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1. INTRODUCTION

The purpose of this topical report is to provide a description of the Babcock & Wilcox (B&W)
mPowerTM fuel system design, including key design parameters and illustrations, and to present
a compilation of the fuel system design bases and criteria. A Fuel System Mechanical Design
Evaluation Topical Report, based on the design bases and criteria contained herein, will be
submitted to the NRC upon completion of the detailed analyses and testing.

Section 2 of this report describes the design of the B&W mPower fuel assembly and in-core
control components. The information provided in this report represents the current design;
minor changes to the design may occur through the fuel system development and licensing
process. The description provided in Section 2 is for information only.

Section 3 describes the fuel system mechanical design bases and criteria, with a general
discussion of the approach to evaluating the design relative to the criteria. By providing the fuel
system mechanical design bases and criteria, the specified acceptable fuel design limits
(SAFDLs) will be documented. With NRC approval of these limits, the Fuel System Mechanical
Design Evaluation Topical Report will be prepared to demonstrate compliance with General
Design Criteria (GDC) 10.

2. FUEL SYSTEM DESIGN SUMMARY

The B&W mPower fuel assembly has been designed specifically for use with the core
configuration of the B&W mPower reactor. The key fuel assembly parameters are listed in
Table 2.0-1. Figure 2.0-1 shows a cross-section of the fuel assembly array, and Figure 2.0-2
provides a fuel assembly full-length view.

The 17x1 7 fuel assembly consists of 264 fuel rods and burnable poison rods, a center
instrument tube, 24 guide tube assemblies, 2 end spacer grids, 4 intermediate spacer grids, an
upper end fitting and a lower end fitting. The guide tube assemblies direct in-core control
components, such as control rods and neutron source rods, into the fuel assembly. The
instrumentation strings are inserted into the center instrument tube (see Figure 2.0-1) in
designated assemblies.

To preclude contact between the fuel rod and the upper end fitting during irradiation, the fuel
rods are loaded into the fuel assembly with an initial clearance between the fuel rod end plugs
and the upper and lower end fittings. The fuel rods are supported by six spacer grids. The top
and bottom end grids are fabricated from nickel alloy 718, and the intermediate spacer grids are
fabricated from Zircaloy-4.

The fuel assembly is loaded into the core former and supported by the lower core support plate.
The assembly lateral position is provided by engagement between alignment pins on the lower
end fitting and mating holes in the lower core plate. The upper reactor internals are installed
over the fuel assemblies following core loading. The top of the fuel assembly is positioned by
engagement between alignment pins on the upper end fitting and alignment holes in the bottom
card of the control rod guide frame, as illustrated in Figure 2.0-3.

© 2013 Babcock & Wilcox mPower, Inc. All Rights Reserved.
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As shown in Figure 2.0-2, the fuel assembly does not have hold-down springs on the upper end
fitting because the wet weight of the fuel assembly exceeds the hydraulic lift force acting on the
fuel assembly for the full range of expected B&W mPower reactor coolant system (RCS) normal
operation (NO), anticipated operational occurrence (AOO), and design basis postulated
accident (PA) operating conditions.

Each fuel assembly can physically fit into any core location. Improper location and orientation of
fuel assemblies within the core is prevented by visual confirmation of the fuel assembly
identification number, as provided on the upper end fitting (see Figure 2.3.2-1).

The fuel assembly is designed for a nominal coolant inlet pressure of approximately 2090 psia,
with a maximum design pressure of approximately 2300 psia, and a maximum fuel rod average
burnup of 62 GWD/MTU.

2.1. Fuel Rods

The fuel rods consist of cold-worked and stress-relief annealed (SRA), low-tin Zircaloy-4
cladding loaded with sintered uranium dioxide pellets and/or sintered gadolinium-uranium
oxide pellets, a helical coil spring (called the "plenum spring") in the upper plenum, a
stainless steel standoff below the fuel pellet stack, and Zircaloy-4 end plugs welded at the
upper and lower ends to seal the rod, as shown in Figure 2.1-1. Zircaloy-4 is an established
zirconium-based alloy that has been used extensively for fuel rod cladding. The si ntered
uranium dioxide pellets and sintered gadolinium-uranium oxide pellets are cylindrical with a
reduction of material (called a "dish") at the center of each end surface; the end surfaces are
also chamfered to minimize chipping of pellets during handling and rod loading. The dish
accommodates the axial swelling and thermal expansion of the pellets during irradiation,
and also increases the available void volume for fission gas release. The dish and the
chamfer together reduce the tendency of pellets to assume an hourglass shape during
irradiation, which in turn reduces ridging of the cladding and associated stress.

A stainless steel standoff is located between the pellet stack and the lower end plug. The
standoff moves the fuel away from the heat affected zone that results from welding the lower
end plug to the cladding. A large upper plenum exists between the top of the fuel pellet
stack and the upper end plug to accommodate release of gaseous fission products during
irradiation.

A 304 stainless steel helical plenum spring is placed in the upper plenum and bears against
the top of the fuel pellet stack to prevent the pellets from moving during shipping and
handling of fuel assemblies. The cladding wall thickness and the radial gap between the
pellets and cladding are determined so that the integrity of the fuel rod is fully maintained
during NO and AOOs, accounting for differential thermal expansion between the fuel pellets
and the cladding, and fuel density and dimension changes during irradiation.

© 2013 Babcock & Wilcox mPower, Inc. All Rights Reserved. [CCI per Affidavit 4(a)-(d)]
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The axial clearances between the fuel rod and the upper and lower end fittings are designed
to allow for the length differences that develop between the fuel rod and the assembly guide
tubes due to thermal expansion and irradiation growth during normal operation.

To reduce pellet-cladding interaction and prevent cladding collapse during normal operation,
the fuel rods are pre-pressurized with helium. The helium pre-pressurization level is set so
that:

* The internal gas pressure mechanical design limited is not exceeded.

" The cladding stress-strain limits are not exceeded during normal operation and AOOs.

* Cladding collapse does not occur during the fuel assembly life.

The upper fuel rod end plug is designed with a grappling feature to allow for removal of fuel
rods to facilitate field repair of fuel assemblies. The long, solid lower end plug has a tapered
end to facilitate fuel rod loading during fuel assembly fabrication and reconstitution.[

1.

2.2. Burnable Poison Rods

Supplementary reactivity control is provided by burnable poison rods (BPRs). The BPRs are
located within the fuel assembly lattice, replacing some of the U0 2 fuel rods in the lattice,.
and are designed to suppress the excess reactivity during the fuel cycle. T he boron
absorber depletes in concert with the fuel's reactivity to maintain a relatively flat power
profile and minimize peaking during a fuel cycle.

The BPRs are mechanically identical to fuel rods (using Zi rcaloy-4 cladding and welded end
plugs) and contain a burnable absorber material in the form of B4C within an aluminum oxide
(A120 3) matrix, as illustrated in Figure 2.2-1. The current fuel assembly design utilizes either

[ I.
The A120 3-B4C burnable poison pellets contain up to [ ] weight percent B4C (see
Table 2.0-1). The absorber pellet stack has a length of [

].

2.3. Fuel Assembly Structure

The fuel assembly structural skeleton consists of the upper end fitting and the cage
assembly. The fuel assembly cage, shown in Figure 2.3-1, includes the lower end fitting,
the guide tube assemblies, and the spacer grids.

2.3.1. Lower End Fitting

A schematic view of the lower end fitting is provided in Figure 2.3.1-1. The lower end
fitting serves the following functions:

© 2013 Babcock & Wilcox mPower, Inc. All Rights Reserved. [CCI per Affidavit 4(a)-(d)]
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" Positions the bottom of the fuel assembly properly within the core

" Directs coolant flow distribution to the fuel assembly

" Provides a lead-in for insertion of in -core instrumentation into the instrument tube
located in the center of the fuel assembly

" Prevents fuel rods from passing through the lower end fitting during fuel assembly
life

" Bears the axial loads of the fuel assembly, including its weight

The lower end fitting consists of a flow plate and four alignment pins made from 304L
stainless steel. The lower end fitting is connected to the lower end plug of the guide
tube assembly through a threaded joint using a stainless steel nut, as shown in F igure
2.3.1-2. The nut includes locking features that are engaged with the lower end fitting to
prevent loosening of the nut during operation and minimize the probability for loose
parts.

The lower end fitting includes a counter-bore at the center of the top surface of the flow
plate for positioning the instrument tube in the bundle, and a lead-in on the bottom
surface of the flow plate to facilitate insertion of in-core instrumentation into the
assembly.

In addition to guiding the primary coolant into the fuel assembly, the flow channels and
ligaments on the flow plate are designed in both their position and size to prevent fuel
rods from passing through the holes during the life of the fuel assembly. The design
achieves a low pressure drop while maintaining adequate structural margins.

Axial loads on the fuel assembly are transmitted through the lower end fitting to the
lower core support plate. When loading fuel into the core, the four alignment pins on the
bottom surface of the lower end fitting properly guide the fuel assembly by engaging the
four mating holes in the lower core support plate. Lateral loads on the fuel assembly are
transmitted though the alignment pins to the lower core support plate.

2.3.2. Upper End Fitting

The upper end fitting is the uppermost structural component of the fuel assembly. The
upper end fitting consists of a 304L stainless steel flow plate and four 304L stainless
steel alignment pins, as shown in Figure 2.3.2-1. The upper end fitting serves the
following functions:

Positions the top of the fuel assembly properly within the core

Interfaces with the moveable in-core control components and accommodates loads
imposed by control components during a reactor scram

Guides the primary coolant flow out of the fuel assembly

@ 2013 Babcock & Wilcox mPower, Inc. All Rights Reserved. (CCI per Affidavit 4(a)-(d)]
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" Positions the top of the instrument tube within the assembly

" Prevents fuel rods from passing through the upper end fitting during the lifetime of

the fuel assembly

* Provides grappling features on the alignment pins for fuel handling

* Provides for fuel assembly identification and orientation

* Allows for fuel assembly reconstitution

The upper end fitting has four alignment pins located in each corner of the flow plate.
The alignment pins engage mating holes in the bottom card of the control rod guide
frame to properly position the top of the assembly within the core, as shown in
Figure 2.0-3. An engraved identification number plate welded onto the top surface of the
upper end fitting flow plate is used for visual confirmation that the fuel assembly is in the
correct core location and is in the proper rotational orientation.

As shown in Figure 2.3.2-1, the flow plate, which includes a raised (i.e., thicker) central
section, is designed to withstand the impact loads imposed by a control rod assembly
after a reactor scram.

The upper end fitting flow plate is provided with open channels to permit flow of coolant
through the flow plate with a low pressure drop. The arrangement of flow channels and
ligaments in the flow plate is such that the ligaments are aligned with the fuel rods. This
design precludes fuel rods from passing through the upper end fitting flow plate during
the life of the fuel assembly.

The upper end fitting is connected to the [

1.

The bottom surface of the flow plate includes [

I.

[

I.

I
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I.

2.3.3. Guide Tube Assembly

The guide tube assembly, illustrated in Figure 2.3.3-1, is a structural member of the fuel
assembly, and also has the function of directing in-core control components, such as
control rods and neutron source rods, when they are inserted into or withdrawn from the
assembly. Each guide tube assembly is fabricated using fully-annealed Zircaloy-4
tubing having a constant outer diameter (OD) and inner diameter (ID) over the entire
length. The guide tube is welded to Zircaloy-4 upper and lower end plugs. A separate
dashpot tube, fabricated using Zircaloy-4 tubing, is welded to the lower end plug and
inserted into the bottom portion of the guide tube.

The larger tube diameter at the top section of the guide tube provides a relatively large
annular area necessary to permit rapid control rod insertion during a reactor trip, and
provides a flow path for coolant during normal operation. Holes are provided in the
guide tube wall above the dashpot tube to allow cooling water into the guide tube during
normal operation and to permit the escape of coolant during a scram, thereby reducing
rod drop time. The lower portion of the guide tube assembly, which includes the dashpot
tube, provides a dashpot action that serves to decelerate the control rod assembly at the
end of a reactor scram.

The lower end plug is provided with a small flow port to avoid fluid stagnation in the
dashpot during normal operation and to prevent boiling in the dashpot region if an
in-core control component is fully inserted into the guide tube.

As illustrated in Figure 2.3.1-2, the guide tube assembly is attached to the lower and
upper end fittings through threaded joints using stainless steel lock nuts. The nuts
include locking features to prevent them from loosening during operation, and to reduce
the probability for loose parts.

The bottom nickel alloy 718 spacer grid is secured

]. Similarly, the top alloy 718 spacer grid is secured

The Zircaloy-4 intermediate spacer grids (also referred to as mid grids) are welded to the
eight outer guide tube assemblies via weld tabs on the mid grids (illustrated in Figure
2.3.3-3).

© 2013 Babcock & Wilcox mPower, Inc. All Rights Reserved. [CCI per Affidavit 4(a)-(d)]
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2.3.4. Grid Assemblies

As shown in Figure 2.0-2, the fuel rods are supported at intervals along their lengths by
grid assemblies which maintain the lateral spacing between the rods throughout the
design life of the fuel assembly. Each grid assembly consists of individual slotted straps
that are assembled and interlocked into an egg-crate type arrangement, with the straps
permanently joined at their points of intersection by welding.

The grids are designed to minimize coolant pressure drop across each grid. The
outermost straps of all grids include lead-ins to avoid interference with the adjacent fuel
assemblies and the core former during loading and unloading of fuel assemblies. Flow
mixing vanes are not required due to the relatively low power density and the design
coolant flow rates which provide sufficient coolant mixing.

The spacer grids have a 1 7xl 7 lattice structure. With the exception of the middle row
and column of grid cells, the fuel rods are supported within each grid cell at eight contact
points by the combination of cantilevered springs and support dimples. The middle row
and column of cells support fuel rods at six contact points. The center cell in the lattice
supports the instrumentation tube at four contact points.

The top and bottom spacer grids, illustrated in F igure 2.3.4-1, are fabricated from nickel
alloy 718. A sufficient grid spring restraining force on the fuel rod is maintained
throughout fuel assembly life so as to minimize the potential for grid fretting wear of the
fuel rod and burnable poison rod cladding. However, the spring force is not high enough
to cause overstressing of the cladding at the points of contact between the grid springs
and the rods. The grid assemblies are designed to allow axial thermal expansion and
irradiation growth of the fuel rods and burnable poison rods without imposing restraining
loads sufficient to cause distortion or buckling of the rods during the fuel assembly
design life.

The four mid spacer grids, illustrated in Figure 2.3.4-2, are fabricated from Zircaloy-4.
The Zircaloy-4 straps used to fabricate the mid grids are thicker than the nickel alloy 718
straps used to fabricate the end grids. In addition, the intermediate grids have a greater
height than the end grids (inner strap height of -2.0 inches versus -1.5 inches). As a
result, the mid grids have a high strength. The spring and dimple arrangement for the
mid grids is similar to that used for the end grids, with the exception of the peripheral
cells. A back-up arch is incorporated into the spring design in the peripheral cells to
prevent over-travel of fuel rods, and damage to the grid, in the event that high lateral
loads are applied to the peripheral rods during fuel handling operations.

2.4. In-Core Control Components

Reactivity control is provided by BPRs and moveable control rods. The control rod
assemblies (CRAs) are used to control excess reactivity during the operating cycle and to
control the core power distribution. The CRAs are also used to shut down the reactor. The
design parameters for the control rod assemblies are provided in Table 2.4.1-1.

@ 2013 Babcock & Wilcox rnPower, Inc. All Rights Reserved.

Page 12 of 70



Babcock & Wilcox mPower, Inc.
a Babcock & Wilcox company

Document No. Title Rev. No.

MPWR-TOPR-000002-NP B&W mPower TM Reactor Fuel System Design Criteria 000

The neutron source rods provide assistance for monitoring the core flux level during periods
of low fission neutron activity. The design parameters for the neutron source rods are
provided in Table 2.4.2-1.

Subsections 2.4.1 and 2.4.2 describe each in-core control component in detail.

2.4.1. Control Rod Assemblies

The moveable in-core control assemblies are divided into two types: Type 1 and Type 2
control rod assemblies. The Type 1 CRAs are located in interior positions within the
core. They compensate for reactivity changes due to variations in operating conditions
of the reactor and are used to control excess reactivity during the operating cycle or to
control axial power shape. [

]. The Type 1 CRAs include 24 control rods
and the Type 2 CRAs include 23 control rods and are used for fuel assemblies in which
a primary or secondary neutron source rod is inserted.

As shown in Figure 2.4.1-1, the control rod assembly consists of the spider assembly
and the control rods attached to the spider assembly. The CRAs are inserted into the
guide tubes of all 69 fuel assemblies within the reactor core. The Type 1 and Type 2
CRAs together provide adequate shutdown margin under all conditions.

The absorber material used in the control rods is silver (80%) - indium (15%) - cadmium
(5%). The Ag-In-Cd (AIC) absorber material is essentially "black" to thermal neutrons
and has sufficient additional resonance absorption to significantly increase worth. As
shown in Figure 2.4.1-2, the absorber material is in the form of a solid bar within cold-
worked 304L stainless steel cladding.

Both ends of the control rod are sealed by welded 304L stainless steel end plugs. The
lower end plug has a conical tip to reduce the hydraulic drag during reactor trip and to
guide the control rod into the dashpot section of the guide tube assemblies. The upper
end plug consists of two structurally different sections: A threaded section at the upper
end for attachment to the spider assembly, and a section with a smaller diameter that
permits flexing of the rod to correct for small misalignments between the reactor upper
internals and the fuel assembly.

The length of the absorber is comparable to the length of the fuel pellet stack. The axial
position of the absorber within the rod and the absorber length ensure that the absorber
is properly positioned in the core when the CRA is fully inserted. The absorber material
is restrained axially by a 304 stainless steel helical plenum spring. The diametral
clearance between the cladding and the absorber is determined to accommodate the
differential thermal expansion between the cladding and the absorber, and the swelling
of the absorber due to irradiation, in order to prevent excessive loads on the cladding.

© 2013 Babcock & Wilcox mPower, Inc. All Rights Reserved. [CCI per Affidavit 4(a)-(d)]
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I

A standard bayonet coupling between the spider assembly and the control rod drive
connecting rod is accomplished through the J-Iock plunger. The impact limiter utilizes a
nickel alloy 718 spring in combination with the 304L stainless steel plunger to limit the
load when a CRA impacts the top of the fuel assembly (i.e., upper end fitting) following a
scram.

The control rods are fastened securely to the spider assembly. The rods are first
threaded into the spider arms and then welded to maintain joint tightness.

The overall length of the CRA is such that when the assembly is withdrawn through its
full travel, the tips of the control rods remain engaged within the guide tubes so that the
alignment between the rods and guide tubes is always maintained. Also the rods are
relatively free to conform to any small misalignments within the guide tubes.

2.4.2. Neutron Source Rods

The purpose of the neutron source rods is to provide a sufficiently-high base neutron flux
level to confirm that the neutron detectors are operational and responding to core
multiplication neutrons. For the first core, primary neutron source rods also provide a
sufficient population of neutrons to achieve predictable reactor startup. The primary
source rods are placed in the reactor to provide a positive neutron count of at least three
counts per second attributable to core neutrons on the source range detectors. For
subsequent cores, activated secondary neutron source rods serve these two functions.

The neutron source rods are employed at four locations at the periphery of the core.
The source rods are inserted into the guide tubes in fuel assemblies that contain
moveable control rod assemblies with only 23 control rods attached to the spider
assembly.

The sources rods also permit detection of changes in the core multiplication factor during
core loading, refueling, and approach to criticality. Since the multiplication factor is
related to an inverse function of the detector count rate, changes in the multiplication
factor can be detected during addition of fuel assemblies while loading the core and
changes in control rod positions.

The primary source rods, containing a radioactive material, spontaneously emit neutrons
during initial core loading, reactor startup, and initial operation of the first core. After the
primary source rods decay beyond the initially required neutron flux levels, neutrons are
then supplied by the secondary so urce rods. The secondary source rods contain a
stable material that is activated during reactor operation. This activation results in the
subsequent release of neutrons.
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As shown in Figure 2.4.2-1, the primary source rod contains a capsule of californium-252
source material and 304L stainless steel spacers to position the source capsule within
the cladding. The cladding material used for the primary source rod is 304L stainless
steel. A nickel alloy 718 spring clip is used to axially restrain the spacers and the source
capsule. The primary source rod is sealed using welded 304L stainless steel end plugs.

As shown in Figure 2.4.2-2, the secondary source rod comprises a capsule that contains
a stack of antimony-beryllium (Sb-Be) pellets, with a stack length of [ ] inches. The
secondary neutron source capsule is positioned within the 304L stainless steel source
rod cladding using 304L stainless steel spacers. A nick el alloy 718 spring clip is used to
axially restrain the spacers and the source capsule. The secondary source rod is sealed
using welded 304L stainless steel end plugs.

[

.
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Table 2.0-1 B&W mPower Fuel Assembly Design Summary1

Fuel Assembly Parameters
Fuel rod array 17 x 17

Number of fuel rods per assembly 240, 244 or 248

Number of burnable absorber rods per assembly 24, 20, or 16
Number of instrument tubes per assembly 1 (center)

Number of guide tubes per assembly 24

Number of end grids per assembly 2

Number of intermediate grids per assembly 4

Fuel assembly envelope 8.425 in (214.0 mm)
Fuel rod pitch 0.496 in (12.60 mm)

Fuel assembly length (not including alignment pins) [_]

Overall fuel assembly length

Fuel assembly dry weight (maximum) [_]

Guide Tube Assembly

Guide tube assembly dashpot design Tube-in-Tube

Dashpot tube length

Guide tube outer diameter 0.482 in (12.24 mm)

Guide tube inner diameter 0.442 in (11.22 mm)
Dashpot tube outer diameter [
Dashpot tube inner diameter

Fuel Rod Parameters

Cladding outer diameter 0.374 in (9.50 mm)
Cladding inner diameter 0.329 in (8.35 mm)

Overall fuel rod length [

Active fuel length [

Fuel enrichment 4.95 w/o U2 35 Maximum

Gadolinia content

Fuel pellet diameter 0.3225 in (8.191 mm)

Fuel pellet density 97% Theoretical Density

Helium pre-pressurization 275 psig

Burnable Poison Rod (BPR) Parameters

Cladding outer diameter 0.374 in (9.50 mm)

Cladding inner diameter 0.329 in (8.35 mm)

Overall BPR length I
i -

Absorber material AIkO•-BAC ( I
Absorber length [

Absorber pellet diameter
Helium pre-pressurization

])

All dimensions are typical/reference values, and are provided for information only. Detailed
dimensions are denoted in manufacturing drawings.
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Table 2.0-1 B&W mPower Fuel Assembly Design Summary (continued)1

End Grids
Lateral envelope 8.425 in (214.00 mm)
Grid height 1.50 in (38.1 mm)
Inner strap height 1.50 in (38.1 mm)
Cell pitch 0.496 in (12.60 mm)
Strap thickness (inner/outer) [_]
Retaining ring (Zr-4) length [

Intermediate (Mid) Grids
Lateral envelope 8.416 in (213.77 mm)
Grid height [_]
Inner strap height [_]
Cell pitch 0.496 in (12.60 mm)
Strap thickness (inner/outer) [_]

Fuel Assembly Materials
Fuel rod and BPR cladding SRA Zircaloy-4
Fuel rod and BPR plenum spring (helical) 304 Stainless Steel
Upper and lower end fittings 304L Stainless Steel
Cage locking nuts 304L Stainless Steel
Guide tube assemblies Fully-annealed Zircaloy-4
Fuel rod, BPR, and guide tube end plugs Fully-annealed Zircaloy-4
Top and bottom spacer grids Nickel Alloy 718
Intermediate spacer grids Zircaloy-4

All dimensions are typical/reference values, and are provided for information only. Detailed

dimensions are denoted in manufacturing drawings.
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Table 2.4.1-1 B&W mPower Control Rod Assembly Design Summary1

Control Rod Assembly
CRA total weight (Spider + AIC Control Rods) [
CRA total length [ ]

Number of control rods per assembly 2  24

Spider Assembly
Spider weight [
Spider height [
Impact limiter spring free length

[ ]

Impact limiter spring material

Control Rods
Absorber material Ag (80%) - In (15%) - Cd (5%)
Control rod length
Absorber outer diameter [ ]

Absorber length [ ]
Cladding and end plug material Type 304L Stainless Steel
Cladding outer diameter [ ]

Cladding inner diameter [ ]

Plenum spring material 304 Stainless Steel

All dimensions are typical/reference values, and are provided for information only. Detailed
dimensions are denoted in manufacturing drawings.

2 Type I CRAs have 24 control rods. Type 2 CRAs in fuel assemblies with neutron source rods have

23 control rods.
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Table 2.4.2-1 B&W mPower Neutron Source Rod Design Summary'

Primary Neutron Source Rod
Number of source rods per core [ 1
Neutron source material Californium 252
Neutron source material diameter 0.295 in (7.49 mm)

Neutron source material length [ ]

Neutron source capsule outer diameter [ ]

Neutron source capsule length [ ]

Cladding material Type 304L Stainless Steel

Cladding outer diameter

Cladding inner diameter

Secondary Neutron Source Rod

Number of source rods per core 2 ]

Neutron source material Antimony-Beryllium

Neutron source material diameter 0.295 in (7.49 mm)

Neutron source material length

Neutron source capsule outer diameter

Neutron source capsule length [_]

Cladding material Type 304L Stainless Steel

Cladding outer diameter I
Cladding inner diameter I

All dimensions are typical/reference values, and are provided for information only. Detailed
dimensions are denoted in manufacturing drawings.

2
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-
Figure 2.0-1 Fuel Assembly Cross-Section

(Dimensions in inches, for information only)
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Figure 2.0-2 Fuel Assembly Full-Length View
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I

I

Figure 2.0-3 Fuel Assembly Interface with Reactor Upper Internals
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Figure 2.1-1 Fuel Rod Schematic
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Figure 2.2-1 Burnable Poison Rod
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Figure 2.3.1-1 Lower End Fitting
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Figure 2.3.1-2 Guide Tube Assembly to End Fittings Joints
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r

I
Figure 2.3.3-2 Constraint Design for End Grids on Guide Tubes
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Figure 2.4.1-3 Spider Assembly
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Figure 2.4.2-1 Primary Neutron Source Rod
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Figure 2.4.2-2 Secondary Neutron Source Rod
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3. FUEL SYSTEM DESIGN BASES AND CRITERIA

3.1. Fuel System Design Bases Summary

3.1.1. Design Requirements

Design requirements for the fuel system described in this section conform to the review
guidance in the NRC Standard Review Plan (SRP) 4.2 (NUREG-0800) (Reference 5.1),
and more recently in the Design Specific Review Standard (DSRS) 4.2 (Reference 5.2).
These requirements are in compliance with General Design Criteria (GDC) 10, 27 and
35 of 10 CFR Part 50 Appendix A (Reference 5.3), 10 CFR Part 50.46 (Reference 5.4)
and 10 CFR Part 100 (Reference 5.5). The requirements are also consistent with
Section 4.2 of Regulatory Guide 1.70 (Reference 5.6) and with Section C.1.4.2 of
Regulatory Guide 1.206 (Reference 5.7).

The design basis objectives of the fuel system are to ensure that:

(a) the fuel system is not damaged as a result of normal operation or anticipated
operational occurrences (AOOs);

(b) fuel system damage is never so severe as to prevent control rod insertion when it is
required;

(c) the number of fuel rod failures is not underestimated for postulated accidents (PAs);
and

(d) core coolability is always maintained.

GDC 10 (Reactor design), within Appendix A to 10 CFR Part 50, addresses item (a)
above: "The reactor core and associated coolant, control, and protection systems shall
be designed with appropriate margins to ensure that specified acceptable fuel design
limits are not exceeded during any condition of normal operation, including the effects of
anticipated operational occurrences." Specifically, GDC 10 requires establishing
Specified Acceptable Fuel Design Limits (SAFDLs) to ensure that the fuel system is not
damaged.

With respect to the fuel system design, "not damaged" means that fuel rods do not fail,
that the fuel system remains within operational tolerances, and that the functional
capabilities are not reduced below those assumed in the safety analysis.

"Fuel rod failure" means that the fuel rod leaks and that the first fission product barrier
(the cladding) has been breached. This criterion relates to 10 CFR Part 100, dose
analysis.

"Coolability" means that the fuel assembly retains its rod-bundle geometry with adequate
coolant flow passages (channels) to permit removal of residual heat even after a severe
accident.
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General requirements to maintain control rod insertability and core coolability appear
repeatedly in GDC 27 (Combined reactivity control systems capability) and GDC 35
(Emergency core cooling). Specific coolability requirements for the loss -of-coolant
accident (LOCA) are provided in 10 CFR Part 50.46.

To address these requirements, design criteria for the fuel system are categorized with
respect to:

(A) fuel system damage

(B) fuel rod and burnable poison rod failure

(C) fuel coolability

The complete set of design criteria required in SRP 4.2 (Reference 5.1) or DSRS 4.2
(Reference 5.2) are listed in Table 3.1.1-1 to Table 3.1.1-3. Criteria related to fuel
system damage and their applicability to fuel system components are summarized in
Table 3.1.1-1. Criteria related to the failure of fuel rods and burnable poison rods are
summarized in Table 3.1.1-2. Criteria related for fuel coolability and their applicability to
fuel system components are summarized in Table 3.1.1-3.

Section 3.2 of this report presents a review of the B&W mPower fuel rod and fuel
assembly design bases and criteria. It is noted that for some requirements related to
postulated accidents, the Design Control Document (DCD) is referenced for the detailed
discussion of the requirement.

3.1.2. Plant Conditions for Fuel System Design

Plant conditions for fuel system design are categorized according to expected frequency
of occurrence and by type, as follows:

(1) Normal Operation (NO)

(2) Anticipated Operational Occurrences (AOOs)

(3) Postulated Accidents (PAs)

Normal operation typically includes the following events that are expected frequently or
are performed regularly in the course of power operation, refueling, maintenance, and
maneuvering of the plant (Reference 5.8):

" Startup
" Shutdown (hot and cold)
* Refueling

* Hot standby
* Power operation

* Operational maneuvers
" Plant heatup and cooldown
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* Load change

* Operation with permissible deviations

Anticipated operational occurrences, as defined in 10 CFR Part 50, Appendix A, are
those conditions of operation that are expected to occur one or more times during the life
of the nuclear plant. Postulated accidents are unanticipated occurrences. T hat is, they
are postulated but are not expected to occur during the life of the nuclear power plant.

Analyses of AQOs and PAs are categorized according to type so that analysts can
compare them on common bases, effect, and safety limits. Such comparisons can help
to identify limiting events and cases for detailed examination, and eliminate non-limiting
cases from further consideration.

AOOs and PAs are grouped into the following seven types (Reference 5.8):

(1) Increase in heat removal by the secondary system

(2) Decrease in heat removal by the secondary system

(3) Decrease in reactor cooling system (RCS) flow rate

(4) Reactivity and power distribution anomalies
(5) Increase in reactor coolant inventory
(6) Decrease in reactor coolant inventory

(7) Radioactive release from a component or subsystem

The events for AQOs and PAs for the B&W mPower plant will be categorized in
Chapter 15 (Transient and Accident Analysis) of the DCD to specify the limiting event for
fuel system integrity.
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Table 3.1.1-1 Criteria for Fuel System Damage

In-Core Control
Plant Condition Fuel AssemblyInCrCotl

SRP/DSRS 4.2 Acceptance Criteria for: Component Related Chapter/Section to be
(A) Fuel System Damage NO AOO PA Fuel BPR Other Control Other Reviewed in DCD

rods comp. rods comp.

1.A.i Cladding Stress x x x x x Section 4.2 (Fuel System Design)

Cladding Strain x x x x x Section 4.2 (Fuel System Design)

Loading Limits x x x x x Section 4.2 (Fuel System Design)

2.A.ii Cladding and Component x x x x x x x Section 4.2 (Fuel System Design)
Fatigue

2.A.iii Fretting Wear x x x x x x Section 4.2 (Fuel System Design)

1.A.iv Cladding and Component x x x x x Section 4.2 (Fuel System Design)
Oxidation, Hydriding, CRUD Effects of CRUD discussed in Sections

4.3 and 4.4
1.A.v Dimensional Changes X x x x x Section 4.2 (Fuel System Design)

1.A.vi Rod Internal Pressure (no x x x x Section 4.2 (Fuel System Design)
cladding liftoff, no hydride
reorientation)
Rod Internal Pressure x x x x Section 4.2 (Fuel System Design)
(DNB propagation)

2.A.vii Assembly Liftoff x x x x x Section 4.2 (Fuel System Design) and
Hydraulic load evaluation discussed in
Section 4.4

1.A.viii Control Rod Reactivity and x x x x x x Section 4.2 (Fuel System Design)
Insertability

L n
NO:
AOO:
PA:
BPR:

Normal uperation
Anticipated Operational Occurrence
Postulated Accident
Burnable Poison Rod
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Table 3.1.1-2 Criteria for Fuel Rod and Burnable Poison Rod Failure

Plant Condition Fuel Assembly In-Core Control
SRP/DSRS 4.2 Acceptance Criteria Component Related Chapter/Section to be
for: (B) Fuel Rod Failure NO AOO PA Fuel BPR Other Control Other Reviewed in DCD

rods comp. rods comp.
1.B.i Hydriding (Internal) x x x x x Section 4.2 (Fuel System Design)

Hydriding (External from x x x x x Section 4.2 (Fuel System Design)
corrosion)

1.B.ii Cladding Collapse x x x x Section 4.2 (Fuel System Design)

1.B.iii Overheating of Cladding x x x x x Section 4.2 (Fuel System Design)
Section 4.4 (Thermal and Hydraulic
Design)

1.B.iv Overheating of Fuel Pellet x x x x x Section 4.2 (Fuel System Design)
Chapter 15 (Transient and Accident
Analysis)

1.B.v Excessive Fuel Enthalpy Not applicable to the B&W mPower
reactor design (Chapter 15.4.8 and
15.4.9 of the DSRS are marked N/A)

1.B.vi Pellet-Clad Interaction (PCI x x x x x Section 4.2 (Fuel System Design)
and PCMI)

1.B.vii Bursting x x x Chapter 15 (Transient and Accident
Analysis)

1.B.viii Mechanical Fracture x x x x Section 4.2 (Fuel System Design)

NO:
AOO:
PA:
BPR:

Normal Operation
Anticipated Operational Occurrence
Postulated Accident
Burnable Poison Rod
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Table 3.1.1-3 Criteria for Fuel Coolability

In-Core Control
Plant Condition Fuel Assembly CompontR ht

SRP/DSRS 4.2 Acceptance Criteria Component Related Chapter/Section to be
for: (C) Fuel Coolability Fuel Other Control Other Reviewed in DCDNO AOO PA BPR

rods comp. rods comp.
1.C.i Cladding Embrittlement (PCT x x x x Chapter 15 (Transient and Accident

<2200°F, oxidation <17% Analysis)
ECR)

1.C.ii Violent Expulsion of Fuel Not applicable to the B&W mPower
(Criteria in SRP/DSRS 4.2, reactor design (Chapter 15.4.8 and
Appendix B) 15.4.9 of the DSRS are marked N/A)

1.C.iii Generalized Cladding x x x Chapter 15 (Transient and Accident
Melting Analysis)

2.C.iv Fuel Rod Ballooning x x x x Chapter 15 (Transient and Accident
(Methods in RG 1.157) Analysis)

1.C.v Structural Deformation x x x Chapter 15 (Transient and Accident
(Criteria in SRP/DSRS 4.2, Analysis)
Appendix A)

NO: Normal Operation
AOO: Anticipated Operational Occurrence
PA: Postulated Accident
BPR: Burnable Poison Rod
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3.2. Design Criteria and Methodology for Evaluating Fuel System Damage

Fuel system damage requirements apply to normal operation and AOOs. To meet the
requirements of GDC 10 as it relates to SAFDLs for normal operation, including AOOs, fuel
system damage criteria are specified for all known damage mechanisms.

Fuel damage criteria ensure that fuel system dimensions remain within operational
tolerances and that functional capabilities are not reduced below those assumed in the
safety analysis. When applicable, the fuel damage criteria consider high burnup effects
based upon irradiated material properties.

3.2.1. Cladding Stresses

(1) Design Basis

The fuel system is designed such that damage due to excessive stress under normal
operation and AOOs is precluded.

(2) Design Criteria

The ASME Boiler and Pressure Vessel (B&PV) Code, Section III (Reference 5.9)
pressure vessel stress categories and strength theory are used as a general guide for
cladding stresses for fuel rods, burnable poison rods, control rods and neutron source
rods. All cladding stresses, except for pellet-cladding mechanical interaction (PCM I)
related stresses for fuel rods, are considered in the stress evaluation and are assessed
according to ASME B&PV Code, Section III (Reference 5.9).

Cladding stress remains below the ASME B&PV Code, Section III (Reference 5.9) limits,
as summarized below:

Category Limit Stress Due to:
Primary Membrane SM Differential Pressure

Primary Membrane + Bending 1.5 Sm Ovality, Hydraulic & seismic vibration, fuel
bowing

Primary Membrane + Bending + Local 1.5 Sm Grid spacer contact force (fuel rods and
BPRs)

Primary Membrane + Bending + Local + 3.0 Sr Thermal stress due to temperature
Secondary difference across the cladding

The allowable stress intensity, Sm, is the minimum of two-thirds of the cladding yield
stress or one-third of the cladding tensile strength, with consideration of temperature and
irradiation.

© 2013 Babcock & Wilcox mPower, Inc. All Rights Reserved.

Page 45 of 70



Babcock & Wilcox mPower, Inc.
a Babcock & Wilcox company

Document No. Title Rev. No.

MPWR-TOPR-000002-NP B&W mPowerTM Reactor Fuel System Design Criteria 000

(3) Design Evaluation

Cladding stresses for fuel rods are calculated using FRAPCON-BW Steady-State Fuel
Rod Performance Code (Reference 5.10) and basic analytical equations. Cladding
stresses for BPRs, control rods, and neutron source rods are calculated using basic
analytical equations. Fuel rod cladding stresses take into account the differential
pressure across the cladding wall, thermal stresses, hydraulic vibration, PCMI, spacer
grid spring contact, and cladding ovality. Burnable poison rod cladding stresses take
into account the differential pressure across the cladding wall, hydraulic vibration, spacer
grid spring contact, and cladding ovality. Control rod and neutron source rod cladding
stresses take into account the differential pressure across the cladding wall, therm al
stresses, hydraulic vibration, and cladding ovality.

The cladding stresses are categorized and evaluated as defined in the table below,
using the ASME Boiler and Pressure Vessel (B&PV) Code, Section III (Reference 5.9)
as a general guide:

Loading Condition Stress Category Classification Evaluation Method
Internal-external Primary membrane Pm Basic equations
differential pressure stress
Hydraulic and seismic Primary bending Pb Vibration analysis & basic equations
vibration stress
Fuel bowing Primary bending Pb Basic equations

stress
Cladding ovality Primary bending Pb Basic equations

stress
Spacer grid spring Local primary P, Basic equations
contact membrane stress
Thermal Stress Secondary Stress Q Basic equations

Total cladding stress for each rod assembly is evaluated by summing up the stress
contributions for that rod assembly. The stress intensity is calculated as the maximum
absolute value of the differences between the principal stress components.

The stress evaluation for the fuel rods and burnable poison rods take into account the
effects of cladding oxidation and wear. The cladding wear occurs on the outer surface of
the cladding and affects a small and local part of the cladding. Therefore, the effect of
cladding wear is accounted for per SRP/DSRS 4.2, Section 1 .A.i and Section 1 .A.iii
(References 5.1 and 5.2).

3.2.2. Cladding Strain

(1) Design Basis

The fuel system is designed such that damage due to excessive cladding strain under
normal operation and AQOs is precluded.
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(2) Design Criteria

For fuel rods, the total cladding elastic plus inelastic strain change during power
transients associated with AOOs remains below 1% relative to the pre-transient
condition. This criterion limits cladding strain due to PCM I.

For burnable poison rods, cladding strain during normal operation is less than [ ]
relative to the un-irradiated condition. This criterion ensures that the dimensional
change of the cladding due to cladding creep under normal operation remains within the
ductility limits for the cladding. In addition, the total cladding elastic plus inelastic strain
change during power transients associated with AQOs remains below 1% relative to the
pre-transient condition. This criterion limits cladding strain due to PCMI.

(3) Design Evaluation

Cladding strain for fuel rods under normal operation and AOOs is evaluated using the
FRAPCON-BW Steady-State Fuel Rod Performance Code. For normal operation, the
code evaluates cladding strain taking into account the pressure differential, cladding
creepdown and subsequent outward deformation due to fuel pellet swelling. Cladding
strain during normal operation resulting from PCMI is dominant. Pellet densification,
swelling, cracking, and thermal expansion are considered in the analysis, as well as
cladding creep. Power variation during normal operation is generally very moderate.
Moreover, creep deformation for zirconium alloys readily occurs at normal operating
temperatures.

For power transients associated with AOOs, the change in cl adding strain from normal
operation to the maximum power during AQOs is evaluated as the total tensile strain
change (elastic and inelastic). This strain is induced mainly by pellet expansion due to
thermal expansion and fission gas bubble swelling. Both the PCMI and gas bubble
swelling are due to a local power increase. To evaluate power transients, the local
power increase during AOOs is added to the power under normal operation in the
FRAPCON-BW Steady-State Fuel Rod Performance Code.

For burnable poison rods, although the integrity of the cladding i s preserved until the
cladding strain during normal operation reaches several percent, a cladding strain
increment of [ ] relative to the un-irradiated cladding is conservatively appli ed as the
criterion. Cladding strain is primarily due to pellet swelling during irradiation. To
evaluate cladding strain, a pellet swelling analysis is performed using a conservative
pellet swelling model. The predicted pellet outer diameter is compared to the cladding
inner diameter to determine percent cladding strain.
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3.2.3. Stress and Loading Limit for Other than Cladding

3.2.3.1. Loads Applied by Core Restraint System

(1) Design Basis

To supply the expected thermal power and to maintain a coolable geometry of the core
and safe shutdown of the reactor, the fuel system is designed such that significant
deformation under anticipated loads during normal operation and AOOs is precluded.

(2) Design Criteria

The design criteria associated with loads applied by the core restraint system are:

* Under the loads imposed by a CRA scram during normal operation, the stresses in
the upper end fitting and the guide tube assemblies, except the dashpot tube, are
less than the acceptance limit based on ASME B&PV Code, Section III (Reference
5.9). Loads are defined by adding the load during normal operation to the impact
force of the CRA on the upper end fitting flow plate.

* Stresses in the lower end fitting and the dashpot tube within the guide tube assembly
during normal operation and reactor scram are less than the acceptance limit based
on ASME B&PV Code, Section III (Reference 5.9). Loads are defined by adding the
load during normal operation to the reaction force when the CRA is decelerated in
the dashpot tube.

* Under the loads imposed by an Operating Basis Earthquake (OBE) during normal
operation, the stresses in the upper and lower end fittings and the guide tube
assemblies, except the dashpot tube, are less than the acceptance limit based on
ASME B&PV Code, Section III (Reference 5.9). Loads are defined by adding the
load during normal operation to the loads determined by analysis of the OBE event.

* Fatigue usage factors for the upper and lower end fittings, the spacer grid springs,
and the guide tube assemblies are less than 1.0, considering cyclic loading during
normal operation and AOOs.

(3) Design Evaluation

Stresses on the upper and lower end fittings, guide tube assemblies, spacer grids, and
in-core control components are evaluated based on loads in normal operation and
AOOs, which includes loads applied by the core restraint system, are shown to be within
the acceptance limits. In the evaluation, the following loads are considered under
normal operation and AOOs:

* Loads under normal operation: Hydraulic lift force, buoyancy force, weight, and
reaction force from the lower core plate.
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" Loads during CRA scram: Impact force of the CRA on the upper end fitting and
reaction force by deceleration of the CRA in the dashpot tube are added to the loads
in normal operation.

* Loads during an OBE: Stresses resulting from the maximum displacement of fuel
assembly components are determined using a special-purpose code and then
combined with stresses present during normal operation.

The CRA scram is chosen among the AQOs, since the loads resulting from a CRA
scram have more influence on the fuel assembly in terms of mechanical characteristics.
The CRA impact force on the upper end fitting by a dropped CRA is obtained through
solving the relevant equations for the CRA velocity at the moment of impact, and through
testing of the CRA impact limiter. The spring assembly within the CRA spider is
compressed after the CRA impacts the scram pad on the upper end fitting flow plate.
The reaction force resulting from a decelerating CRA is calculated from the internal
pressure increase on the dashpot tubes within the guide tube assemblies, which is
obtained by drop-time analysis of the CRA.

For the OBE seismic response to accelerations of the lower core plate and upper reactor
internals interface with the fuel (control rod guide frame bottom card), a time-history
analysis is performed on a row of fuel assemblies using a dedicated special-purpose
seismic code that is benchmarked to fuel assembly dynamic test data. The calculated
maximum displacements are input into the fuel assembly structural models. Finite
element models are used to simulate mechanical performance and component stresses.

For normal operation and other AOOs, the stresses in the upper and lower end fittings,
the grids, and the guide tube assemblies, are evaluated by hand calculations using basic
equations and finite element analyses. For the stress evaluation of the guide tube
assemblies, finite element analysis is used to obtain load sharing between the fuel rods
(and BPRs) and the guide tube assemblies. In addition, fuel assembly mechanical
testing is used to determine a load peaking factor that is applied during the guide tube
stress analysis to ensure conservatism.

In compliance with ASME B&PV Code, Section III (Reference 5.9), the primary general
membrane stress and bending stress (Pm + Pb) for the upper and lower end fittings are
evaluated from the analysis results and compared with the allowable stress intensity
(1.5 Smn) to confirm that no significant plastic deformation occurs (no fuel damage).
Mechanical testing is also performed as necessary to benchmark the analyses, and to
demonstrate that no significant plastic deformation occurs.

For conservatism, the allowable stress intensity is based on un-irradiated material
properties, instead of using those for irradiated materials with irradiation hardening.

The stresses during a normal operation and due to AQOs are used as inputs in defining
the cyclic stresses used in the evaluation of fatigue for the upper and lower end fittings,
the grids, and the guide tube assemblies. The fatigue usage factor is evaluated as the
ratio of the cumulative number of CRA scrams during the fuel life to the acceptable
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number of cycles of loading at the expected cyclic stress level. T he Langer-O'Donnell
fatigue design curve is used for the Zircaloy-4 guide tube assemblies and a
corresponding curve from the ASME B&PV Code, Section III (Reference 5.9) is used for
the austenitic stainless steel upper and lower end fittings.

3.2.3.2. Loads Applied in Fuel Handling and Shipping

(1) Design Basis

To obtain the expected performance in the reactor, the fuel system is designed such that
excessive deformation during shipping and handling, including uncertainties, is
precluded.

(2) Design Criteria

The design criteria associated with loads applied during shipping and handling are:

* Under axial loading during shipping and handling, stresses in the upper and lower
end fittings and the guide tube assemblies are less than the allowable stress
intensity as defined by the ASME B&PV Code, Section III (Reference 5.9).

* Under axial loading during shipping and handling, forces occurring in the connection
points between upper end fitting, the spacer grids and the guide tube assemblies are
less than the acceptance limit.

* Under lateral loading during shipping and handling, inelastic deformation of the
spacer grid springs does not impair the ability of the springs to maintain fuel rod and
burnable poison rod lateral position and adequately restrain the rods.

* The spacer grid springs are not damaged due to vibration during shipping.

(3) Design Evaluation

Stresses in the upper and lower end fittings are determined by finite element analyses
using conservative loads experienced during fuel handling and shipping. In compliance
with ASME B&PV Code, Section III (Reference 5.9), the primary general membrane
stress and bending stress (Pm + Pb) for the upper and lower end fittings are evaluated
from the analysis results and compared with the allowable stress intensity (1.5 Sm) to
confirm that significant plastic deformation that affects end fitting performance does not
occur. Mechanical testing is also performed to benchmark the analyses, and to
demonstrate that no unacceptable plastic deformation occurs.

Structural analysis with an analytical model that simulates the mechanical characteristics
of a fuel assembly in the axial direction is used to define the loads during shipping and
handling that occur in the linkages of the guide tube assemblies to the upper and lower
end fittings and the spacer grids. The analytically defined loads in the linkages are
demonstrated to be lower than the limiting elastic loads which are derived by mechanical
testing of the linkages.
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For the guide tube assemblies, the maximum stresses generally exist adjacent to the
end fitting connections, because these portions of the fuel assembly experience the
entire axial load without any sharing with the fuel rods. The axial load is used to
calculate the maximum stress in the guide tubes, using the appropriate conservatism,
which is compared with the allowable stress intensity.

Analytical models and mechanical testing are used to verify that no plastic deformation
of the spacer grid springs occurs due to handling and shipping loads.

3.2.4. Cladding Fatigue

(1) Design Basis

The fuel system is designed such that damage due to excessive cladding fatigue under
normal operation and AQOs is precluded.

(2) Design Criteria

The cumulative number of strain fatigue cycles is less than the design fatigue lifetime,
which includes a safety factor of 2 on the stress amplitude or a safety factor of 20 on the
number of cycles, whichever is larger.

(3) Design Evaluation

Cladding fatigue is evaluated under reactor startup and shutdown operations, AQOs,
and other power changing operations, if necessary. For fuel rod cladding, hand
calculations using basic equations and the FRAPCON-BW Steady-State Fuel Rod
Performance Code (as needed) are used to obtain the cladding stresses for each
operational condition. The cumulative fatigue damage is assessed by summing the
fatigue life usage associated with each duty cycle as determined by the number of
anticipated load cycles, divided by the number of cycles to failure at that load condition
as defined by the fatigue design curve, with consideration of the required safety factors.
The appropriate fatigue design curve for the component being evaluated is applied to
this criterion. The estimated cumulative fatigue usage remains below 1.0.

For burnable poison rods and control rods, cladding stresses used to evaluate fatigue
usage are obtained using basic equations. In addition, control rod cladding stresses due
to CRA movements are included in the control rod cladding fatigue evaluation.

3.2.5. Fretting Wear

(1) Design Basis

To supply the expected thermal power and to prevent leakage from the fuel rods and
burnable poison rods, the fuel system is designed such that damage by cladding fretting
wear due to hydraulic vibration during normal operation is precluded.
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(2) Design Criteria

The maximum fretting wear depth on the cladding surface is less than a defined
percentage of the initial cladding wall thickness to maintain design margins with respect
to cladding stress limits. The maximum fretting wear depth is determined by stress
analysis using appropriate operating conditions and clad wall thickness reduction due to
oxidation and localized fretting wear.

(3) Design Evaluation

The fretting wear of the fuel rod and burnable poison rod cladding is evaluated by
long-term hydraulic tests and analytical evaluations.

The fuel rod and burnable poison rod vibration characteristics and measured wear depth
are obtained from hot hydraulic flow tests and used as reference data for the analytical
evaluation, where the wear depth is extrapolated to predict the maximum wear depth at
the end of life in the reactor.

The analytical evaluation for predicting fretting wear in the cladding is based on test
results and developed in a semi-empirical manner. The procedure consists of three
steps: (1) evaluation of the fuel rod and burnable poison rod vibration; (2) amplitude
evaluation of the fuel rod and burnable poison rod vibration due to hydraulic flow; and
(3) the wear depth evaluation for the cladding at points supported by the spacer grid
springs.

Fretting wear failures can also occur due to foreign material and gall balls that are
introduced into a fuel assembly during manufacturing. Applying appropriate controls and
cleaning procedures during fuel assembly manufacture, along with thorough inspections,
will reduce the probability that such material will be present.

3.2.6. Cladding Oxidation and Hydriding (and CRUD Buildup)

(1) Design Basis

The fuel system is designed such that damage due to excessive cladding corrosion
under normal operation and AOOs is precluded.

(2) Design Criteria

The cladding oxidation and hydrogen content remain below the values at which

accelerated degradation in cladding mechanical properties occur:

" Cladding waterside oxidation:
]

* Cladding hydrogen:

I
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(3) Design Evaluation

The fuel rod cladding oxidation during irradiation is evaluated by the FRAPCON-BW
Steady-State Fuel Rod Performance Code under normal operation and AOOs.

Cladding hydrogen content at the end of irradiation is also evaluated by the
FRAPCON-BW Steady-State Fuel Rod Performance Code.

The effect of CRUD buildup on the cladding on the DNB analysis is discussed in
Sections 4.3 and 4.4 of the DCD.

The burnable poison rod cladding temperature during irradiation is evaluated using an
analytical model. Since the cladding temperature is lower for burnable poison rods, as
compared to fuel rods, cladding oxidation and hydrogen content for burnable poison rods
is not expected to be limiting.

3.2.7. Dimensional Change

3.2.7.1. Fuel Assembly Growth

(1) Design Basis

To maintain a coolable geometry in the core and ensure safe shutdown of the reactor,
the fuel system is designed such that excessive distortion and damage by compressive
loads due to interference with the upper and lower reactor internals during irradiation are
precluded.

(2) Design Criteria

A positive clearance between the upper end fitting and the upper reactor internals
(bottom card of the control rod guide frame) is maintained throughout fuel assembly
irradiation.

(3) Design Evaluation

The B&W mPower fuel assembly growth as a function of burnup is defined based upon
estimated assembly growth using an analytical model benchmarked to measured
assembly length change data.

Analysis of the clearance is performed using the maximum end-of-life fuel assembly
growth predicted by the model and the minimum distance between the lower core
support plate and the upper reactor internals. The overall length of the fuel assembly is
established during the design process to maintain the clearance at the end-of-life. The
analysis of the clearance is conservatively performed at the end-of-life cold condition,
because the thermal expansion of the reactor internals is more than that of the fuel
assembly at hot conditions.
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3.2.7.2. Fuel Rod Axial Growth

(1) Design Basis

To supply the expected thermal power and maintain fuel rod integrity during irradiation,
the fuel rods are designed such that excessive bowing and damage by excessive
compressive loading due to interference between the fuel rods and the upper and lower
end fittings during irradiation are precluded.

(2) Design Criteria

The length of fuel rods and burnable poison rods is less than the dista nce between the
bottom surface of the upper end fitting and the top surface of the lower end fitting
throughout fuel assembly irradiation. A clearance between the fuel rods, or BPRs, and
the upper end fitting is thus maintained during fuel assembly life.

(3) Design Evaluation

To preclude interference between the fuel rods and the end fittings, the fuel rods and the
fuel assembly are designed with an initial clearance between the ends of the fuel rods
and the upper and lower end fitting flow plates.

The sum of each clearance between the upper end fitting flow plate and the fuel rod
upper end plugs and between the lower end fitting flow plate and the fuel rod lower end
plugs is called the total shoulder gap. During irradiation, the beginning -of-life total
shoulder gap is reduced by the difference in the growth of fuel rods and the fuel
assembly.

To preclude interference between the fuel rods and the upper and lower end fittings
during irradiation, the initial total gap is designed to be sufficient to accommodate the
maximum anticipated fuel rod growth in combination with the minimum fuel assembly
growth, and with appropriate consideration of manufacturing tolerances.

3.2.7.3. Rod Bowing

(1) Design Basis

The fuel system is designed to accommodate fuel rod bowing and to ensure that the
coolant flow is not obstructed.

(2) Design Criteria

The thermal-hydraulic design criterion is to maintain cladding temperatures at levels
which maintain design margins for cladding material properties. The clad temperatures
are protected from excessive temperature increases via the prevention of Departure
from Nucleate Boiling (DNB) conditions. The design criteria for thermal hydraulic design
for rod bow is that DNB does not occur with a 95% probability at a 95% confidence level
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with consideration of the DNB penalty due to rod bowing during normal operation and

AQOs.

(3) Design Evaluation

Fuel rod bow is a phenomenon observed in irradiated fuel assemblies and leads to
spacing closure between two adjacent fuel rods. The mechanism for rod bow is a
complicated relationship of many design parameters and operating conditions, and
hence rod bow is difficult to predict.

The bowing of fuel rods during reactor operation has the potential to affect both local
power peaking and the margin to DNB. In order to evaluate the effects of rod bow,
thermal analyses are performed based on the assumption that rod bow to contact may
occur at any location in the core and any time during a cycle. The analyses demonstrate
that DNB does not occur with a 95% probability at a 95% confidence level. Predictions
of the bow magnitudes and effects are used to determine an appropriate DNBR penalty
to be applied to the DNBR limits.

3.2.7.4. Dimensional Stability of Spacer Grids

(1) Design Basis

To maintain sufficient restraint on the fuel rods and burnable poison rods during
irradiation, and during loading and unloading operations for fuel assemblies, the spacer
grids are designed to maintain dimensional stability during irradiation.

(2) Design Criteria

The spacer grids maintain rod-to-rod spacing of fuel rods and burnable poison rods
during irradiation. The spacer grids also contribute to locating the fuel assemblies in
their correct core position. In addition, dimensional changes of the spacer grids do not
cause excessive interference with neighboring structures such as other fuel assemblies
and the core former.

(3) Design Evaluation

Intermediate spacer grids fabricated with Zircaloy-4 grow as a result of irradiation. An
increase in the grid size must be accommodated in the design of the grid to preclude
excessive interference at the end of life (due to irradiation growth).

The B&W mPower intermediate grid growth will be evaluated as an estimated increase
in grid envelope as a function of burnup using an analytical model that will be
benchmarked to measured Zircaloy-4 grid envelope change data.

3.2.8. Rod Internal Pressure

(1) Design Basis
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The fuel system is designed such that damage due to excessive rod internal pressure
under normal operation is precluded.

(2) Design Criteria

The fuel rod and burnable poison rod internal pressure shall be below the lowest internal
pressure limits among the following three internal pressure limits:

No cladding liftoff during normal operation

Minimize reorientation of the hydrides in the radial direction in the cladding

Additional failures resulting from DNB caused by fuel rod overpressure during
transients and postulated accidents

(3) Design Evaluation

(a) Liftoff Pressure

Fuel rod and burnable poison rod internal pressure remain below the cladding liftoff
pressure, where the liftoff pressure is defined as that pressure at which the pellet-
cladding gap increases due to outward cladding creep.

Fuel rod cladding liftoff must be avoided to eliminate the possibility of thermal feedback,
where gap opening leads to increased pellet temperatures which further accelerates the
fission gas release, and thus further increases the internal pressure.

The FRAPCON-BW Steady-State Fuel Rod Performance Code, which evaluates the fuel
rod internal pressure experienced during irradiation by taking into consideration of the
power history of the fuel rods (normal operation and A00s), is used both to calculate the
fuel rod internal pressure and to demonstrate that cladding liftoff does not occur. The
internal pressure evaluations for fuel rods take into consideration transients during
normal operation, AOO transients, uncertainties due to manufacturing tolerances,
analytical modeling uncertainties, and rod power uncertainties.

Burnable poison rod internal pressure is evaluated using pellet swelling and helium gas
release models for the absorber pellets, taking into consideration the cycle burnup for
the rods. The pressure at which cladding liftoff can occur for burnable poison rods is
calculated using a methodology similar to that used for fuel rods. The internal pressure
evaluations for burnable poison rods take into consideration transients during normal
operation, AOO transients, uncertainties due to manufacturing tolerances, and analytical
modeling uncertainties.

(b) Hydride Reorientation Pressure

The hydrogen absorbed in the cladding in connection with oxidation is precipitated as a
hydride if the hydrogen content exceeds the hydrogen solubility limit, causing a reduction
in the cladding ductility. In the fuel rod and BPR cladding, these hydrides are
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predominately oriented in the circumferential direction under circumferential stress,
which is the normal state for cladding. However, reorientation in the radial direction
occurs under higher circumferential stress states. If the hydrides are oriented in the
radial direction, cracks can occur and rapidly propagate along the hydrides leading to
failure of the cladding. Consequently, it is necessary to minimize reorientation of
hydrides in order to ensure the integrity of the fuel cladding.

Tensile stress in the circumferential direction within the cladding occurs due to pellet
swelling and when the fuel rod internal pressure is higher than the external coolant
pressure. The rod internal pressure is evaluated by the FRAPCON-BW Steady-State
Fuel Rod Performance Code and is limited to a value which minimizes stresses high
enough to result in radial hydrides.

For burnable poison rods, the internal pressure is evaluated using a helium gas release
model for the absorber pellets, and circumferential stress are calculated using basic
equations.

(c) DNB Propagation

If DNB occurs on a fuel rod that has internal gas pressure higher than the system
pressure, it can increase the probability of the fuel rod expanding due to lower cladding
strength from a cladding temperature increase and the difference between the internal
and external pressures. Since fuel rod cladding expansion impairs the coolability of
adjacent rods, there is a probability that adjacent rods can be subjected to a DNB
condition.

For the departure from nucleate boiling ratio (DNBR), it is necessary to demonstrate that
the hot rod in the core does not experience DNB or a boiling transition condition during
normal operation or AOOs with a 95% probability at a 95% confidence level. As a result,
the probability that DNB propagation can occur is low.

3.2.9. Assembly Liftoff

(1) Design Basis

To keep the fuel pellet stack in the proper position and to prevent fuel assembly damage
due to impact following liftoff, the fuel assemblies are designed and the plant operating
reactor coolant system (RCS) flow is limited such that fuel assembly liftoff is not
expected to occur due to hydraulic forces during normal operation and AQOs. However,
in the event that fuel assembly liftoff occurs, the fuel assembly and in-core control
components will not be damaged.

(2) Design Criteria

The design criteria for two possible RCS design conditions, single speed and variable
speed RCS pumps, are:
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* Normal operation and AQOs:

At the cold condition for reactor startup, which is the most critical period for the liftoff
evaluation of the fuel assembly, the hydraulic lift force is less than the fuel assembly
wet weight (fuel assembly dry weight - buoyant force).

* Pump-over-speed, for a RCS design that includes variable speed pumps:

Fuel assembly design and RCS flow conditions are established to preclude assembly
liftoff during reactor power operations. At the cold condition for reactor start up, the
fuel assembly and in-core control components shall not be damaged if a pump
overspeed condition occurs.

(3) Design Evaluation

The B&W mPower fuel assembly does not include holddown springs. Hence, a force
balance analysis is performed, considering the fuel assembly dry weight, the maximum
hydraulic lift force and the buoyant force, to demonstrate that the fuel assembly does not
experience liftoff at the cold startup condition. The analysis establishes RCS pump
operating limitations, such as the maximum RCS pump speed as a function of coolant
temperature.

In addition, the neutron source rods may not be restrained axially. Rather, they may be
placed within a guide tube assembly and positioned in contact with the guide tube
assembly lower end plug. A force balance analysis, si milar to that performed for a fuel
assembly, is also performed for the lightest weight neutron source rod assembly to
demonstrate that lift will not occur during normal operation and AQOs. If insufficient
margin to lift and/or excessive flow-induced vibration are predicted, then it may be
necessary to axially restrain the source rods.

Hydraulic testing and analyses are performed for a fuel assembly and the limiting
neutron source rod assembly to demonstrate the design margin.

In the event that fuel assembly liftoff occurs, stress analyses similar to those described
in Section 3.2.3.1 are performed to demonstrate that fuel assembly damage does not
occur.

3.2.10. Control Rod Reactivity and I nsertability

(1) Design Basis

To ensure that, when needed, the control rods will properly insert into the fuel to
shutdown the reactor and maintain the reactor in a shutdown condition.

(2) Design Criteria

The design criteria require that, at a minimum, the following items will be assessed to
ensure that the design basis is met:
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* Changes in control rod configuration

* Introduction of new materials

* Changes in neutronics and mechanical lifetime

* Changes in mechanical design

* The ability to exclude water/coolant if water-soluble or leachable materials (e.g., B4C
absorber) are used

Changes in mechanical and neutronics lifetime need to be determined using acceptable
methods. Analyses must specifically account for the reduction in neutron-absorbing
capabilities with in-reactor time.

(3) Design Evaluation

By meeting the stress, strain and loading limits specified in Sections 3.2.1, 3.2.2 and
3.2.3, and the fatigue limits specified in Section 3.2.4, the control rod configuration is
maintained to ensure insertability. Meeting the CRA drop time requirements (confirmed
through testing) demonstrates insertability is maintained.

Since the control rod design is equivalent to that used by others in the industry, the
material selection for the control rod is consistent with current industry practice. The
equivalent design also ensures that control rod survivability during a LOCA would be met
consistent with the industry and NRC position (References 5.12, 5.13, and 5.14).

A depletion analysis for the absorber determines the neutronics lifetime. The
mechanical lifetime is determined by evaluating cladding strain due to irradiation-induced
swelling of the absorber.

3.3. Design Criteria and Methodology for Evaluating Fuel Rod and BPR Failure

Fuel rod failure and burnable poison rod failure apply to normal operation, AOOs, and
postulated accidents. Fuel rod and burnable poison rod failure are defined as the loss of rod
hermeticity. The fuel rod and burnable poison rod are designed with sufficient margin to
design limits so that rod failure is not expected during normal operation and AQOs. Some
fuel rod failures are permitted during postulated accidents, but the consequences of fuel rod
failures must be accounted for in the dose analysis for each postulated accident. Burna ble
poison rods may fail during postulated accidents, which may result in the leaching of boron
into the coolant. The consequences of a BPR failure are a potential impact on power
peaking and the shutdown margin.

To meet the requirements of (1) GDC 10 as it related to SAFDLs for normal operation,
including AOOs, and (2) 10 CFR Part 100 as it relates to fission product releases for
postulated accidents, fuel rod failure criteria must be specified for all known fuel rod failure
mechanisms. Fuel rod failures can potentially be caused by oxidation, hydriding, cladding
collapse, overheating, excessive fuel enthalpy, P CI, PCMI, bursting, mechanical fracturing,
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and fretting wear. When applicable, the fuel rod failure criteria should consider high burnup
effects on irradiated material properties.

Burnable poison rod failures can potentially be caused by oxidation, hydriding, cladding
collapse, pellet overheating, PCM I, mechanical fracturing, and fretting wear. When
applicable, the BPR failure criteria should consider high burnup effects on irradiated material
properties.

The fuel rod and burnable poison rod failure criteria to be applied to the B&W mPower fuel
system design are defined below.

3.3.1. Hydriding

(1) Design Basis

The fuel rod and burnable poison rod are designed such that cladding failure due to
excessive hydriding does not occur.

(2) Design Criteria

Primary hydriding is prevented by maintaining the level of moisture and other
hydrogenous impurities to very low levels during fuel pellet and burnable poison pellet
manufacturing, and for subsequent fuel rod and BPR manufacturing. The moisture
content for fuel rods shall remain below the limit of 1.3 ppm (hydrogen from all sources
for fuel pellets) (Reference 5.11). Manufacturing controls shall be applied to burnable
poison pellets and burnable poison rods to limit moisture content (from all sources)
below 2.0 mg H2 0/cm 3 hot void volume.

External hydriding is addressed by limiting the cladding hydrogen content during
irradiation, as previously described in Section 3.2.6.

(3) Design Evaluation

Appropriate process controls will be established to maintain moisture content during fuel
pellet and burnable poison pellet manufacturing at values less than the above criterion.

For fuel rods, this problem has been resolved in establishing the quality control
standards for moisture content in fuel pellet manufacturing, and by the use of higher
density pellets. The nominal pellet density for the B&W mPower fuel is 97% of
theoretical density (TD), as compared with fuel pellet densities of about 93% TD and
below that were common at the time hydriding failures occurred. As a result, the
moisture content is kept well below the limit based on a hydrogen content limit of
1.3 ppm (hydrogen from all sources).

External hydriding is evaluated in Section 3.2.6.
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3.3.2. Cladding Collapse

(1) Design Basis

The fuel system is designed such that fuel rod and burnable poison rod failure due to
cladding collapse do not occur.

(2) Design Criteria

The mechanical design of the fuel rod and burnable poison rods maintain rod internal
pressures that preclude cladding collapse.

(3) Design Evaluation

The B&W mPower fuel rod design uses high-density fuel pellets, which are stable with
respect to fuel densification. In addition, the fuel rods are initially pre-pressurized with
helium. Furthermore, during irradiation, fission gases are released from the fuel matrix
which contributes to increased rod internal pressure. The combination of stable fuel and
pre-pressurized fuel rods, plus fission gas releases, is expected to effectively eliminate
the formation of axial gaps in the fuel pellet column due to densification, and to preclude
the occurrence of cladding collapse. The effective elimination of cladding collapse due
to the implementation of rod pre-pressurization, and high-density stable pellets has been
proven by industry experience.

The B&W mPower burnable poison rods use A120 3-B4C absorber pellets, and are initially
pre-pressurized with helium. During irradiation, additional helium is generated and the
internal pressure increases. The increasing pressure serves to reduce the differential
pressure to which the cladding is exposed, and hence reduces the driving force for
cladding collapse. Furthermore, the operating temperature for the absorber pellets is
substantially below the sintering temperature. Densification of the absorber pellets
during irradiation is not expected, and hence the formation of axial gaps in the pellet
stack will not occur. As a result, cladding collapse for the burnable poison rods is
precluded.

3.3.3. Overheating of Cladding

(1) Design Basis

The fuel system is designed such that fuel rod and burnable poison rod failure due to
cladding overheating during normal operation and AQOs does not occur. Fuel rod
failure under postulated accidents is accounted for in the dose calculations for applicable
events.

(2) Design Criteria

Overheating of the fuel rod cladding is precluded by maintaining thermal design margins
(DNBR criteria) for normal operation and AQOs. Under postulated accidents, the rods
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which exceed the DNBR criteria are assumed to fail for the purpose of the radiological

dose calculations.

(3) Design Evaluation

The fraction of fuel rods in the core which exceed the DNBR criteria under postulated
accidents and are assumed to fail is accounted for in the radiological dose calculations
for those postulated accidents.

Maximum burnable poison rod cladding temperatures are evaluated using an analytical
thermal model. Calculations are performed for AQOs and PAs based on bounding
power profiles and operating conditions. In these calculations, appropriate uncertainties
for the BPR manufacturing and uncertainties in the analytical model are considered.

3.3.4. Overheating of Fuel Pellets (Melting)

(1) Design Basis

The fuel system is designed such that fuel rod failure due to overheating of the fuel
pellets and burnable poison rod failure due to overheating of the absorber pellets during
normal operation and AQOs do not occur. F uel rod failure under postulated accidents is
accounted for in the dose calculations for applicable events.

(2) Design Criteria

To prevent fuel and absorber pellet overheating under normal operation and AOOs, the
calculated fuel and absorber centerline temperature do not exceed the melting
temperature of the fuel pellets and burnable poison pellets, respectively. The melting
temperature for fuel pellets is determined using an appropriate correlation that calculates
the pellet melting temperature as a function of burnup.

Under postulated accidents, fuel rods that experience centerline fuel tem peratures
exceeding the melting temperature are assumed to fail for the purpose of the radiological
dose calculations.

(3) Design Evaluation

Peak fuel pellet centerline temperature is calculated by the FRAPCON-BW Steady-State
Fuel Rod Performance Code. In this calculation, appropriate uncertainties for the fuel
manufacturing and calculations in the code are considered. The calculated centerline
temperature is compared with the melting temperature of the fuel at the particular burnup
to evaluate the potential for fuel melting during postulated accidents. Under postulated
accidents, the total number of fuel rods for which the fuel centerline temperature is
predicted to exceed the melting temperature, with consideration of uncertainties, is
accounted for in the radiological dose calculations.
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Peak absorber pellet centerline temperature is calculated using a burnable poison rod
analytical thermal model. In this calculation, appropriate uncertainties for the BPR
manufacturing and calculations in the analytical model are considered. The calculated
centerline temperature is compared to the melting temperature of alumina.

3.3.5. Excessive Fuel Enthalpy

This criterion is not applicable to the B&W mPower reactor design since the control rod
drive mechanisms are completely internal to the reactor vessel, and no control rod can
be ejected from the core. No reactivity transient can induce any level of fuel enthalpy
rise that would result in fuel failure. Per DSRS 15.4.8 and 15.4.9, this transient is not
applicable.

3.3.6. Pellet-Cladding Interaction (PCI)

(1) Design Basis

The fuel system is designed such that fuel rod and burnable poison rod failure due to
pellet-cladding interaction during normal operation and AOOs is precluded. For fuel
rods, PCI is generally caused by stress-corrosion cracking due to fission product (iodine)
embrittlement of the cladding. PCMI in fuel rods and BPRs is primarily a stress-driven
failure. Fuel rod failure under postulated accidents is accounted for in the dose
calculations for applicable events.

(2) Design Criteria

B&W does not apply a PCI/PCMI specific design criterion. Rather, this issue is
addressed by two existing criteria: (1) the change in cladding strain during AOOs must
remain below 1% (Section 3.2.2); and (2) fuel pellet and burnable poison pellet
centerline melting do not occur (Section 3.3.4).

(3) Design Evaluation

The methodology for the cladding strain evaluation is described in Section 3.2.2, and
that for fuel pellet and burnable poison pellet centerline melting is described in
Section 3.3.4.

3.3.7. Bursting

(1) Design Basis

Fuel rod failures are permitted during postulated accidents, and are accounted for in the
applicable radiological dose calculations.
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(2) Design Criteria

Fuel rod failure, as predicted to occur by the ECCS evaluation, is accounted for in the

applicable dose calculations.

(3) Design Evaluation

A calculation of the swelling and rupture of the Zircaloy-4 cladding, based on the
temperature distribution in the cladding and the pressure differences between the inside
and the outside of the cladding, is performed in the ECCS evaluation in order to meet
the requirements of 10 CFR Part 50.46.

The details of this evaluation are discussed in Chapter 15 (Transient and Accident
Analysis) of the DCD.

3.3.8. Fuel Rod Mechanical Fracturing

(1) Design Basis

To supply the expected thermal power and maintain fuel rod and burnable poison rod
integrity, the fuel rods and BPRs are designed such that failure due to loads resulting
from hydraulic flow and movement of the lower core plate and upper internals (control
rod guide frame bottom card) under AQOs and postulated accidents is precluded.

(2) Design Criteria

Combined cladding stresses resulting from seismic events and postulated accidents is
less than 90% of the cladding yield stress at operating temperature.

(3) Design Evaluation

To evaluate the seismic response due to accelerations of the lower core support plate
and upper reactor internals interface with the fuel (control rod guide frame bottom card),
a time-history analysis is performed on a row of fuel assemblies. This analysis is
performed using a non-linear fuel assembly lateral seismic model that is benchmarked to
intermediate grid and fuel assembly dynamic test data. The calculated maximum
displacement values are input into the fuel assembly structural models. Finite element
models are used to simulate mechanical performance and component stresses,
including the fuel rod and burnable poison rod cladding stresses.

Horizontal response and stresses, including the cladding, are analyzed for the
postulated accidents, as well as the safe shutdown earthquake (SSE) response. The
resulting maximum stresses due to the horizontal responses in the two orthogonal
directions during the SSE and LOCA events are combined by the Square Root of the
Sum of the Squares (SRSS) method.
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For the vertical direction, a non-linear fuel assembly vertical dynamic model that has
been benchmarked to fuel assembly dynamic test data is used to perform time-history
analyses for a single fuel assembly.

A separate analysis is performed for the SSE and LOCA events. The predicted loads
are provided to the respective stress analyses for the SSE and LOCA event responses
in the vertical direction. If liftoff of the fuel assembly from the lower core support plate
occurs, an impact analysis of the fuel assembly is performed to evaluate stress. The
resultant stresses in the cladding during both events are combined by the SRSS
method.

In addition, the cladding stresses that are individually provided for the horizontal and
vertical directions are combined by the SRSS method. The combined stress is less than
90% of the cladding yield stress at operating temperature.

3.4. Design Criteria and Methodology for Evaluating Fuel Coolability

Coolability, or coolable geometry, implies that the fuel assembly retains its rod-bundle
geometry with adequate coolant channels to permit removal of residual heat. Reduction of
coolability can result from cladding embrittlement, violent expulsion of fuel, generalized
cladding melting, gross structural deformation, and extreme coplanar fuel rod ballooning.

The fuel coolability criteria described below are applied to the analysis of postulated
accidents. The details of the evaluations and analyses performed to assess these are
presented in Chapter 15 (Transient and Accident Analysis) of the DCD.

3.4.1. Cladding Embrittlement

(1) Design Basis

The fuel assemblies are designed such that cladding embrittlement does not preclude
core coolability under postulated accident conditions.

(2) Design Criteria

For Zircaloy-4 cladding, the design criteria for cladding embrittlement are
(References 5.1 and 5.2):

* The peak cladding temperature remains below 2200 'F.

* The peak cladding oxidation remains below 17% equivalent cladding reacted (ECR).

(3) Design Evaluation

The detailed evaluation of the design criteria for cladding em brittlement is discussed in
Chapter 15 (Transient and Accident Analysis) of the DCD.
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3.4.2. Violent Expulsion of Fuel

This criterion is not applicable to the B&W mPower reactor design since the control rod
drive mechanisms are completely internal to the reactor vessel, and no control rod can
be ejected from the core. No reactivity transient can induce any level of fuel enthalpy
rise that would result in fuel failure. Per DSRS 15.4.8 and 15.4.9, this transient is not
applicable.

3.4.3. Generalized Cladding Melting

Generalized melting of the cladding (i.e., non-local) could result in the loss of rod-bundle
fuel geometry. For Zircaloy-4 cladding, the criteria for cladding embrittlement
(Section 3.4.1) are more limiting than the generalized cladding melting criteria. So, no
specific criteria for generalized cladding melting are required.

3.4.4. Fuel Rod Cladding Ballooning

(1) Design Basis

The fuel assemblies are designed such that fuel rod and burnable poison rod cladding
ballooning does not preclude core coolability under postulated accident conditions.

(2) Design Criteria

For Zircaloy-4 cladding, the design criteria for fuel rod ballooning are:

* LOCA:

To meet the requirements for 10 CFR Part 50.46, the analysis of the core flow
distribution accounts for burst strain and flow blockage caused by ballooning
(swelling) of the cladding.

* Non-LOCA:

Non-LOCA accidents that result in cladding ballooning examine the possi bility of
DNB propagation resulting from ballooning.

(3) Design Evaluation

In Chapter 15 (Transient and Accident Analysis) of the DCD, burst strain and flow
blockage of Zircaloy-4 cladding are properly taken into account in the LOCA evaluati on.

The possibility of DNB propagation is assessed in the non-LOCA evaluation. Fuel rods
are limiting for this analysis.
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3.4.5. Structural Deformation

(1) Design Basis

The fuel system is designed such that fuel assembly structural deformation does not
preclude core coolability and safe shutdown of the reactor with consideration of the
combination of SSE and LOCA event loads.

(2) Design Criteria

Under combined SSE and LOCA event loads:

* The spacer grids do not deform, or through analysis or test results it is shown that
the deformation of the spacer grids does not prevent the control rods from being
inserted, and the incremental effect of spacer grid deformation on the peak cladding
temperature is acceptable.

* The stress in the guide tube assemblies and the upper and lower end fittings is less
than the allowable stress intensity based on ASME B&PV Code, Section III
(Reference 5.9).

* The guide tubes do not experience buckling due to axial loads caused by
earthquakes and postulated accidents.

* The end fittings do not deform, or through analysis or test results it is shown that the
deformation of the end fittings does not prevent control rods from being inserted.

(3) Design Evaluation

To evaluate the seismic response due to accelerations of the lower core support plate
and upper reactor internals interface with the fuel (control rod guide frame hanger plate),
a time-history analysis is performed on a row of fuel assemblies. The analysis is
performed using a non-linear fuel assembly lateral seismic model that is benchmarked to
intermediate grid and fuel assembly dynamic test data. The calculated maximum lateral
displacement values are input into the fuel assembly structural models. Finite element
models are used to simulate mechanical performance and component stresses,
including the intermediate spacer grids, the guide tube assemblies, and the end fittings.

Stresses in the horizontal direction due to a postulated accident are calculated in the
same way using an appropriate time-history for the event.

A non-linear fuel assembly vertical model that has been benchmarked to fuel assembly
vertical dynamic test data is used to perform a vertical time-history analysis for a single
fuel assembly. As described in Section 3.3.8, the predicted loads on the fuel assembly
obtained from the analysis are provided to respective stress analyses for SSE and
LOCA event response in the vertical direction. Stresses are evaluated using hand
calculations and finite element models for the end fittings and guide tube assemblies. If
liftoff of the fuel assembly from the lower core support plate occurs, an impact analysis
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of the fuel assembly is performed to evaluate stress. The resultant stresses of the SSE
and LOCA events are combined by the SRSS method.

The resulting SSE and LOCA event stresses in the two orthogonal horizontal directions
and the vertical direction for the fuel assembly components, such as guide tubes, are
combined by the SRSS method. The stress is verified to be less than the allowable
stress intensity for the guide tube assemblies.

The buckling load on the guide tubes is evaluated for the combined axial load due to
earthquake and postulated accident events.

For the spacer grids, the grid deformation is evaluated for the combined SSE and LOCA
event loads. Buckling is assumed to have occurred if the SRSS combination of SSE and
LOCA event loads exceeds the buckling strength of the spacer grids. The buckling
strength for the intermediate spacer grids is determined through dynamic impact testing.
CRA insertion time and peak cladding temperature criteria must be met when
considering the effects of spacer grid deformation.

For the upper and lower end fittings, the individual loads obtained by seism ic and
postulated accident analyses are combined by the SRSS method. Stress analysis for
each end fitting is conducted with the combined load. The resulting stresses in the end
fittings must be shown to be less than the allowable stress intensity based on A SME
B&PV Code, Section III (Reference 5.9).

In the event that the resulting stresses exceed the allowable stress intensity limit for any
fuel assembly component, an analysis is conducted to demonstrate that control rod
insertability and fuel assembly coolability are maintained.

4. ABBREVIATIONS AND ACRONYMS

AIC Silver-Indium-Cadmium (Ag-In-Cd)

ASME B&PV American Society of Mechanical Engineers Boiler and

Pressure Vessel

AOO Anticipated Operational Occurrence

B&W Babcock & Wilcox

BPR Burnable Poison Rod

CFR Code of Federal Regulations

CRA Control Rod Assembly

DCD Design Control Document

DNB Departure from Nucleate Boiling

DNBR Departure from Nucleate Boiling Ratio
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DSRS

ECCS

ECR

GDC

GWD/MTU

ID

LOCA

NO

NRC

OBE

OD

PA

PCI

PCMI

PCT

ppm

psia

RCS

RG

SAFDL

SRA

SRP

SRSS

SSE

TD

Design Specific Review Standard

Emergency Core Cooling System

Equivalent Clad Reacted

General Design Criteria

Giga-Watt Days per Metric Ton Uranium

Inner Diameter

Loss-Of-Cooling Accident

Normal Operation

Nuclear Regulatory Commission

Operating Basis Earthquake

Outer Diameter

Postulated Accident

Pellet-Cladding Interaction

Pellet-Cladding Mechanical Interaction

Peak Cladding Temperature

Parts Per Million

Pounds per Square Inch Absolute

Reactor Coolant System

Regulatory Guide

Specified Acceptable Fuel Design Limit

Stress-Relief Annealed

Standard Review Plan

Square Root of the Sum of the Squares

Safe Shutdown Earthquake

Theoretical Density
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