTRAN Target Rod Transient Analysis
Design Calculation Report
30441R00033 Analysm of" Forced Convection Cooling of Target Rods with 2 Phase
Considerations
30441R00035 Cooling of the MURR Beryllium Reflector
30441R00038 Computational Fluid Dynamics Analysis of Target Housing Design Calculation
Report
30441M00043 | ANSYS Thermal Model of RB-MSS Target Rod
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1.6 Target Assembly Maximum Power

For normal irradiation operation, the maximum target power determines the coolant flow rate necessary to
meet the required TA outlet temperature. The maximum target power also establishes the safety design
bases for the fission product source terms and for removal of the residual decay heat from the target rods
in case normal flow is lost. The maximum target power therefore establishes the decay heat loads and
source terms for safety evaluations.

The calculated maximum thermal power for two (2) TAs in graphite reflector positions No. SA and
No. 5B is [JJJJl without margin for uncertainties. This value corresponds to MURR core power at
10 MW, and a maximum core burnup case (676 MWd). This case produces a peak power in fuel element
F5, which is adjacent to the target rods. This value occurs at Day 2 of irradiation and declines with target
rod burnup. Nevertheless, this value is conservatively used for the afterheat level and fission product
source terms assuming a target irradiation time of three (3) weeks at 160 hours per week. The worst-case
control blade tilting and age is assumed (0 years for blades ‘A’ and ‘D’ and 8 years for blades ‘B’ and
‘C’) and the beryllium reflector age is assumed to be 0 years. This worst-case value conservatively
corresponds to a control blade withdrawal position at 17.32 inches (44 cm) despite the fact that the
“critical position” is 19.79 inches (50.27 cm).

The estimated 2o statistical uncertainty in the total power for two (2) TAs is - The total
uncertainties of the key performance parameters were estimated as a product of statistical error and root-
mean-square (RMS) of uncertainties due to fabrication density, enrichment, and target rod position.
Uncertainty in impurities was conservatively not included because it is always negative.

An additional heat load for the required cooling is the structural heating from the cartridge ||| | [l

B 1 heat from the cartridze | s 127 W and
B (o (v o (2) TAs, for a total of [ R

The maximum fission power used for the safety analyses is [l for two (2) TAs.

1.7 Target Rod Peak Linear Power

For normal operation, the peak target rod linear power determines the combination of coolant flow
velocity, temperature and pressure required to achieve adequate heat transfer margin to prevent film
boiling and centerline pellet melting. For abnormal operation, the peak target linear power is a critical
parameter for assessing the performance of the target decay heat removal system, especially during the
transition from normal cooling to backup cooling after a reactor trip.

The calculated peak linear power is | JJJ NN without including uncertainties. This value corresponds
to a reactor core power at 10 MW, and an extreme core burnup case (656 MWd). This peak linear power
occurs at Day 2 of irradiation and declines with target burnup. Nevertheless, this value is conservatively
used for the entire irradiation period. A worst-case control blade age is assumed (0 and 8 years) and the
beryllium reflector age is assumed to be 0 years. This worst-case value conservatively corresponds to a
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control blade withdrawal position at 11.81 inches (30 cm) despite the fact that the “critical position™ is
20.59 inches (52.29 cm).

The estimated 2o uncertainty in the peak linear power is - based on the same statistical | Sa,d,

combination of parameters as for the maximum target power.

The peak linear power to be used for safety analyses is ||| e f

1.8 Codes and Standards for Design, Fabrication and Operations

The codes and standards; design methods; software; design documentation; quality assurance and
software V & V are listed in Attachment 3 to the License Amendment.

2. Detailed Selective Gas Extraction Target Assembly Description and Structural Analysis

This section describes each of the separate subsystems comprising the Target Experimental Facility
(TEF): Target Assembly (TA), Target Cooling System (TCS) and target transfer system, including the
neutronic and thermal-hydraulic design for the SGE TEF.

2.1 Target Assembly
2.1.1 Functions
The functions of the TA are as follows:
e Produce Mo-99 by the fission of U-235 in UO, with a nominal enrichment of 19.75%, but not to

exceed 19.9%.

e Provide containment, support, and positioning of the UO, target material for irradiation and
cooling.

e QGuide, direct, and effectively distribute cooling water from the TCS to the surfaces of the clad
target rods containing UO,.

e Prevent fission products from inadvertently entering the reactor pool water and/or containment
building.

e Maintain the target pellet configuration such that the TAs are always sub-critical, and ensure that
any neutronic coupling between the TAs and the MURR reactor core will continue to meet the
reactor license Technical Specification (TS) requirements.

e Enable detachment of the target cartridge from the target housing at the end of irradiation, for
short-term transfer to in-pool storage.

Page 17 of 190



ATTACHMENT 1

2.1.2 Mechanical Design

The two TAs are designed to be installed in the graphite reflector positions No. SA and No. 5B. The TAs
are mirror images of each other and differ only in the position of the inlet cooling water pipe. Each TA
consists of a water inlet section, a target housing, a lower plenum, a cartridge, an outlet diffuser, and a
cartridge locking mechanism. The housing is held laterally in place by an indicator hole in the reflector
support plate and vertically in place by the TCS inlet piping which includes a compressible link. The TA
components for the No. SA TA are shown in Figure 4. The modeling and mechanical design of the TA
components in 3D was performed using the commercially available SolidWorks 2016 software package.

Water inlet
(AI6061)

RTDs

Diffuser
(AI6061)

Cartridge
locking
mechanism
(x2)
(AI6061)

36in
36in

Sa, b, d,
e f

lower plenum
(SST316L)

Figure 4
Target Assembly (front and back views)

2.1.3 Target Housing

The functions of the target housing are to direct the flow of the cooling water, provide structural support,
and position the cartridge within the graphite reflector region. The vertical and plan cutaways of the
target housing are shown in Figure 5. The target housing is fabricated from welded Al6061 plates while
the lower housing plenum is fabricated from SS316L. Cooling water is fed to the target housing by the
TCS through a line at the top of the assembly. The target housing then directs the water flow down

Page 18 of 190



ATTACHMENT 1

through the lower plenum, up the inside of the cartridge and finally out through the diffuser into the
reactor pool. The target housing and the lower housing plenum are bolted together and water leakage is
prevented by a metal E-seal that keeps this interface watertight.

water

water inlet
| 1_/ (AI6061)
Engaging lug for
locking cartridge
locking target housing
mechanism / (AI6061)
(A16061) 4
=] cartridge
4 guide rails
(AI6061)

cartridge
mounting plate
(SST316L)

E-seal

lower housing

plenum
(SST316L) Labyrinthine Male Feature
(SST 316L)
Indicator Stub
(SST316L)
Figure 5

INlustration of Target Housing Elevation and Plan Views

The bottom of the housing has an indicator stub that locates the housing in the reflector support plate,
which bears part of the weight of the TA and attached piping. The piping is secured by brackets within

| the reactor pool and part of the weight load from the piping is transferred to the lower housing plenum by
! the TA sides.

2.1.4 Target Cartridge

The functions of the cartridge are to (1) position and support the target rods containing the LEU pellets,

(2) provide a cooling passage for the target rods, (3) [ ENEEEEEEE

_ and (4) to mix and guide the water outlet flow. The cartridge consists of an Al6061 | 5a,b,d,

diffuser on the top, an Al6061 cartridge flow housing, _ e, f

_ an Al6061 lower cartridge flange, a locking mechanism, and 11

Zircaloy-4 clad target rods. The target rods are vertically oriented in a single plane positioned in the
target cartridge orthogonal to the direction of the neutron flux (Figure 6).
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During commissioning operations, it will be necessary to load fewer than 11 UQ, filled target rods in a
cartridge. When fewer than 11 UO, filled target rods are loaded, the remaining positions are filled with
stainless steel filler rods with the same dimensions to ensure that the flow around all rods is uniform and
at design conditions.

The orientation and position of the cartridge relative to the reactor maximizes the Mo-99 production while
meeting temperature limits on the target rods. The target rods are held in position by the top and bottom
cartridge flanges which allow for the coolant to flow around the target rods. The cartridge is secured in
place by a locking mechanism located on top of the diffuser. The locking mechanism engages and
disengages to the top of the target housing.

95in

&
= A

water outlet

Cartridge
locking
mechanism
(x2)

target housing

(AI6061)

us

5a, b, d,
e f

Target housing
water channel

$—__ 11 targetrods \

(AI6061) \

Cartridge flow
housing (AI6061)

23.6in (600 mm) ——»

1

lower cartridge
Neutron
— flange (Al6061) ik

water inlet

Figure 6
Cartridge Configuration and Target System Section View

Figure 7 shows the cartridge upper and lower sections highlighting key components and features of the
design. The cartridge design is a clamshell with two seam welds running the length of the cartridge. Five
(5) pairs of SS316L pins (3/32 inches in diameter) are located along the center axis of the clamshell
assembly to prevent excessive stresses at the weld locations due to the higher internal pressure from
cooling water flow. This simplifies the fabrication process as well as allowing more control over the
tolerances for the fit between the water cooling channels and the target rods. The cartridge is first located
to the target housing by a pair of guide rails that lead to a_unique labyrinthine male feature. This feature
is part of the target housing lower plenum and receives and places the cartridge in its final position in
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relation to the reactor. The cartridge is then held in place by a pair of locking features in the upper TA
locking mechanism. The features are actuated via a lever that locks and unlocks the cartridge.

S5a, b, d,
e f

Figure 7
Cartridge Upper and Lower Sections

The target rods are fixed on the top (upper endcap) and laterally supported at the bottom (lower endcap)

allowing room for axial thermal expansion

Bint o e e

5a, b, d,

target rods are expected to thermally grow by < 2 mm (< 0.079 in), leaving _ for margin
including mechanical tolerance stack-ups. The target rods are located and held concentric to the water
channels by 11 cup features that are fabricated into the lower cartridge flange and can be seen in Figure 8.
This ensures even flow velocities around the target rods through the cartridge. The water cutouts on the
cup features are smaller than the pointed end cap of the target rod. This eliminates the possibility of the
target rod getting stuck on one of these water bypass features when inserting them into the cartridge and
ensures the operator can always find the center of the cartridge and guide the target rod into its final
position.
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e, f

5a, b, d,

Figure 8
Target Rod Lower End Cap Pins Position Rods Relative to Lower Housing Water Plenum

The water cutouts are designed to create near-uniform coolant flow over the target rods as soon as the
water enters the cartridge.

2.1.5 Target Rods

Figure 9 shows an individual target rod assembly, which consists of an upper end cap, cladding, a spring,
100 UO, target pellets and a lower end cap. The UO, target pellets have a nominal active length of
23.6 inches (600 mm) in the cold state. A nominal radial gap of 50 um exists between the pellet outside
diameter (OD) and the cladding inside diameter (ID). This nominal gap offers the best dimensional
balance between cladding strain and thermal conductance to the cladding wall. The end caps are
fabricated from Zircaloy-4 bar with integrated features designed to optimize installation and extraction
from the cartridge. Both end caps are welded to the cladding autogenously (no weld rod) by a standard
automated orbital weld head. The stainless steel spring is held captive by the upper end cap, to aid in
easier recovery post-irradiation. The individual pellet/clad components and dimensions are listed in
Table 3.

The Zircaloy-4 (UNS R60804) cladding will be fabricated and inspected in accordance with seamless
alloy tubes for nuclear reactor fuel cladding applications per American Society for Testing and Materials
(ASTM) B811. The Zircaloy-4 (UNS R60804) end caps and stainless steel spring will be fabricated from
bar material in accordance to ASTM B351.
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The filler rods have external dimensions that are identical to the target rods, except that they are
fabricated from solid stainless steel (SS316L). The filler rods ensure that the required flow conditions for
safe cooling of the target rods are met. The SS316L acts as a neutron absorber to reduce power peaking
in the target rod next to the filler rod.
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Figure 9
Target Rod Arrangement
Table 3
Target and Filler Rod Dimensions (cold)
Nominal Value in Inches (mm)
Component
Target Rod Filler Rod
Active target rod length (cold) 23.6 (600) 23.6 (600)
Total target rod length 26.505 (673) 26.505 (673)
Pellet height 0.236 (6) N/A
Pellet outside diameter 0.197 (5) N/A
Clad ID 0.201 (5.1) N/A
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Figure 10

2.1.7 Diffuser

The functions of the diffuser are to provide upper support and containment of the target rods, provide
water mixing for a bulk outlet water temperature measurement, direct the cooling water exiting the targets
away from MURR equipment, and to guide nitrogen-16 (N-16) flow away from the reactor pool surface.
The water is mixed in the diffuser’s flow mixing zone. The exit temperature measurement is used to
determine the power of the TA.

2.1.8 Target Assembly Cooling Water Flow Path
The TA cooling water flow path is shown in Figure 11. Cooling water enters the housing from the inlet
pipe and flows into the open lower plenum turning into the lower cartridge flange. The lower cartridge

flange has labyrinthine features to minimize water bypassing the target rods during normal operations.
The flow then travels along the target rods, into the diffuser and is ultimately rejected to the reactor pool.
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Figure 11
Inlet and Outlet Plenums with Method of Attachment (water flow is shown in blue)

2.1.9 Upper Target Housing and Cartridge

The upper target housing, cartridge, and lower section of the diffuser are shown in Figure 12. The lower
flange of the diffuser acts as the lid that holds down the target rods and keeps them secured in the
cartridge by capturing the target rod’s upper end cap. This, along with the lower cartridge flange
supporting the target rods, properly constrains the target rods through the installation, irradiation, and
transfer to the temporary loading/unloading station in the reactor pool. The lower diffuser flange is
welded to the neck portion of the diffuser, which collects the water exiting the cartridge and mixes it
before guiding it to the resistance temperature detector (RTD) for measurement of the outlet temperature,
and ultimately discharges it to the pool. The mixing of the flow is significant for accurate measurement
of the power being generated by the TA. The lower diffuser flange is also designed such that the water
cutouts allow the flow to move through the sections have the same cross sectional surface area as the rest
of the conical sections of the diffuser all the way to the exit tee. This allows the diffuser to have a
minimal pressure drop from the cartridge exit to the reactor pool.
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Figure 12
Upper Target Cartridge Arrangement (water flow is shown in blue)

When it is time to remove an irradiated cartridge from its target housing for transfer to the in-pool
loading/unloading station, the cartridge will be maneuvered and handled remotely in the reactor pool by
an operator positioned on top of the pool, using the tools designed for cartridge handling. The cartridge is
moved from the TA to the in-pool unloading station, where the diffuser is unlatched from the cartridge to
access the target rods for loading into the in-pool storage location. The diffuser is attached to the
cartridge by four spring flexures that engage the cartridge upper flange. The flexures are engaged and
disengaged by depressing a spring loaded lever located at the top of the diffuser. Tools have been
developed to perform such a function within the reactor pool.

2.1.10 Target Pellets

Each target rod contains 100 high density UO, pellets, with each pellet containing 1.205 grams of UQO,.
The pellets are fabricated using a process similar to light water reactor (LWR) fuel with the pellet

dimensions being the only major difference. [

Manufacturing of the target pellets, the loading and welding into the
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cladding shall be performed in accordance with the required fabrication, inspection and quality control
procedures.

The pellet geometry is shown in Figure 13. Each pellet is nominally 5.0 mm (0.2 in) in diameter and
6.0 mm (0.24 in) high and has a density of greater than 10.42 g/cc (95% TD). The pellets and Zircaloy-4
cladding have a design tolerance to maintain a gap between the pellet and cladding. The gap directly
influences the peak pellet temperature and pellet-cladding interaction. Dishing on both ends reduces
ratcheting during temperature cycling.

6 mm

A
\ 4

Figure 13
Target Pellet Geometry

| 2.1.11 Design Basis for Target System Materials

The considerations upon which target system material selections are based are as follows:

e Prior operating experience for target cladding materials in a nuclear reactor irradiation
environment is preferable.

e The cladding materials must have good mechanical strength at both normal operating temperatures
and at expected temperatures during transients.

e Materials in the neutron flux must have low neutron absorption cross-sections so as not to impede
the rate of Mo-99 production.

e Selected alloys must have the properties to readily support fabrication into required shapes and
must be readily weldable.
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e The material used for the target rod cladding must not undergo undesirable chemical reactions
with the target pellet material or fission products within the operating temperature range.

2.1.12 NRC-Approved Fuel Cladding Alloys

The target rods have leak-tight cladding that has proven prior experience for this application, per the
design requirements. Alloys that have been approved by the U.S. Nuclear Regulatory Commission
(NRC) for fuel cladding in power and research reactors in the United States include Zircaloy, SS304,
SS316L, and Al6061. Zircaloy-4 was chosen due to its lower neutron absorption, which results in higher
product yield, and proven performance in LWRs. The Zircaloy-4 (UNS R60804) cladding will be
fabricated and inspected in accordance to seamless alloy tubes for nuclear reactor fuel cladding
applications per ASTM B811.

2:2 Structural Analysis of Target Assembly
2.2.1 General

The TA components are analyzed in accordance with ASME Section VIII Division I and II. The
unirradiated allowable stresses used in the analyses for SS316L and Al6061-T6 were obtained from the
ASME Section II part D, and are shown in Figure 14. The Zircaloy-4 cladding has been analyzed
structurally for both normal and off-normal operating conditions.

2.2.2 Target Housing and Cartridge

The structural analysis for the TA was performed using ANSYS 2016. The calculations confirmed that
the target housing and cartridge components are properly sized according to the ASME B&PV Section
VIII, Division 1 and Section II-D, for normal and off-normal conditions. Based on this analysis, the
structural design life of the target housing is conservatively estimated at 10 years while the design life of
the cartridge is conservatively estimated for one (1) year. The target housing and the cartridge, fabricated
from A16061-T6, were analyzed for a maximum design pressure of 148.2 kPa (21.5 psi) and 102.04 kPa
(14.8 psi) differential, respectively, to allow for design margins. The normal expected operating
differential pressures (100% flow) will be 93.91 kPa (13.62 psi) and 66.40 kPa (9.63 psi) for the housing
and cartridge, respectively. However, the flow conditions for which a reactor scram is initiated (115% of
normal flow) increases the pressures to 120.11 kPa (17.42 psi) for the housing and to 83.84 kPa (12.16
psi) for the cartridge, respectively. For this 115% flow scenario, the calculated maximum membrane plus
bending stresses of 27.07 MPa (3930 psi) for the housing and 49.07 MPa (7120 psi) for the cartridge,
show that both the target housing and cartridge aluminum components are well within the allowable limit
of 82 MPa (11,893 psi) at expected operating temperatures of ~50 °C (122 °F) (Figure 14).

The SS316L pins in the cartridge see the higher stresses but all are still well within allowables (115 MPa).
For the 115% flow condition, the highest maximum principal stress that the SST136L housing
components experience is 46.84 MPa (6.79 ksi) while the cartridge pins are subjected to a maximum
membrane plus bending stress of 49.07 MPa (7.12 ksi). At these stresses, this design ensures that both
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the housing and the cartridge maintain a Factor of Safety (FOS) > 3 for the aluminum components and a
FOS > 2 for the stainless steel components before the material begins yielding (241 MPa yield for
aluminum and 172 MPa for SS316L per the ASME Code).

This satisfies Section C(1)(c)(3) of Regulatory Guide 2.2, “Development of Technical Specifications for
Experiments in Research Reactors,” on mechanical stress effects for materials of construction for reactor
experiments, which states that materials of construction and fabrication and assembly techniques utilized
in experiments “...should be so specified and used that assurance is provided that no stress failure can
occur at stresses twice those anticipated in the manipulation and conduct of the experiment or twice those
which would occur as a result of unintended but credible changes of, or within, the experiment.” Both the
housing and the cartridge therefore maintain a FOS > 2 to the yielding allowables which provides plenty
of margin to failure stresses as mentioned in Regulatory Guide 2.2.
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Figure 14

Allowable Strength vs Temperature for Al 6061T6 and SS316LL
2.2.3 Pellet-Clad Interaction

Pellet-clad interaction for the target rods have been analyzed using FRAPCON 4.0 to ensure that the
target rod performance does not exceed design limiting factors for target pellet melting temperatures and
cladding strain cycles. Each target rod consists of 100, 95% dense UO, pellets that are encapsulated by
the Zircaloy-4 cladding.

The pellets (Figure 15) have been designed for optimum performance with manufacturability in mind.

Dishing of both ends was added to address ratcheting effects in the cladding, while chamfers were added
for ease of insertion and to eliminate stress concentrations on the cladding from pellet rotation. The pellet

Page 29 of 190



ATTACHMENT 1

to clad gap was optimized at 50 microns nominal to minimize stress/strain in cladding on one hand and
peak centerline temperatures on the other. When adding manufacturing tolerances, the gap varies
between Bl microns. Additionally, the target rod void space is filled with > 95% He, at =1
atmosphere that provides good heat transfer properties to minimize pellet centerline temperatures.

Sa, b, f

- Chamfer

sy Fuel Pellet

6 mm
(nom.)

V Cladding

& _— Dishing

5.1mm
(nom.)

71
(6.1mm Ref)

Figure 15
Pellet and Cladding Details

The target cartridge irradiation time can vary between ||| | | | || BB 1~ order to construct a
worst-case operating scenario for pellet-clad interaction analysis, it was assumed that during a -

I iradiation period the reactor could see a maximum of || startups and shutdown cycles, ] per
week. The reactor nominal operating power is 10 MW,, with a reactor shutdown occurring at the end of
the _ period. For analysis purposes it is assumed that at the beginning and end of the [JJJij
I o<riod, the reactor would run at 115% (11.5 MW,) power for a period of 24 hours. The result,
an upsurge in fission gas release, internal pressure rise, and additional thermal growth and pellet
relocation are experienced, though the duration and frequency are not enough to cause any design limit to
be exceeded.

The results of the FRAPCON analyses for the above operating scenario are shown in Table 4. Stresses
and strains as a result of pellet-clad interaction are highest for the minimal cold gap ([ [ | j D). The
results show that the primary pressure induced stress is 8.1 MPa (1175 psi), which is well within the
primary stress limit of Zircaloy-4 of 385 MPa (55.840 psi) at a temperature of 329 °C (624 °F) (Figure
16). With a factor of safety (FOS) of > 47 on primary stresses, the design meets ASME B&PV Code as
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well as Regulatory Guide 2.2, Section C(1)(c)(3) on mechanical stress effects for materials of
construction for reactor experiments (FOS against failure of > 2). Primary stresses are therefore not the
driver for cladding failure. Secondary stresses as a result of thermal differential expansion and re-location
of the cracked pellet on the other hand are the main drivers for cladding longevity. A yield strain for
Zircaloy-4 at temperature of about 0.778% is well within the strain range of twice of yield, 1.6%.
Therefore, this meets the secondary stress intensity limit. With respect to cyclic fatigue for Zircaloy-4,
the maximum number of cycles that the cladding can sustain is 9,000 as shown in Figure 17 (Reference

3), which includes irradiated specimens. With only six (6) expected cycles, the cladding has ample

ATTACHMENT 1

5a,d, e, f

design margin.
Table 4
FRAPCON Results Summary
Gap Size [ 50 pm [
Temperature (°C)
Pellet centerline 2464 2450 2527
Pellet surface 447 438 533
Cladding ID 329 301 327
Cladding OD 177 181 177
Cladding Average 253 241 252
Strain (%)
Radial -0.664 -0.281 0.146
Axial 0.409 0.266 0.169
Hoop 0.778 0.499 0.280
Gas Pressure (MPa)
Cladding Internal 0.72 0.78 0.92
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Allowable Stress for Irradiated Zircaloy-4 Based on 2/3rd Yield [Geelhood 2008]

1.556% strain (ASME:
factor of 2 on

stress/strain) \

8/cycle)

7

[3
-
<
LS
S
-
v 1.0
-
-
! 3 180,000 cycles (ASME
I 9,000 cycles, factor of
0.778%strain <[ & 0.3 jrrasiates )
= .S w2
3 Hr
3 4 cycles in €OF P}
L
4 b L
100 10000 b oo

Fatigue 1ife N (Cycles)

FIG. 7 Cyelic pla drantonéfindd Lo chaddls
or irvadiated four cycles o an EDF PRR. ~ anfoded spocimens and ., pecimens tesed of o
@, stvess during I cycien e tested 48 & @, > @, 1008s 4P 1 Nptare.

Figure 17
Fatigue Chart for Zircaloy-4 at 350 °C (un-irradiated and irradiated)’

1 The reported values for cycles in Figure 4-14 were adjusted in accordance to ASME B&PV Code to provide a factor of 2 on
stress/strain and 20 on cycles (whichever is more conservative). With a factor of > 2 on stress/strain, ASME B&PV covers the
requirements of Regulatory Guide 2.2. This means that in case of 0.778% strain, applying a factor of 2, or 1.556% strain, the
quantity cycles are estimated at 21.000, or in case of 0.778%, using a reduction factor of 20, the expected cycles are 9.000
(180.000 cycles / 20). Note that these are adjustment factors to the experimental data set to obtain estimates of lives of
components per NUREG/CR-6815.
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In case of the maximum gap of . microns, the upper limit of manufacturing tolerances, the concern is the | 52, b, f
|

(4581 °F) (Table 4), which will occur at startup when no relocation has occurred. This value is well
within the pellet melting temperature of 2860 °C (5180 °F).

centerline temperature of the target pellet. The maximum target pellet centerline temperature is 2527 °C |

The analyses show that the target rod meets the design requirements and can be safely operated under
nominal reactor conditions of 10 MW,, including the two (2) 11.5 MW, excursions at the beginning and
end of the three (3) weeks. The design incorporates a safety factor of 1,500 for cladding cycles and > |
25,000 for pressure-induced primary stress cycles. Additionally, the pellet cladding exhibits a thermal
margin of safety of > 140 °C (252 °F), while the contained target pellet exhibits a thermal margin of
safety of > 313 °C (595 °F).

2.2.4 Effect of Neutron Irradiation on Target Assembly Structural Materials

The irradiation damage to TA materials of construction Al6061, Zircaloy-4 and SS316L was calculated
for full neutron spectrum using damage cross-sections (Reference 4). The maximum damage occurs at the
active target vertical mid-plane. The driver neutron flux from the reactor core drops off rapidly as a
function of vertical distance from the mid-plane. Table 5 shows the component, location and damage in
terms of displacements per atom (dpa).

Table 5
Maximum Irradiation Damage to Target Cartridge Materials

Fast Neutron dpa for
Material Component Location Seepe iy | L1 20Mey) Design Life
(weeks) Fluence (Ref. 5)
(n/cm?) :

Al6061 Target Cartridge FROCH R & aitive 52 2.0 x 10* 1.12
target mid-plane

Zircaloy-4 | Target Rod Cladding Target rods 3 1.8 x 10% 0.033

Front face at active

21
target mid-plane 22 2.2x10 0.38

SS316L Target Cartridge

Al6061 Target Housing F{:&?‘;ﬁ:}p‘;ggf 520 7.6 x 10 429

SS316L Lower Plenum Front face 520 1.4 x 102 0.27

The impact of these low levels of irradiation damage on the material structural properties are as follows:

A16061 — This alloy has a high degree of radiation tolerance and can sustain damage levels in excess of
100 dpa. For damage levels of 1.12 dpa at 50 °C (122 °F), the alloy will experience less than 17%
volumetric swelling. The yield and ultimate strengths are increased by ~50% above 0.5 dpa. The alloy
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retains good ductility (> 5% failure strain) after irradiation; however, the AL6061 target housing strain is
very low at the maximum damage location. The use of non-irradiated properties per the ASME Section II
code is appropriate for the use of this alloy in the TA (Reference 6).

Zircaloy-4 — Zircaloy-4 is used reliably as fuel cladding for LWRs with fast fluences in the range of
10 n/cm? at 300 to 400 °C (572 to 752 °F). By comparison, the Zircaloy-4 cladding for the target rods
will have a maximum fast fluence of 1.8 x 10%° n/cm” (Table 5) at ~100 to 250 °C, assuming a three (3)
week exposure. This results in the displacements per atom (dpa) from fast neutron (E, = 0.1 — 20 MeV)
irradiation of 0.033 dpa. By comparison, LWRs experience peak Zircaloy dpa levels up to<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>