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Abstract

The US-APWR fuel system design is based on the significant experience with and
demonstrated high reliability performance of Mitsubishi fuel in Japan.

The US-APWR fuel incorporates the latest design features, such as corrosion resistant
cladding, 97 % theoretical density pellets, 10 wi% gadolinia doped fuel and features to reduce
or eliminate debris fretting, grid fretting and incomplete rod insertion.

The fuel rod and fuel assembly design criteria and methodology applied to the US-APWR fuel
design is described in the topical report, “Mitsubishi Fuel Design Criteria and
Methodology”(MUAP-07008-P/-NP), which includes the detailed description and the validation
of the FINE fuel rod design code which is used in the US-APWR fuel rod design evaluation.

Results of the application of the fuel rod and fuel assembly design criteria and methodology,
described in the topical report (MUAP-07008-P/-NP), to the US-APWR fuel are given in this
report: v

* evaluation results for the fuel rod internal pressure, cladding stresses, fuel-cladding
mechanical interaction, cladding strain, chemical reaction, cladding fatigue, creep
collapse, and fuel temperature, which confirm that their respective design criteria are
satisfied, and

» evaluation results for the loads during normal operation and AOOs, loads in shipping
and handling, fuel assembly dimensional changes, such as fuel rod bowing, fuel
assembly growth, fuel rod growth and fuel assembly bowing, irradiation behavior of the
grid spacers, fuel cladding fretting wear, and fuel assembly liftoff, which are shown to
meet their respective design criteria.

The design bases and criteria for the US-APWR in-core control components, the control rods,
burnable absorber rods and neutron source rods, are defined, and design evaluation results for
temperatures, insertability, material requirements, cladding stresses, cladding fatigue, and
cladding wear, are given, which confirm that their respective design criteria are satisfied.

Mitsubishi Heavy Industries, LTD.
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1.0 INTRODUCTION

Mitsubishi Heavy Industries, Ltd. (Mitsubishi) has substantial experience in the nuclear industry
in Japan, having supplied approximately 18,000 nuclear fuel assemblies to Japanese PWR
utilities since 1969. The irradiation experience accumulated for Mitsubishi fuel assemblies has
demonstrated excellent performance and high reliability.

The fuel design, fabrication, the associated analysis methods and criteria that have led to high
reliability performance of Mitsubishi fuel in Japan will be applied to the design and manufacture
of US-APWR fuel, consistent with NRC regulations and standards.

The US-APWR fuel incorporates the latest fuel design features, such as corrosion resistant
cladding, 97 % theoretical density (TD) pellets, 10 wt% gadolinia doped fuel and the features to
reduce or eliminate debris fretting, grid fretting and incomplete rod insertion.

The fuel rod and fuel assembly design criteria and methodology applied to the US-APWR fuel
design are described in the topical report, "Mitsubishi Fuel Design Criteria and
Methodology”(MUAP-07008-P/-NP), which includes Mitsubishi fuel experience, the detailed
description and the validation of the FINE fuel rod design code which is used in the US-APWR
fuel rod design.

This report contains:

1. A description of the design features, materials, specification of the fuel rod, and fuel
assembly structure components and the in-core control components such as control rods,
burnable absorber rods and neutron source rods, used in the US-APWR (Chapter 2),

2. Evaluation results obtained from the application of the fuel rod and fuel assembly design
criteria and methodology, specified in the topical report (MUAP-07008-P/-NP) to the
US-APWR fuel,

* Design interface data used in fuel rod design, and the evaluation results for the fuel rod
internal pressure, cladding stresses, fuel-cladding mechanical interaction, cladding
strain, chemical reaction, cladding fatigue, creep collapse, and fuel temperature
(Chapter 3), ‘

* Design evaluation results for the loads during normal operation and AOOs, loads in
shipping and handling, fuel assembly dimensional changes, such as fuel rod bowing,
fuel assembly growth, fuel rod growth and fuel assembly bowing, irradiation behavior of
grid spacer, fuel cladding fretting wear, and fuel assembly liftoff (Chapter 4).

3. Design bases, criteria, and evaluation results for temperatures, insertability, material
requirements, cladding stresses, cladding fatigue, and cladding wear, of the in-core control
components (Chapter 5).

Evaluation of the structural response to seismic and LOCA loads is described in separate
reports.

Mitsubishi Heavy Industries, LTD. 1-1
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2.0 US-APWR FUEL SYSTEM DESIGN DESCRIPTION
The US-APWR fuel system design specifications are given in Tables 2.0-1 to 2.0-3.

A fuel assembly consists of 264 fuel rods arranged in a 17x17 square array, together with 24
control rod guide thimbles, an in-core instrumentation guide tube, 11 grid spacers, a top nozzle
and a bottom nozzle. The control rod guide thimbles guide the in-core control components,
such as the control rods, the burnable absorber rods, the neutron source rods and the thimble
plug rods, into the fuel assembly. The in-core instrumentation tube directs the movable neutron
detector into the fuel assembly from the center hole of the top nozzle adapter plate. The in-core
instrumentation guide tube is located at the center of the square array, whereas the control rod
guide thimbles are symmetrically arrayed according to arrangement of the control rods in the
rod cluster control assembly. The fuel assembly full length schematic view is shown in Figure
2.0-1. The cross section of the fuel assembly array is shown in Figure 2.0-2.

To preclude contact between the fuel rod and the nozzles, the fuel rods are loaded into the fuel
assembly with an initial clearance between the fuel rod ends and the top and bottom nozzles.
The fuel rods are supported by 11 grid spacers. The top and bottom grid spacers are made of
Inconel 718, and the intermediate grid spacers are fabricated from Zircaloy-4.

The fuel assembly is loaded into the core barrel and supported by the lower core support plate.
The upper core plate is installed over the fuel assemblies after their loading. Fuel assembly
alignment is provided by engagement between alignment holes in the fuel assembly top and
bottom nozzles and guide pins attached to the lower core support plate and the upper core
plate. The upper core plate compresses the holddown spring of the fuel assembly to fix the
axial location of the fuel assembly.

2.1 Fuel Rod

The fuel rod and pellet schematic view are shown in Figures 2.1-1 and 2.1-2, respectively. The
fuel rods consist of cold-worked and stress relieved ZIRLO™* fuel cladding (referred to simply
as “cladding” below) loaded with sintered uranium dioxide pellets and/or sintered
gadolinia-uranium dioxide pellets, a coil spring (called the “plenum spring”) in the upper plenum,
a lower plenum spacer, and end plugs welded at the top and bottom ends to seal the rod, as
shown in Figure 2.1-1. ZIRLO is a zirconium based alloy with improved corrosion resistance
compared with Zircaloy-4. The sintered uranium dioxide pellets and sintered gadolinia-uranium
dioxide pellets are produced by compression molding powdered uranium dioxide, or a mixture
of powdered uranium dioxide and gadolinia, respectively, and then sintered in an atmosphere
of hydrogen or a hydrogen/nitrogen mixture. The pellets are cylindrical with a hollow (called a
“dish”) at the center of each end surface and with chamfered edges of the end surfaces, as
shown in Figure 2.1-2. The dishes accommodate the axial swelling and thermal expansion of
the pellet during irradiation. The chamfer acts to strengthen the pellet ends to reduce the
incidence of small defects close to the pellet surface and to suppress deformation of the end
surfaces when the peliets expand.

Between the pellet stack and both end plugs, there are an upper and a lower plenum to
accommodate the increase in the internal gas content due to the release of gaseous fission
products with irradiation. The plenum spring placed in the upper plenum prevents the pellets
from moving during shipping and handling of fuel assemblies. The US-APWR fuel rod design

* ZIRLO™ is the trademark of the Westinghouse Electric Corporation.

Mitsubishi Heavy Industries, LTD. 2.1
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includes a lower plenum. A stainless steel spacer in the lower plenum supports the fuel stack
and provides additional cladding support. 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 normal operation including AOOs, where the thermal expansion of the pellet
exceeds that of the cladding. The axial clearance between the fuel rod and the top nozzle and
between the fuel rod and the bottom nozzle are determined to allow for the difference between
the fuel rod and assembly axial dimensional changes due to irradiation growth and thermal
expansion during normal operation. ’

To reduce pellet-cladding interaction and prevent collapse during normal operation, the fuel
rods are pressurized with helium through a pressurization hole provided in the top end plug,
which is then closed off by welding to yield a sealed structure.

2.2 Fuel Assembly Structure

As shown in Figure 2.2-1, the fuel assembly structure consists of the bottom nozzle, the top
nozzle, the fuel rods, the control rod guide thimbles, the in-core instrumentation guide tube and
the grid spacers.

2.2.1 Bottom Nozzle

A schematic view of the bottom nozzle is shown in Figure 2.2-2. The bottom nozzle has the
following functions:

» Positioning the fuel assemblies properly inside the core barrel

* Introducing the primary coolant into the fuel assembly

* Receiving dropped fuel rods during irradiation and accidents

* Acting as a filter for debris

* Bearing the axial loads of the fuel assembly, including its weight

The bottom nozzle consists of a top plate, four legs and side panels between the legs. The top
plate and side panels are called the “adapter plate” and “skirt”, respectively. All of these parts
are made of stainless steel. The bottom nozzle is connected to the control rod guide thimbles
by thimble screws that pass through the insert and into the thimble end plug, as shown in
Figure 2.2-3.

In addition to guiding the primary coolant into the fuel assembly, the flow holes in the adapter
plate are designed in both their position and their diameter, to prevent dropped fuel rods from
passing through the flow holes and going out of the fuel assembly during operation.

An anti-debris bottom nozzle with a built-in debris filter is used in the US-APWR fuel assembly,
as shown in Figure 2.2-2. Thin plates are placed and welded in grooved slits in the adapter
plate, providing a filter for debris passing through the flow holes. The thin plates, made of
Inconel 718, are called “blades”. This type of debris filter can trap smaller debris than the
conventional debris filter bottom nozzle. The bottom nozzle skirt also catches debris that flows
out from the bottom of the adapter plate into gaps between the fuel assemblies. Fuel

Mitsubishi Heavy Industries, LTD. 2.9
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assemblies with this type of bottom nozzle have been installed into some of the Japanese
plants.

Axial loads on the fuel assembly are transmitted through the bottom nozzle from the lower core
support plate. Alignment holes in two diagonally opposite legs of the bottom nozzle properly
position the fuel assembly in the core by engaging with guide pins on the lower core support
plate. Lateral loads on the fuel assembly are transmitted through the guide pins from the lower
core support plate.

2.2.2 Top Nozzle

The top nozzle is the uppermost structural component of the fuel assembly. The parts of the top
nozzle are the holddown springs, a top plate, an enclosure, clamps and the adapter plate, as
shown in Figure 2.2-4. The holddown spring is made of Inconel 718, and the other parts of the
top nozzle are made of type 304 stainless steel.

The top nozzle has the following functions and mechanisms:
* Housing for the in-core control components,

» Fixing the holddown springs to prevent liftoff of the fuel assembly due to the hydraulic
force of the primary coolant,

* Removing the heat generated in the fuel assembly by guiding the primary coolant flow
out of the assembily,

* Preventing ejection of the fuel rods upward from the fuel assembly during accidents,

* Allowing for assembly re-constitution so that fuel rods can be replaced if there is fuel
leakage.

The in-core control components are positioned in the space formed by the top plate, enclosure
and the adapter plate.

The top nozzle has four sets of holddown springs, attached to the top nozzle by two diagonally
opposite clamps. Each set of holddown springs is attached to the clamp by means of a spring
screw.

There are alignment holes in the two diagonally opposite corners of the top nozzle that do not
have the holddown spring clamps. The alignment holes engage with the guide pins attached to
the upper core plate. The indexing hole in one corner of the top plate assures that the fuel
assembly is loaded in the proper position in the core. The identification number engraved on
the opposite corner clamp is used for visual confirmation of correct assembly loading.

The nozzle sleeves are mechanically connected to holes for the control rod guide thimble holes
in the adapter plate, as shown in Figure 2.2-5. This enables removal and replacement of the top
nozzles for replacing leaking fuel rods. To remove the top nozzle, a tool is inserted into the
holes for the control rod guide thimbles to rotate the lock parts at the holes. After removing the
top nozzle, any fuel rod in the assembly can be gripped and withdrawn for examination or
replacement. The re-construction of the top nozzle is completed by setting the top nozzle on the
top nozzle sleeves and rotating the lock parts.
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The positions of the flow holes in the adapter plate are designed to prevent upward rod ejection
during irradiation and accidents.

2.2.3 Control Rod Guide Thimble and In-Core Instrumentation Guide Tube

The control rod guide thimble is a structural member of the fuel assembly and has the function
of guiding the in-core control components, such as the control rods, the burnable absorber rods
or the neutron source rods, when they are inserted into the fuel assembly, and then holding
them in place. The control rod guide thimble is fabricated from Zircaloy-4. The lower part of the
control rod guide thimble has a reduced diameter and small holes to provide a buffer effect
when the control rods are dropped. This configuration reduces the impact force on the top
nozzle when the RCCA drops. The bottom end of the control rod guide thimble is welded to an
end plug which has a small flow hole to avoid the stagnation of the primary coolant in the
control rod guide thimble during operation.

The bottom grid spacer is spot-welded to an insert tube which is made of type 304 stainless
steel. As shown in Figure 2.2-3, the control rod guide thimbles are positioned within the insert
and connected with the bottom nozzle adapter plate by thimble screws.

The top nozzle sleeve for the re-constructible top nozzle is linked to the top of the control rod
guide thimble by three bulge joints, as shown in Figure 2.2-5.

Mechanical testing of the locking and unlocking mechanism to connect the top nozzle with the
control rod guide thimble has been carried out to verify that these designs satisfy the design
requirements.

The grid spacers, except for the bottom grid spacer, are connected to the control rod guide
thimbles by bulge joints. The schematic view of the connection is shown in Figure 2.2-6.

The in-core instrumentation guide tube has a uniform diameter and has the function of guiding
the in-core neutron detector which is inserted from the top nozzle into the fuel assembly. The
instrumentation tube is also made of Zircaloy-4 and both ends are inserted into the top and
bottom nozzles. The instrumentation tube is connected to the top grid spacer and the
intermediate grid spacers by a single-stage bulge joint identical to that used to attach the
control rod guide thimbles to the grid spacers.

2.2.4 Grid Spacer

As shown in Figures 2.0-1 and 2.2-1, the fuel rods are supported by the grid spacers. The grid
spacers have a 17x17 lattice structures, and are made by interlocking thin straps made of
Inconel 718 or Zircaloy-4. The grid spacer holds the fuel rod by means of two grid spacer
springs and four dimples as shown in Figure 2.2-6. It also has the function of maintaining the
clearance between the fuel rods, the control rod guide thimbles and the in-core instrumentation
guide tube to maintain the nuclear and thermal-hydraulic performance.

The top and bottom grid spacers are fabricated from Inconel 718 to provide a restraint force on
the fuel rod. The restraint force is designed to prevent grid fretting wear of the fuel rod cladding
and fuel rod bowing during the assembly lifetime.

The nine intermediate grid spacers are fabricated from Zircaloy-4 to improve neutron economy.
The intermediate grid spacers hold the fuel rods by the grid spacer springs and dimples in the
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same manner as the top and bottom grid spacers. The grid spacer straps of the Inconel 718
and Zircaloy-4 grid spacers are respectively brazed or welded together.

The intermediate grid spacers have mixing vanes on the top of inner straps to increase the
mixing of the primary coolant and increase the heat removal efficiency. The top and bottom grid
spacers do not have mixing vanes.

A grid spacer design called the “I-type grid spacer” (Z2 type) is used in Mitsubishi conventional
fuel assemblies in Japan. A feature of the I-type grid spacer spring design is good stability of
the spring force even after excessive displacement due to fuel rod vibration or decreased
spring deflection due to the creep-down of the outer diameter of the fuel rod cladding.

The design of the I-type grid spacer improves the resistance to grid fretting, and there has been
no evidence of fuel leakage due to grid fretting during approximately 16 !ears of experience
with over 3,500 assemblies using the Mitsubishi I-type grid spacer design “™".

A high performance grid spacer, called Z3 type, is used in the US-APWR fuel. The Z3 type high
performance grid spacer retains the performance features of the I-type grid spacer, with:

* . Improved DNB performance and reduced pressure-drop due to mixing vane design
improvements.

+ Improved seismic performance due to grid spacer strap design improvements. The
improved design uses an improved spring shape to reduce the stresses at the spring.

Figure 2.2-7 shows the high performance grid spacer. The results of the hydraulic testing, the
DNB testing and impact testing confirmed good performance of the Z3 type grid®"?2),

The outermost straps of all grid spacers are provided with guide vanes and guide tabs to avoid
interference with adjacent fuel assemblies and the neutron reflector during loading and
unloading of the fuel assemblies.

23 In-Core Control Components

The in-core control component specifications are given in Table 2.0-3. Except for their length,
the geometry and materials of the US-APWR in-core control components are the same as
those of the current Mitsubishi in-core control components.

2.3.1 Control Rods and Rod Cluster Control Assemblies

As shown in Figure 2.3-1, the rod cluster control assembly consists of the spider assembly and
the control rods attached to the spider assembly. The rod cluster control assemblies are
inserted into the control rod guide thimbles of the fuel assemblies in specific positions in the
reactor.

The control rod contains a neutron absorbing alloy composed of 80 % silver, 15 % indium and
5 % cadmium, and a coil spring made of type 302 stainless steel in a cladding made of type 304
stainless steel.

Both ends of the control rod are plugged by end plugs and welded. To prevent excessive loads
on the cladding, the diametrical clearance between the cladding and the absorber is

Mitsubishi Heavy Industries, LTD. 2.5



US-APWR FUEL SYSTEM DESIGN EVALUATION MUAP-07016-NP (R0)

determined to accommodate the difference in thermal expansion between the cladding and the
absorber. The bottom end plug, which is made of type 308 stainless steel, has a bullet tip shape
to reduce water resistance and expedite smooth control rod insertion during scrams. The top
end plug is made of the same material as the bottom end plug. The top end plug consists of two
structurally different sections: a section with a screw for connecting to the spider assembly, and
a section with a smaller diameter that provides flexibility at the root of the control rod
attachment point.

The spider assembly consists of a spider body, a spring, a spring retainer and a bolt for
attaching the spring to the spider body. The spider body is a single-piece machined structure,
with vanes extended from the center of the body in a radial pattern. A control rod is hung at
the tip of each vane. A groove is machined in the upper part of the spider body for connection
with the handling tool and CRDM. A coil spring is contained and axially fixed by the bolt and the
spring retainer inside the spider body. The retainer can move toward the inside of the spider
body so that energy can be absorbed when the rod cluster control assembly impacts on the
adapter plate of the top nozzle. The components of the spider assembly, except for the spring
retainer and the coil spring, are made of type 304 stainless steel. The spring retainer and the
coil spring are made of type 630 stainless steel and Inconel 718, respectively.

All of the rod cluster control assemblies are withdrawn from the fuel stack during normal
operation. Reactor scram is achieved by gravitational drop of the rod cluster control assemblies
together with the drive rods.

The design lifetime of the control rod and cluster control assembly is 15 years.
2.3.2 Burnable Absorber Rods and Assemblies

As shown in Figure 2.3-2, the burnable absorber assembly consists of the burnable absorber
rods, thimble plug rods and the holddown assembly for attaching the burnable absorber rods.

The burnable absorber contains an annular tube made of borosilicate glass in a cladding made
of type 304 stainless steel. The neutron absorption of the borosilicate glass gradually depletes
with irradiation. This characteristic of the absorber allows its use for long term reactivity control
and operational flexibility. The annular glass tube is axially supported on the inside by a thin
spacer tube made of type 304 stainless steel.

Both ends of the cladding are plugged by end plugs and welded. Both end plugs are made of
type 308 stainless steel. As with the control rod top end plug, the burnable absorber top end
plug has two structurally different sections, one of which is screw-shaped, to connect the
burnable absorber rod to the holddown assembly and the other of which has a reduced
diameter.

The holddown assembly is composed of a base plate, a spring guide, a holddown spring and a
holddown bar. The holddown assembly is located between the adapter plate of the top nozzle
and the upper core plate in the reactor. Components of the holddown assembly other than the
holddown spring are made of type 304 stainless steel. The holddown spring is made of Inconel
718. The base plate has holes with female screws to fix the burnable absorber and the thimble
plug rods, and flow holes for the coolant. The spring guide supports the holddown spring and
prevents the holddown bar from rotating. In order to prevent the burnable absorber assembly
from lifing due to the hydraulic force of the coolant, the holddown spring provides a
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compression force via the holddown bar, which is compressed downward by the upper core
plate. Both ends of the holddown bar are bent so as to not interfere with the top nozzle.

2.3.3 Neutron Source Rods and Assemblies

As shown in Figure 2.3-3, the primary source assembly consists of a primary source rod,
thimble plug rods and the same holddown assembly as the burnable absorber assembly. The
primary source assembly is used for supplying neutrons at reactor startup and for sub-criticality
monitoring during the first fuel loading.

A duplex structure consisting of an outer cladding and a capsule is used in the primary neutron
source rods. The outer cladding of the primary neutron source rod encases a capsule that
contains californium as the neutron source, and a spacer tube for positioning the capsule. The
outer cladding, the capsule and the spacer tube are made of type 304 stainless steel.

Each end of the outer cladding is plugged by an end plug and welded. Both end plugs are made
of type 308 stainless steel.

While californium undergoes o decay with emission of an a particle, its spontaneous fission
also radiates neutrons. Although helium gas is released due to the a decay, the internal
pressure of the outer cladding is not increased, since the source is contained in the capsule.

As shown in Figure 2.3-4, the secondary source assembly consists of four secondary source
rods, thimble plug rods and the same holddown assembly as the burnable absorber and
primary source assemblies. The secondary neutron source assembly is used for supplying
neutrons at reactor startup and for sub-criticality monitoring during fuel loading.

While the primary neutron source is radioactive from the beginning, the secondary neutron
source becomes radioactive during reactor operation and then is able to function as the neutron
supplier during reactor startup. The secondary neutron source assembly is used instead of the
primary source assembly after the initial reactor startup.

The secondary neutron source rod also has a duplex structure composed of an outer cladding
and a capsule containing the secondary neutron source. The capsule is made of type 304
stainless steel and contains mixed antimony and beryllium pellets, a spring clip made of type
401 stainless steel and a spacer tube made of type 304 stainless steel. The capsule is inserted
into the outer cladding made of type 304 stainless steel. The outer cladding is plugged by the
end plugs and welded. The antimony and beryllium in the secondary neutron source pellets are
mixed with volume ratio of 50 % each.

2.3.4 Thimble Plug Rods and Assemblies

The thimble plug assembly can be installed into fuel assemblies that are not equipped with
other in-core control components such as the rod cluster control, burnable absorber and
neutron source assemblies. The thimble plug assembly has a structure in which thimble plug
rods are fixed to the same holddown assembly as other holddown type of in-core control
components. The thimble plug rods are also used in other in-core control assemblies than the
thimble plug assembly for plugging the control rod guide thimbles where the burnable absorber
" rods and neutron source rods are not installed. Thimble plug rods are solid rod structure made
of type 304 stainless steel.
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Table 2.0-1 (1/2) The US-APWR Fuel System Design Parameters
(Fuel Assembly)

Nominal Note
Fuel Assembly - : ‘
Fuel rod array 17 x 17
Number of fuel rods 264
Number of control rod guide o4
thimbles
Number of in-core 1
instrumentation guide tube
Number of grid spacers 11
. . Anti-debris bottom nozzle with
Megsure for trapplng debris built-in filter
Materials i , S
Top/Bottom nozzle Type 304 Stainless Steel

Top nozzle holddown spring

Inconel -718 *

Top/Bottom grid spacer

Inconel -718 *

Intermediate grid spacer Zircaloy-4 Recrystallized
Control rod guide thimble Zircaloy-4 Ryecrystallized
In-coregLr;z'gl:Lrjnbeentation Zircaloy-4 Recrystallized
Sleeve Esggsg ;gg:;zzle and Type 304 Stainless Steel
Sleeve forsi;;i;TSediate grid Zircaloy-4

* Inconel 718 is nickel-chromiume-iron Alloy 718.

Mitsubishi Heavy Industries, LTD.
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Table 2.0-1 (2/2)

The US-APWR Fuel System Design Parameters

(Fuel Assembly)

Nominal

Tolerances

Note

Geometry :

Overall fuel assembly length

[

]

Maximum fuel assembly width

8.426 in.(214.02mm)

Fuel rod pitch

0.496 in.(12.6mm)

Equivalent hydraulic diameter

0.464 in.(11.78mm)

Control rod guide thimble
outer diameter (upper part)

0.482 in.(12.24mm)

Control rod guide thimble
inner diameter (upper part)

0.450 in.(11.43mm)

Control rod guide thimble
outer diameter (lower part)

0.429 in.(10.9mm)

Control rod guide thimble
inner diameter (lower part)

0.397 in.(10.08mm)

In-core instrumentation
guide tube outer diameter

0.482 in.(12.24mm)

In-core instrumentation
guide tube inner diameter

0.450 in.(11.43mm)

* These values indicate the fuel assembly length excluding the top nozzle clamp height.

Mitsubishi Heavy Industries, LTD.
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Table 2.0-2 (1/2)

(Fuel Rod)

The US-APWR Fuel System Design Parameters

Fuel Rod

Nominal

Tolerances

; Note

Overall rod length

181.5 in.(4610mm)

Upper plenum length

6.77 in.(172mm)

Lower plenum length

—

Rod internal void

volume - -
Fill gas type and — He gas
pressure

Sorbed gas composition
and content

Active fuel length

165.4 in. (4,200mm)

QOuter diameter

0.374 in. (9.50mm)

Rod design burnup

62,000 MWD/MTU

Material

vSintered urahiUm didxide(UOQ)

Fissile enrichment

(Wi%U-235)

Sintered gadolinia-uranium dioxide((U, Gd)O,)
p—

2.05/3.55/4.15

Pellet diameter

0.322 in. (8.19 mm)

Pellet length

Pellet dish dimensions

Pellet chamfer
dimensions

0.453 in.(11.5mm)

Pellet roughness

Pellet density

97%TD

Region 1/2/3

1

Figure 2.1-2

Pellet resintering data

Typical value

Pellet grain size

Typical value

Open porosity

Sy

Typical value

Burnable absorber (Gd)
content

Max10wt%

Mitsubishi Heavy Industries, LTD.
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Table 2.0-2 (2/2)

The US-APWR Fuel System Design Parameters

(Fuel Rod)

Nominal

Tolerances

Note

Cladding

Material of cladding

ZIRLO

Type and metallurgical
state of the cladding

Cold Work Stress relieved

Cladding outer diameter

0.374 in. (9.50mm)

Cladding inner diameter

0.329 in. (8.36mm)

Cladding thickness

Cladding
inside roughness

Pellet spring and endplugs

Upper plenum spring

Lower
volume

plenum spacer

Length of upper endplug

Length of lower endplug

Mitsubishi Heavy Industries, LTD.
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Table 2.0-3 (1/2)

(In-Core Control Components)

The US-APWR Fuel System Design Parameters

Nominal

‘Tolerances

Note

Rod Cluster Control Assembly

Number of control rods per
assembly

24

Absorber material

Ag (80%)-In (15%)-Cd (5%)

Upper absorber length

151.3in.(3843mm)

Lower absorber length

e —

Upper absorber outer diameter

0.341 in.(8.66mm)

Lower absorber outer diameter

N

Cladding material Type 304 Stainless Steel
Cladding outer diameter 0.381 in.(9.68mm)

Cladding inner diameter 0.344 in.(8.74mm)

Cladding thickness - L |
Design lifetime 15 years

Burnable Absorber Assembly ..

Number of absorber rods per Max. 24

assembly

Absorber material

Borosilicate-Glass

Absorber length

159.4 in.(4050mm) |[_

Cladding material

Type 304 Stainless Steel

Cladding outer diameter

0.381 in.(9.68mm)

Cladding inner diameter

0.344 in.(8.74mm)

Cladding thickness

Mitsubishi Heavy Industries, LTD.
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Table 2.0-3 (2/2)

(In-Core Control Components)

The US-APWR Fuel System Design Parameters

Nominal

Tolerances

Note

Neutron Source Assembly ( Prima

ry Neutron Source Assembly )

Number of source rods per
assembly

1

Neutron source material

Californium 252

Neutron source outer diameter

0.330 in.(8.38mm)

Neutron source length

1.5 in.(38mm)

L

Cladding material

Type 304 Stainless Steel

Cladding outer diameter

0.381 in.(9.68mm)

p—

Cladding inner diameter

0.344 in.(8.74mm)

Cladding thickness -
Neutron Source Assembly ( Secondary Neutron Source Assembly)
Number of source rods per 4
assembly
Neutron source material Antimony-Beryllium
. 0.292 in.
Neutron source outer diameter (7.42mm)

Neutron source length

88.0 in.(2235.2mm)

Cladding material

Type 304 Stainless Steel

Cladding outer diameter

0.381 in.(9.68mm)

p—

Cladding inner diameter

0.344 in.(8.74mm)

Cladding thickness

Mitsubishi Heavy Industries, LTD.
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3.0 FUEL ROD DESIGN EVALUATION

This section describes the Mitsubishi fuel rod design evaluation process for the following fuel
rod design criteria evaluations.

- Fuel Rod Internal Pressure

- Cladding Stresses

- Chemical Reaction

- Cladding Fatigue

- Creep Collapse

- Cladding Strain

- Fuel Temperature

- Fuel-Cladding Mechanical Interaction

Mitsubishi Heavy Industries, LTD. 3-1
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3.1 General

Mitsubishi has developed the FINE code ©" for fuel rod design evaluations. The FINE code is
applicable for US-APWR fuel rod design as described in subsection 3.1.1.

The US-APWR fuel rod specifications are given in Chapter 2 of this report. The most sensitive
and important parameter for the fuel rod design evaluation is the rod power distribution. Power
histories based on reactor core analysis are the primary interface data obtained from the core
design. Since each fuel rod in the core has its own specific power history in actual operation
and there are large numbers of fuel rods in the reactor core, it is necessary to treat power
histories as described in subsection 3.1.2.

To ensure fuel rod integrity as part of the design process, the fuel rod design must be evaluated
with consideration of the impact of uncertainties. The uncertainties that must be accounted for
in the design evaluations include manufacturing uncertainties, performance model uncertainties,
and operational uncertainties as described in subsection 3.1.3.

The material properties of each component of the fuel rod ©" are used in the fuel rod design.

3.1.1 FINE Code

The FINE Code is used for fuel rod licensing evaluations, and the details of its models are given
in “Mitsubishi Fuel System Design Criteria and Methodology,” MUAP-07008-P/-NP ¢, The
FINE code is applicable for US-APWR fuel rod design as followings:

Fuel :UO,, (U,Gd)O, (Gadolinia content is up to 10wt%)
Cladding : ZIRLO
Burnup : up to 62GWD/MTU at fuel rod average burnup

3.1.2 Fuel Rod Power History

The fuel rod powers are time dependent, and are the primary data obtained from the interface
between fuel rod design and core analysis, as described in Appendix A of this report.

The fuel rod design considers all events expected during normal operation and AOOs. The fuel
rod power as a function of the irradiation time, i.e., the fuel rod power history, is an important
parameter in the assessment of fuel rod behavior. Some characteristic power histories are
known to be most limiting with respect to margin to the fuel rod design limits. These limiting
histories may be the highest or lowest power rods in a cycle or the highest burnup fuel rods in a
cycle, depending on the fuel rod design criterion to be assessed. In general, a single fuel rod
power history is not limiting for all fuel criteria, so a set of limiting characteristic power histories
are typically assessed in the fuel rod design. These power histories bracket the range of fuel
rod power histories for the fuel region, and provide the basis for assessing fuel rod performance
relative to the established specified acceptable fuel design limits (SAFDLs).

General trends for the influence of the power history on the evaluations of specific design
criteria, such as fuel rod internal pressure, cladding stresses, chemical reaction, cladding
fatigue, cladding strain and fuel temperature, are:

Mitsubishi Heavy Industries, LTD. 3-2
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- Fuel rod internal pressure

- Cladding stresses ‘
r D

. /

Chemical Reaction

r 3

. o

Cladding Fatigue

4 N
\ /
- Cladding strain
r N
" 7

Fuel temperature
- 3

\. J

Based on the above Mitsubishi fuel rod design evaluation experience, the following power
history types at each fuel types are selected and assessed as part of the process for defining
the limiting rods for each criterion.

f
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The time-dependant power histories based on the reactor core analysis are the interface
information from the core design. The US-APWR fuel rod design evaluations given in this report
use the core conditions, such as a 24 months cycle length and the equilibrium core described in
Appendix A, to define the typical operating conditions for the US-APWR. Figure 3.1-1 and
Figure 3.1-2 show maximum and minimum burnup power histories for UO, and (U,Gd)O fuel
that are based on Appendix A.

3.1.3 Evaluation of Uncertainties

The manufacturing tolerances and the other uncertainties considered in the uncertainty
assessment of the fuel design are summarized in Table 3.1-1. Specific values are shown in
Table 3.1-2 ®" and Table 3.1-3 as described in Chapter 2 of this report. The basis for the fuel
rod performance model uncertainties is given in Chapter 4 of “Mitsubishi Fuel System Design
Criteria and Methodology,” MUAP-07008-P/-NP &,

The effect of a specific uncertainty is evaluated by replacing the nominal or best estimate value
of that input parameter for the fuel rod design evaluation with the value of the parameter
including uncertainties. The effect of the uncertainty is given by the difference between the
design result using the uncertainty and the design result with all best estimate or nominal inputs.
These uncertainty effects are calculated separately for each uncertainty parameter. They are
each considered to be statistically independent, and the total uncertainty in the design
parameter is calculated by the SRSS (Square Root of the Sum of the Squares) method, where
the difference from the best estimate value of the design parameter is considered to be at a
95% probability with a 95% confidence level if the input tolerances and uncertainties are each
at least at a 95% probability with a 95% confidence level.

The uncertainty parameters selected for consideration for each criterion are based on the
evaluation of which parameters have a significant effect on the design evaluation for that
criterion. Tables 3.1-1, 3.1-2 and 3.1-3 identify the significant uncertainties for the fuel rod
design criteria, based on the fuel rod design evaluations for US-APWR equilibrium core.

Mitsubishi Heavy Industries, LTD. 3-4
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Table 3.1-1 (1/2) Fuel Design Uncertainty Assessment ltems

Criterion
Uncertainty Fuel Rod
ltem Fuel Cladding
Category Internal
Temperature Stress
Pressure
\. S
Mitsubishi Heavy Industries, LTD. 3-5
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Table 3.1-1 (2/2) Fuel Design Uncertainty Assessment Iltems

Item

Uncertainty
Category

Criterion
Cladding Cladding L
. . Oxidation | Hydrogen
Strain Fatigue

Mitsubishi Heavy Industries, LTD.
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Table 3.1-2 Fuel Performance Model Uncertainty Parameters

Model

Parameter
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Table 3.1-3 Fuel Manufacturing Uncertainty Parameters

Geometry

Parameter

Mitsubishi Heavy Industries, LTD.
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Figure 3.1-1 Examples of UO, Rod Power Histories Based on the US-APWR Equilibrium

Core
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Figure 3.1-2 Examples of (U,Gd)O, Rod Power Histories Based on the US-APWR
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3.2 Design Interface Data

Interface information is exchanged between fuel rod design and reactor core design,
thermal-hydraulic design, safety analysis, reactor system design, and manufacturing. The core
design and thermal-hydraulic design interfaces with fuel rod design are described in the
following subsections.

3.2.1 Core Design Interface

The interface information from reactor core design is the reactor core operational conditions.
The reactor core operational conditions include data for both normal operation and AOOs.

(1) Power History

The power of the fuel rod as a function of the irradiation time, or power history, is the most
important parameter obtained from core design. The power history information is provided
according to the guidelines given in subsection 3.1.2.

(2) AOO Power Level

The selection of the limiting AOO events, with respect to each fuel rod performance criterion
addressed in the fuel system design is described in “Transient and Accident Analysis” (Chapter
15 of Safety Analysis Report) ®? . The assessment of the impact of the limiting event on the
local power duty is determined by reactor core analysis.

The limiting AOO events are selected in “Transient and Accident Analysis” (Chapter 15 of
Safety Analysis Report) from the perspective of fuel performance that is most important for
each fuel system design criterion.

The design assessment of the AOO is done, based on the reactor core analysis results for the
local linear power density for the selected event, by setting the design maximum local linear
power density (Local Power Limits: L.P.L.) to include the reactor core analysis resuits, with
consideration of( ] . The L.P.L. are set up as follows so that

) data obtained from the reactor core calculation are included and
considered in fuel rod evaluation:

LPL = ( )

(8) Axial Power Distribution

The fuel irradiation conditions in the fuel rod design evaluation are defined by considering the
time varying axial power distribution in the reactor core as well as the rod average power
history. The FINE code allows for the input of a time varying axial power distribution, so that the
change in the axial power distribution during each cycle is input. Typically, the change in the
axial power distribution is characterized by defining the initial, middle and end of cycle shapes
based on the reactor core calculation results. Typical axial distributions derived in this way are
shown in Figure 3.2-1. In these axial power distributions, the initial shape is characterized by
peaking in the middle of the rod, but as the burnup progresses, the power at the center of the

Mitsubishi Heavy Industries, LTD. ’ 3-11
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fuel rod reduces due to burnup effects and the peak rod powers shift to the upper and lower
portions of the rod. Figure 3.2-1 also shows a cycle averaged axial power distribution.

(4) Fast Neutron Flux/Fluence

Since the cladding creep and irradiation growth depend on the fast neutron flux and fluence,
conversion factors relating flux and fluence to power and burnup, respectively, are provided by
reactor core design.

(5) Overshoot during Load Follow Operation

When evaluating the impact of load follow operation, the design evaluation accounts for the
local power overshoots when the reactor power changes from a low power to a high power. The
impact of load follow operation is accounted for by using the reactor core analysis values for the
overshoot power.

3.2.2 Thermal-Hydraulic Design Interface

The interface information from the thermal-hydraulic design is the primary coolant system
information.

(1) Primary Water Condition

The primary coolant flow rate, the primary coolant inlet temperature and the system pressure
are required inputs for the fuel design evaluation. Typical primary coolant conditions for the
US-APWR, are shown in Table 3.2-1.

(2) Linear Heat Rate

The core average linear heat generation rate is another critical input to the fuel design

evaluation. Table 3.2-1 shows the core average linear heat generation rate for the US-APWR
fuel rod design.

Mitsubishi Heavy Industries, LTD. 3-12
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Table 3.2-1 US-APWR Thermal-Hydraulic Conditions

US-APWR

Flow Rate*

2.28 x 10%Ib/ft¥/hr

Inlet Temperature* 550.6deg.F

System Pressure 2250psi
Core Average

Linear Heat Rate 4.6kWiit

* TDF, 10% Plugging

Mitsubishi Heavy Industries, LTD.
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3.3 Fuel Rod Internal Pressure
3.3.1 Design Bases and Criteria

The fuel system will not be damaged due to excessive rod internal pressure under normal
operation.

The fuel rod internal pressure must be below the lowest internal pressure limit among the
following three internal pressure limits.

* No cladding liftoff during normal operation
* No reorientation of the hydrides in the radial direction in the cladding

* A description of any additional failures resulting from departure of nuclear boiling (DNB)
caused by fuel rod overpressure during transients and postulated accidents

3.3.2 Evaluation
(a) Liftoff Pressure

The FINE code is used both to calculate the rod internal pressure and to calculate the pressure
at which cladding liftoff can occur.

The rod internal pressure is maintained below the cladding liftoff pressure, which is defined as
the pressure at which the pellet-cladding gap increases due to outward cladding creep.
Cladding liftoff is prevented to eliminate the possibility of thermal feedback where an increasing
pellet-cladding gap leads to increased pellet temperatures, which accelerate the fission gas
release and thus further increases the internal pressure. In the US-APWR fuel design, the rod
internal pressure is evaluated using the FINE code ®").The evaluation takes into account the
uncertainties in the fuel fabrication and the fuel performance models. These uncertainties are
considered statistically and the total uncertainty is evaluated by Square Root of the Sum of the
Squares (SRSS) method at a 95 % probability at a 95 % confidence level.

The assessment of the liftoff pressure limit, using the FINE code, considers the power histories
which give high internal pressures and high cladding creep rates, including the power history
which gives the highest rod internal pressure. These power histories are based on the actual
core analysis. The FINE Code analyses making the liftoff situation analytically is performed by

) using these power
histories. These pressure analyses determine the internal pressure when liftoff occurs for each
power history, and the lowest internal pressure with liftoff is determined. Uncertainties are
accounted for in this determination of the liftoff pressure. For the US-APWR fuel design, this
process has determined that the liftoff pressure limit is( ) psi (( ] MPa). 1t is
confirmed that the rod internal pressure evaluated by FINE code with uncertainties is below the
liftoff pressure limit for any rods. If rod internal pressure, including uncertainties, for any rods
exceeds this limit, it is verified that liftoff does not occur for this specific power history. The
applicability of this liftoff pressure limit is confirmed if there is any fuel design change in the fuel
dimensions or materials.

The US-APWR fuel rod, with upper and lower plenums, has enough free volume to
accommodate the fission gas release. Table 3.3-1 shows that the internal pressure of the

Mitsubishi Heavy Industries, LTD. 3-15
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limiting rod in the US-APWR equilibrium core is well below the liftoff pressure. For the liftoff
pressure criterion, the limiting UO, rod is [ ), and
the limiting (U,Gd)O, rod is( ) using the
identification of the region names given in Appendix A.

(b) Hydride Reorientation Pressure

Hydride reorientation does not occur if the rod internal pressure is below approximately 3900psi
(27MPa) ©". The liftoff pressure limit discussed in subsection 3.3.2(a) is less than this hydride
reorientation limit, which assures that radial hydride reorientation will not occur for the
US-APWR fuel.

(c) DNB Propagation

The Mitsubishi fuel rod design criteria allow the rod internal pressure to exceed the system
pressure as long as cladding liftoff does not occur. If DNB occurs, there is then a small
probability to have DNB propagation when there are fuel rods with internal pressures above the
system pressure (over pressure rods), as follows.

If DNB occurs on an over pressure rod, the temperature rise due to the DNB and the differential
pressure across the fuel rod cladding can lead to ballooning or fracturing of the cladding and
reducing the flow channel between the adjacent rods. Assuming this interferes with the cooling
of adjacent rods significantly, DNB can then propagate to the adjacent rods. If any of these
adjacent rods has an internal pressure greater than the system pressure, it is assumed that this
rod will also balloon when it goes into DNB and that the resulting cladding deformation for this
rod will reduce the flow channels of its adjacent rods. This process of DNB propagation to
adjacent rods continues until all adjacent rods are below system pressure.

r b
\ /
g ~N
\ <
\ /
4 3
“ o
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This shows that the humber of the rods that initially have both DNB and over pressure is less
than 1. Therefore DNB propagation will not occur during an AOO.
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Table 3.3-1 Rod Internal Pressure Evaluation Results

unit:psi

(unit:MPa)
J Uncertainty Parameter | uo,fuel | (U,Gd)O, fueT_L
\ 7
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Table 3.3-2 Evaluation of DNB Propagation in AOO

Mitsubishi Heavy Industries, LTD. 3-20
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Table 3.3-3 Parametric Survey of DNB Propagation for Postulated Accidents

% of rods with internal pressure > system
pressure
4 3
% of
rods
initially
in DNB
\ /
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3.4 Cladding Stresses
3.4.1 Design Bases and Criteria

The fuel system will not be damaged due to excessive stress under normal operation including
AOQOs. -

The cladding stress criteria are based on the ASME Section 11l ®® pressure vessel criteria. All
cladding stresses except for pellet-cladding mechanical interaction (PCMI) related stresses, are
considered in the stress evaluation and are assessed according to ASME Section 111 9,

PCMI stresses are excluded from the cladding stress evaluation because they are addressed
by the cladding strain criterion and the no fuel melting criterion.

3.4.2 Evaluation

The evaluation of the cladding stress criterion takes into account the differential pressure
across the cladding wall, the thermal stresses, hydraulic and seismic vibration, grid spacer
contact, fuel rod bowing and cladding ovality ®". The category of each stress is based on
ASME stress categories ®¥, and is summarized in Table 3.4-1. The effect of grid spacer
contact is categorized as a secondary stress because the spring force decreases as the grid
spring deflection decreases. However, for conservatism the stresses due to grid spacer contact
are categorized as local primary stresses for the cladding stress criterion evaluation. The
stresses due to grid spacer contact force, fuel rod bowing and cladding ovality are assessed
based on basic equations, conservatively using only elastic assumptions.

(a) Cladding inner diameter-outer diameter differential pressure ¢

Stresses due to the pressure difference across the cladding wall are calculated by the FINE
code, using the following equations with the FINE results for Py, Py, ry and ry:

, Bl +r2)-2p,r,’ Pl -Pyry
For r=r, (inner surface) : o,=-Py, o,=—2— 22 o =2t 22

2 2 ’ z 2 2
r, —=n r, —n
2Pr2—P(r2+r2) Pr’-Pr’
. 11 2\V2 1 11 272
For r=r, (outer surface) : o,=-P,, o,= — , O,= —
r, —h r, —n

where
P+: internal pressure; P, external pressure; ry: inner radius; rp: outer radius;

r,8,z: radius, tangential and axial directions in cylindrical coordinates
(b) Hydraulic and seismic vibration ¢4
The deflections due to hydraulic vibration are calculated by vibration analysis as described in

section 4.6. The following basic equations are used to calculate the stresses due to the
hydraulic and seismic vibration:

For r=r; (inner surface) : [ ]

Mitsubishi Heavy Industries, LTD. 3-22
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For r=r, (outer surface) :[ ]

where

[ |

The axial stress due to hydraulic vibration is less than [ ] psi (( ] MPa).

The axial stress due to seismic vibration for the US-APWR fuel design is assumed to be ( ]
psi (( ] MPa). This stress is corresponding operating basis earthquake (OBE), and is one

third of ( ]psi (( ]MPa) which is provided from stress evaluation for postulated

earthquakes in Japanese plants. The OBE is less than one third of SSE (Safe Shutdown

Earthquake) ®® which is conservatively assumed to be comparable with the postulated

earthquakes in Japanese plants. The cladding stress analysis is re-estimated if the seismic

analysis requires an evaluation of seismic vibrations beyond the OBE conditions.

(c) Grid contact ¢
The following basic equations are used to calculate the stresses due to grid contact:

For r=r; (inner surface) :
r N\

\ /
For r=r, (outer surface) :

( )

where

For the US-APWR fuel design the grid contact force is [ )Ibf (( JN) and the half length of
contact areais ( ) inch () mm).
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3-4)

(d) Fuel bowing

The following basic equations are used to calculate the stresses due to fuel bowing:

For r=r, (inner surface) : [ ]
For r=r, (outer surface) :[ ]
where

| |

For the US-APWR fuel design the deflection due to rod bowing is calculated on the basis of
()% gap closure between rods. This value is obtained from the fuel rod bowing data as
described subsection 4.3.1, and considered in this evaluation as a 95% probability and a 95%
confidence level.

(e) Ovality ©®

The following basic equations are used to calculate the stresses due to cladding ovality:

For r=r, (inner surface) :
f

~ o
For r=r, (outer surface) :

r ~

. 7
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( )

where

For the US-APWR fuel design the cladding ovality is ( Jinch( ) mm).
(f) Thermal stress 7

Stresses due to the temperature gradient across the cladding wall are calculated by the FINE
code using the following equations:

-E-AT 2r,’
For r=r; (inner surface) : 0,=0, g,=0,= < ! - 7r“ 2
2(1—1/) In I r, -1’
n
E. 2r>
For r=r, (outer surface) : o, =0, Ug=02=a2(f A)T ! - 7r1 2
- r, Cop”
VIfppe o -n
rl

where
Pi: internal pressure; Po: external pressure; rq: inner radius; r.: outer radius;

E: Young’s modulus; v: Poison’s ratio; a: coefficient of thermal expansion;
AT: temperature difference between the inner and outer cladding surfaces

r,6,z: radius, tangential and axial direction in cylindrical coordinates

These (a), (b), (c), (d), (e) and (f) stresses determine the total stress as following.

The FINE code is used to account for the effects of the power increase from normal operational
condition to the AOO condition, which is obtained from core analysis. The total stress is
determined by summing these different contributions to the stresses. The stress intensity is
evaluated as the differential stress between the maximum stress and minimum stress, as
specified by the ASME Section Il ®® criteria. The allowable stress intensity, Sm, is the
minimum of two thirds of the cladding yield stress and one third of the cladding ultimate stress
as shown in Table 3.4-2, with consideration of temperature and irradiation effects ®". The
stress evaluation takes into account of the effect of fuel cladding wear and oxidation. The
cladding wear is on the outer surface of the cladding, and affects only a small and local part of
cladding. Therefore, the effect of fuel cladding wear can be defined ®". Cladding oxidation is
accounted for by using a cladding wall thickness that includes the effects of wall thinning due to
the cladding oxidation. ’

The cladding stress evaluation takes into account the uncertainties in the fuel fabrication and
the fuel performance models. These uncertainties are considered statistically and the total

Mitsubishi Heavy Industries, LTD. 3-25
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uncertainty is evaluated by Square Root of the Sum of the Squares (SRSS) method at a 95 %
probability at a 95 % confidence level. The total stress of the limiting rod in the US-APWR fuel
rod design during AOOs is below the allowable stress intensity as shown in Table 3.4-3. For the
cladding stress criterion the limiting UO, rod is ( ,
and the limiting (U,Gd)O, rod is ] using the
identification of the region names given in Appendix A.
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Table 3.4-1 Stress Categories

Loading Conditions Stress Category Classification | Approach
Inner-outer differential Primary Membrane Stress Pm FINE‘
_pressure Analysis
Hydraulic and seismic . . Vibration
vibration Primary Bending Stress Pb Analysis

. Local Primary Membrane Basic
Grid contact Stress P! Equations

Fuel bowing Primary Bending Stress Pb Basic
Equations
. . . Basic
Ovality Primary Bending Stress Pb Equations
FINE
Thermal stress Secondary Stress Q Analysis

Table 3.4-2 Stress Intensity Limits

Stress Stress Intensity Limits
.1 2
Pm Sm = Min (EUUTS’EUV)
Pm + Pb + Pl 1.58m =Min (%am ,0,)
Pm+Pb+Pl+Q 3Sm  =Min (0y,20),)

Oy - Ultimate tensile stress
o, 0.2% offset yield stress

Mitsubishi Heavy Industries, LTD.
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Table 3.4-3 Cladding Stresses Evaluation Results

unit | UO,fuel | (U,Gd)O,fuel |
" -\
Best Estimate Value Pm psi
MPa
. . si
Stress intensity limit Sm p
Y MPa
Design Ratio (Best estimate value / Stress intensity limit) -
Best Estimate Value Pm+Pb+PI pst
MPa
Stress intensity limit 1.58m psi
y MPa
Design Ratio (Best estimate value / Stress intensity limit) -
Best Estimate Value Pm+Pb+PI+Q pst
MPa
. o psi
Stress intensity limit 3.0Sm
Y MPa
Design Ratio (Best estimate value / Stress intensity limit) -
Max Design Ratio - p
Limit - [ 1
Uncertainty Evaluation Relative to the Design Ratio
unit:[-]
[ | Uncertainty Parameter [ U0, fuel | (U,Gd)O, fuel |
-
y )
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3.5 Chemical Reaction
3.5.1 Design Bases and Criteria

The fuel system will not be damaged due to excessive cladding corrosion during normal
operation and AOOs.

During normal operation and AOOs the cladding surface temperature shall remain below the
temperature at which an acceleration of corrosion could occur, as determined by the out of pile
Zircaloy-4 cladding corrosion tests. To prevent this acceleration of the cladding corrosion, the
calculated cladding metal-oxide interface temperature shall be less than(  )deg.F during
normal operation, and less than( )deg.F during AOOs ®". These are the conservative
“design limits because they are based on Zircaloy-4 cladding corrosion tests, and the
temperature required for accelerated corrosion of ZIRLO cladding is higher than that of
Zircaloy-4.

The cladding hydrogen content shall remain below the value required to prevent degradation of
cladding mechanical properties. Based on mechanical test data for irradiated and un-irradiated
cladding material, the hydrogen content limit is established as ( ) ppm .

- 3.5.2 Evaluation

During normal operation and AOQOs, the cladding surface temperature is limited to be less than
the temperature at which an accelerated corrosion could occur.

The cladding metal-oxide interface temperature during irradiation is evaluated by the FINE

code for both normal operation and AOO conditions. The metal-oxide interface temperature

increases as the power increases during AOOs, but the cladding oxidation does not increase

during an AOO due to the short duration of the AOOs. The evaluation takes into account the

uncertainty in the fuel performance models. The uncertainty is{ )deg.F (( )deg.C) based on
A A J®Y assuming ( _

Jkwit (( ) kW/m), determined from( ). This uncertainty is considered
statistically at a 95 % probability at a 95 % confidence level. The cladding metal-oxide interface
temperature of the limiting rod in the US-APWR equilibrium core during normal operation and
AQQOs is below the limits given above, as shown in Tabie 3.5-1. For the cladding corrosion
criterion, the limiting UO, rod is ( ] and the
limiting (U,Gd)O, rod is ( ), using the identification
of the region names as given in Appendix A.

Hydrogen generated due to cladding corrosion is partially absorbed by the cladding. To
maintain cladding ductility, the criterion requires that the hydrogen absorbed by the cladding is
less than the hydrogen absorption limit. High temperature mechanical properties data for
un-irradiated cladding show that the cladding retains its ductility up to the hydrogen absorption
limit.

The cladding hydrogen content at the end of irradiation is also calculated by the FINE code for
normal operation. Since oxidation is negligible during AOOs, as described above, hydrogen
absorption does not increase during AOOs. The evaluation takes into account the hydrogen
absorption model uncertainty of ( ] ppm. This uncertainty is considered to be statistically at
a 95 % probability at a 95 % confidence level. The cladding hydrogen content of the limiting rod
in the US-APWR fuel rod design at the end of irradiation is below the hydrogen absorption
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criterion, as shown in Table 3.5-1. For the hvdrogen abgorption criterion, the limiting UO, rod is

, and the limiting (U,Gd)O, rod is the

) , using the identification of the region names given
in Appendix A.
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MUAP-07016-NP (R0)

Table 3.5-1 Chemical Reaction Evaluation Results

'L U0, fuel

] (U,Gd)O, fuel |

The cladding metal-oxide interface
temperature

Normal operation

AQO

Cladding corrosion thickness

Cladding hydrogen content

Mitsubishi Heavy Industries, LTD.

3-31



US-APWR FUEL SYSTEM DESIGN EVALUATION MUAP-07016-NP (RO)

3.6 Cladding Fatigue
3.6.1 Design Bases and Criteria

The fuel system will not be damaged due to excessive fatigue during normal operation and
AOOs.

The cumulative number of strain fatigue cycles shall be less than the design fatigue lifetime,
which includes a safety factor of 2 on stress amplitude or a safety factor of 20 on the number of
cycles, whichever is most limiting. The Langer-O’Donnel model ©®® for the fatigue design curve
is used..

3.6.2 Evaluation

The cladding fatigue is evaluation accounts for reactor startup/shutdown operation, AOOs and
other power change operations, including load follow operation.

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 most limiting. The Langer-O’Donnel model ®® is used as the fatigue
design curve. Fatigue tests on irradiated fuel cladding give results consistent with
Langer-O’Donnel best fit model, and this design curve, with the specified safety factors, is
applicable to high burnup fuel design. The cumulative fatigue damage is assessed by summing
the fatigue usage over the fuel rod’s life. The usage is determined by dividing the number of
anticipated load cycles by the number of cycles to failure obtained from the fatigue design curve
at the load condition, using the cladding stresses calculated by the FINE code ®". The stress
evaluation takes into account of the effect of fuel cladding wear and oxidation. The cladding
wear is on the outer surface of the cladding, and affects only a small and local part of cladding.
Therefore, the effect of fuel cladding wear can be defined ®". Cladding oxidation is accounted
for by using a cladding wall thickness that includes the effects of wall thinning due to the
cladding oxidation. The contact pressure between the pellets and the cladding and the thermal
stresses are accounted for in the calculation of the stress amplitudes during the load cycles.

The number of load cycles assumed in the fatigue evaluation is defined below for
startup/shutdown, power variations during normal operation and AOOs. The stress amplitudes
for the cyclic loads, including the effects of irradiation, are calculated using the FINE code. The
cyclic stress amplitudes are principally due to the differences in the pellet thermal expansion
during the load cycle.

a) Startup/shutdown

A startup/shutdown cycle is defined as the change from the 0% Cold Stand-by state to the 0%
Hot Stand-by state. The fatigue evaluation assumes [ ] startup/shutdown cycles per year.

b) Power variation during normal operation, including load follow

Load follow during normal operation defines the limiting fatigue duty for the power variations
during normal operation. The evaluation of the fatigue usage due to load foliow operation
includes the effects of the power overshoot during the return to 100% power. The fatigue
evaluation conservatively assumes ( ) load follow cycles per year.
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c) Anticipated Operational Occurrences (0% <---.> 100% nuclear reactor trip)

The limiting fatigue duty for power changes due to AOOs is given by the reactor trip from 100%
power, including the AOO overpower, to 0% power, conservatively. The fatigue evaluation
assumes ( ] cycles per year due to AOOs.

The fatigue criterion evaluation accounts for the uncertainties in the fuel fabrication and the fuel
performance models. These uncertainties are considered statistically and the total uncertainty

is evaluated by Square Root of the Sum of the Squares (SRSS) method at a 95 % probability at
a 95 % confidence level.

The results for the US-APWR cladding fatigue criterion evaluation show that there is significant
margin to the limit, as shown in Table 3.6-1. For the cladding fatigue criterion, the limiting UO,
rod is _ _ ), and the limiting (U,Gd)O; rod is the

) , using the identification of the region names given
in Appendix A.
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Table 3.6-1 Cladding Fatigue Evaluation Results

unit:[-]

[ | Uncertainty Parameter | UO,fuel | (UGd)O, fuel |
r n
. J
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3.7 Creep Collapse
3.7.1 Design Bases and Criteria
Fuel rod failure will not occur due to cladding collapse.

The number of fuel rods that experience cladding collapse shall be less than 1 rod during the
fuel lifetime.

3.7.2 Evaluation

The Mitsubishi fuel design uses high density fuel pellets of more than 95%TD density which are
stable with respect to fuel densification. In addition, the fuel rods are initially pressurized with
helium. The combination of stable fuel and pre-pressurized fuel rods has been demonstrated to
be very effective in eliminating the formation of axial gaps in the fuel column due to
densification, which precludes cladding collapse. Mitsubishi has more than 30 years experience
with no incident of cladding collapse since the adoption of the 95%TD pellet density and initial
pressurization with helium in the fuel design ®"). The US-APWR fuel design uses fuel pellets
with a higher initial density of 97%TD. The US-APWR pellet design is even more stable with
respect to fuel densification due to this additional reduction in the fuel's initial porosity, and
therefore have greater margin to cladding collapse than the Mitsubishi fuel design with the
95%TD pellet density.

For information, Appendix D gives the results of the creep collapse evaluation for the
US-APWR fuel design, with ZIRLO cladding and 97%TD pellet density.
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3.8  Cladding Strain
3.8.1 Design Bases and Criteria

The Fuel system will not be damaged due to excessive strain during normal operation and
AQOOs.

Cladding permanent strain during normal operation shall be less than 1 % relative to the
un-irradiated condition. This criterion assures that the dimensional change of the cladding due
to cladding creep under normal operation remains within the ductility limits for the cladding.
During power transients associated with AOQOs, the total cladding strain change, elastic plus
plastic, shall remain below 1 % relative to the pre-transient condition. This criterion limits the
cladding strain due to PCMI.

3.8.2 Evaluation
Cladding strain under normal operation and AOOs is evaluated using the FINE code ©,

During normal operation, the calculation of the cladding strain accounts for the cladding
creepdown due to the pressure differential between the coolant system pressure and the rod
internal pressure, and the outward deformation due to pellet swelling after pellet-cladding
contact occurs. The cladding strain of the limiting rod in the US-APWR fuel rod design during
normal operation is well below the criterign, ( .
For this criterion, the limiting UO, rod isf ], and
the limiting (U,Gd)O> rod is ( ), using the
identification of the region names given in Appendix A. Uncertainties for the strain evaluation
during normal operation areg
, as described below.

The cladding strain during normal operation is primarily due to PCMI and determined by the
pellet densification, swelling and thermal expansion as well as by the cladding creep. The
power variation during normal operation is generally very moderate, and the zirconium based
alloy cladding readily deforms due to creep. There is therefore little possibility that the
zirconium based alloy cladding could experience an unstable condition, with subsequent
deformation beyond the one percent limit ©2 19 Though the integrity of the cladding will be
maintained until the cladding strain during normal operation reaches several percent, limiting
the strain increment to 1% relative to the un-irradiated state is conservatively used as the
criterion to limit PCMI during normal operation.

For power transients associated with AOOs, the change in the cladding strain from normal
operation to the maximum power of the AOO is evaluated as the total tensile strain change
(elastic and inelastic). This strain is principally due to the pellet expansion resulting from the
pellet thermal expansion and fission gas bubble swelling. The local power increase during the
AOQO causes both PCMI and gas bubble swelling. The evaluation takes into account the
uncertainties in the fuel fabrication and the fuel performance models. These uncertainties are
considered statistically and the total uncertainty is evaluated by Square Root of the Sum of the
Squares (SRSS) method at a 95 % probability at a 95 % confidence level. The cladding strain
during AOOs of the limiting rod in the US-APWR fuel rod design is below the criterion, as
shown in Table 3.8-1. For this criterion, the limiting UO, rod is (
_ ), and the limiting (U,Gd)O, rod is( _
) , using the identification of the region names given in Appendix A.
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Table 3.8-1 Cladding Strain during AOOs Evaluation Results

unit:[%]
[ Uncertainty Parameter U0, fuel | (U,Gd)O, fuel |

=
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3.9 Fuel Temperature
3.9.1 Design Bases and Criteria

Fuel rod failure will not occur due to overheating of fuel pellets during normal operation and
AQOOs.

There shall be at least a 95-percent probability at a 95-percent confidence level that the fuel rod
with the most limiting linear heat rate (kW/ft) does not cause the fuel pellet to melt during
normal operation and AOOs. To prevent fuel from overheating under normal operation and
AQOOs, the calculated fuel centerline temperature shall not exceed the melting temperature of
the fuel. The melting temperature of the UO, pellet is 5072deg.F (2800deg.C) for un-irradiated
fuel and decreases by 58deg.F(32deg.C) per 10,000MWD/MTU &1

3.9.2 Evaluation

FINE code best estimate models are used for fuel temperature analysis, with exception that a
conservative model for the fuel densification, based on RG-1.126 ©'" is used for fuel
densification in conjunction with manufacturing data for the fuel density change after sintering
for 24 hours at a temperature of 1700 deg.C. The following is the design procedure to obtain
linear heat rate limit that will preclude fuel melting.

(a) Fuel centerline temperature analysis (Best estimate calculation)
f

L

The UQ, fuel centerline temperature as a function of the local linear heat rate is calculated at
various burnups by the FINE code (Figure 3.9-1). For (U,Gd)O, fuel rods, due to the lower
melting temperature and the lower thermal conductivity, fuel temperature analysis will provide
more severe result than that of UO, fuel on the same linear heat rate condition. However, the
(U,Gd)O,, fuel centerline temperature is less than the UO, fuel centerline temperature because
the peak linear heat rate for (U,Gd)O, fuel rods is decreased by their reduced enrichment
content, as shown in (e).

(b) Fuel centerline temperature uncertainties

Fuel centerline temperature uncertainties due to manufacturing tolerances and fuel
performance model uncertainties are evaluated at a 95 % probability at a 95% confidence level
using the Square Root of the Sum of the Squares (SRSS) method. Table 3.9-1 shows the result
of UO, fuel centerline temperature uncertainty evaluation, which is bounding for (U,Gd)O, fuel.
(c) Fuel temperature design limit

The design limit for the fuel temperature is obtained by subtracting the uncertainties due to the
manufacturing tolerances and the fuel performance models from the melting temperature. The
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resulting design limit for the fuel centerline temperature is 4620deg.F (2550deg.C) at the
beginning of life and decreases with burnup, as shown in Figure 3.9-2.

(d) Linear heat rate corresponding to the design limit for fuel temperature

The linear heat rate which corresponds to the design limit for fuel temperature is calculated at
various burnups using the relationship between the fuel centerline temperature and the linear
heat rate obtained from the best estimate fuel centerline temperature analysis described in
subsection 3.9.2(a). The result is the dotted line shown in Figure 3.9-3.

(e) Local linear heat rate limit

The local linear heat rate limit as a function of burnup, the solid line in Figure 3.9-3, is specified
with additional margin below the linear heat rate which corresponds to the design limit for fuel
temperature. The allowable peak linear heat rate for UO, fuel to preclude fuel melting, which
corresponds to this maximum allowable centerline temperature, is 21.9kW/ft (72.0kW/m) at the
beginning of life and decreases with burnup by [ ] kW/ft (( ] kW/m) per(
MWD/MTU. For (U,Gd)O, fuel, the allowable peak linear heat rate is [ ) kW/ft ((
kW/m) at the beginning of life and decreases with burnup by () kw/it (( ) kW/m) per

ﬂ MWD/MTU. The peak linear heat rates during normal operation and AOOs are
confirmed to be less than this linear heat rate limit for the first and reload cores.
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Table 3.9-1 Fuel Centerline Temperature Uncertainty Evaluation (UO, fuel)

unit:deg.F

(unit:deg.C)

r Uncertainty Parameter | U0, fuel |
*
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Fuel centerline temperature (deg.F)

Local linear heat rate (kW/ft)

Figure 3.9-1 Fuel Centerline Temperature versus Local Linear Heat Rate (UO, fuel)
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Figure 3.9-2 Fuel Temperature Design Limit versus Burnup (UO, fuel)
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Figure 3.9-3 Local Linear Power Limit versus Burnup (UO, fuel)
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3.10 Fuel-Cladding Mechanical Interaction
3.10.1 Design Bases and Criteria

Fuel failure will not occur due to pellet cladding interaction (PCI) during normal operation and
AOOs. PCl is addressed by two previous criteria:

(1) cladding strain during AOOs must remain below 1%

The cladding strain criterion is described in section 3.8.

(2) fuel centerline melting does not occur

The fuel centerline melting criterion is described in section 3.9.
3.10.2 Evaluation

The methodology for the cladding strain design evaluation is described in section 3.8 and the
methodology for fuel centerline melting is described in section 3.9. :

The US-APWR fuel rod design meets these criteria during normal operation and AOOs.
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4.0 FUEL ASSEMBLY DESIGN EVALUATION
4.1 Loads under Normal Operation and AOOs
41.1 Design Basis and Criteria

To supply the expected thermal power and to maintain coolable geometry of the core and safe
shutdown of the reactor, significant deformation in the fuel assembly should not occur under
anticipated loads during normal operation (NO) and AOOs.

- Under the loads imposed by a RCCA scram during normal reactor operation, the
stresses in the top nozzle and the control rod guide thimbles, except for the dashpot
region, are less than the acceptance limit based on ASME Section 11l “.

- Stresses in the bottom nozzle and the dashpot region of control rod guide thimbles
during normal operation and reactor trip are less than the acceptance limit based on
ASME Section Il . The loads considered are defined by adding the load during
normal operation to the impact force of the RCCA on the top nozzle and the reaction
force when the RCCA is decelerated in the dashpot region.

- Fatigue usage factors of the top and bottom nozzles and the control guide thimbles are
less than 1.0 considering cyclic loading during normal operation and AOOs.

- The grid spacer spring shall not fail throughout the fuel life due to fatigue which results
from hydraulic vibration of the fuel rod.

The grid spacer spring fatigue described above, and the other criteria for preventing significant
structural deformation of fuel assembly, such as fuel assembly growth, fuel rod growth and fuel
rod bowing, are addressed in Sections 4.3 and 4.4.

4.1.2 Evaluation

For the loads in normal operation and AOOs, which includes loads by the core restraint system,
the stresses on the above components are evaluated and confirmed to be within acceptance
limits. The following loads under normal operation and AOOs are considered in the evaluation:

- Loads under normal operation: Holddown spring force, hydraulic lift force, buoyancy force,
self-weight and reaction force from lower core plate.

- Loads in AOOs: Reaction force by deceleration of the RCCA in the dashpot and impact force
of the RCCA are added to the loads in normal operation.

The RCCA scram incident is selected as the limiting AOOQOs, since the loads at RCCA scram
have a larger influence on the fuel assembly mechanical performance. The impact force on the
top nozzle due to dropping the RCCA is obtained by solving the momentum equation for the
drop velocity while the retainer spring within the rod control cluster is being compressed after the
rod control cluster contacts the top nozzle plate. The reaction force as the RCCA is decelerated is
calculated from the internal pressure increase in the control rod guide thimble, which is
obtained from the drop-time analysis of the RCCA.
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The stresses in the top and bottom nozzles and the control rod guide thimbles are evaluated by
finite element method (FEM) analyses. Manufacturing tolerances are considered to obtain a
conservative result in the stress analysis of the top and bottom nozzles. The un-irradiated
material yield stresses are conservatively used to determine the acceptance limits, rather than
the yield stresses of irradiated materials, which are increased due to irradiation hardening.

In compliance with ASME Section lIl ", the primary general membrane stress and bending
stress strength (P.,+Py) of the top and bottom nozzles are determined from the analysis results
and compared with the allowable value (1.5Sm) to confirm that no plastic deformation occurs.

For the stress evaluation of the control rod guide thimbles, an FEM analysis is used to obtain
the load sharing ratio in between the fuel rods and the control rod guide thimbles. After
obtaining the load on the control rod guide thimbles by the ratio, the maximum stress of the
control rod guide thimble is obtained by dividing the load by the product of the number of control
rod guide thimbles and the cross-sectional area of a control rod guide thimble.

The load at RCCA scram is chosen as the cyclic load in the fatigue usage evaluation for the top
and bottom nozzles and the control rod guide thimbles. The fatigue usage factor is the ratio of
the cumulative numbers of RCCA scrams during the fuel lifetime to the number of load cycles to
failure at the fatigue load stresses. The Langer-O’Donnel fatigue design curve “? is used for
the Zircaloy-4 control rod guide thimble and the fatigue design curve given in ASME Section I
“3) is used for the austenitic stainless steel top and bottom nozzles.

The material properties of fuel assembly structural components, such as Young’'s modulus,
Poisson’s ratio, yield strength, and ultimate tensile strength, are described in Appendix B of this
report.

The fatigue life of the grid spacer spring is determined by fatigue testing, where a vibration is
induced in the spring for a prescribed period under conditions simulating the operating
temperature and hydrogen absorption of the grid spacer springs in-reactor, as discussed in
Section 4.4.

4.1.2.1 Loads during Normal Operation
4.1.2.1.1 Top and Bottom Nozzles

As for the top nozzle, since loading conditions are different in normal operation and AOOs, it is
necessary for the stresses under both conditions to be respectively evaluated. In normal
operation, the holddown spring force is applied to the top nozzle. From the FEM analysis of the
holddown spring, the force is estimated to be approximately ( ) Ibf ({ ] N) which is
obtained by rounding up [ ] Ibf ([ ] N) in Sl unit as evaluated in Table 4.6-1 of
Section 4.6. Adding this load on the corner of the top nozzle, the stresses in the nozzle are
obtained from the FEM analysis, an example of which is shown in Figure 4.1-1. The results are
summarized in Table 4.1-1(a). The stresses are below the acceptance limits.

For the bottom nozzle, the results for the stress analysis during normal operation is described in
Subsection 4.1.2.2 including the load at RCCA scram, since the load during normal operation is
added on the adapter plate equally in the same way at RCCA scram.
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4.1.2.1.2 Control Rod Guide Thimbles

The stresses in the guide thimbles are obtained using the fuel assembly axial structural
analysis model shown in Figure 4.1-2. The applied loads are:

* Fuel assembly dead weight : [ ] Ibf([ ] N) ,
*  Holddown force : ( ] 1of ([ I Ny

« Buoyancy: ( Jibf ([ ] N) (obtained from the fuel assembly volume and the
coolant density), and

* Lift force : [ ] Ibf { ] N) (including the uncertainties in the assembly
shape and the lift force evaluation).

The result is given in Table 4.1-1(c) and shows that the stress in control rod guide thimble is
below the acceptance limit.

4.1.2.2 Loads during AOOs
4.1.2.2.1 Top and Bottom Nozzles

For the AOO loads on the top nozzle, the scram load from the RCCA is added to the top nozzle
adapter plate. The maximum load produced when retainer spring has its maximum deflection
on the top nozzle during RCCA dropping, is approximately ) 1bf ([ ] N). For the
FEM analysis the load condition is that this load is applied at the center of the adapter plate
where retainer impacts. The results are summarized in Table 4.1-1(a), which shows that the
loads are less than the acceptance limits.

For the bottom nozzle, from the analysis for the loads during normal operation and with an
RCCA scram load of [ ) Ibf (( ] N), the reaction force at the bottom nozzle is
( Jiof ( ] N), including the uncertainties in assembly specification and the
evaluation. The stresses obtained from the FEM analysis of the bottom nozzle, are summarized
in Table 4.1-1(b), which shows that the loads are less than the acceptance limits.

4.1.2.2.2 Control Rod Guide Thimbles
(1) At the Time When the Control Rod Reaches the Thimble Dashpot Position

At this time the internal pressure in the thimble increases significantly and the RCCA is
decelerated. The internal pressure is obtained from the motion equation of the RCCA and the
maximum pressure is conservatively calculated to be[ ] ksi ( [ ] MPa). Using the thin
cylinder formula, the differential principal stress is below the acceptance limit, as shown in
Table 4.1-1(c).

(2) At the Time When the RCCA Retainer Impacts with the Top Nozzle Adapter Plate

The loads in normal operation and the RCCA scram are added in the model shown in Figure
4.1-2. The resulting stress is below the acceptance limit, as shown in Table 4.1-1(c).
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4.1.2.3 Fuel Structural Component Fatigue

The fatigue evaluation for the top and bottom nozzles and the control guide thimble is
described below. The fatigue evaluation for the gird spacer spring and the holddown spring is
discussed in Section 4.4 and Section 4.6, respectively.

For the fatigue evaluation of the top and bottom nozzles and the control rod guide thimble, the
following conditions and stresses on the components under the same conditions are assumed,
according to transient design condition of the US-APWR:

AQO: )
Handling: [ ]

The number of cycles for handling is conservatively determined to be equal to the number of
startup/shutdown cycles.

4.1.2.3.1 Top and Bottom Nozzles

In the evaluation, the stress shown in Table 4.1-1(a)(b) and Table 4.2-1(a)(b) are used for AOO
and handling, respectively. The design fatigue curve for type 304 stainless steel given in the
ASME code “" is used for the nozzles.

The fatigue usage factor in each nozzle which is summation of above two conditions is less
than [ ] and much smaller than the allowable fatigue usage of 1.0.

4.1.2.3.2 Control Rod Guide Thimble

For the control rod guide thimble, the stress tabled in the Table 4.1-1(c) and Table 4.2-1(c) are
used in the evaluation for AOO and handling.

Using these values and the Langer-O’Donnel fatigue design curve “?, the fatigue usage factor
of the control rod guide thimble is ] and also much less than 1.0.
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Table 4.1-1 Stress Evaluation Results for the Fuel Assembly Components
during NO and AOOs

(a) Top Nozzle *
Unit: ksi (MPa)
Stress Acceptance limit
NO | A0O | at ) deg.F

Stress category

Primary membrane
+ bending

Primary local

+ secondary

* [Primary membrane + bending] and [primary local + secondary] stresses are shown because
they are relatively high.

(b) Bottom Nozzle *
Unit: ksi (MPa)

Acceptance limit
Stress category Stress in AOO ** P
at( ) degF

Primary membrane
+ bending

Primary local
+ secondary

* [Primary membrane + bending] and [primary local + secondary] stresses are shown because
they are relatively high.
** Stress in AQO includes the load during NO.

(c) Control Rod Guide Thimble
Unit: ksi (MPa)

AOOs o
Acceptance limit
Iltem NO Control rod at | RCCA impact with
at( ] deg.F
dashpot * top nozzle
Control rod
guide thimble

* Differential primary stress between circumferential and axial stress due to the increase in
internal pressure.
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Figure 4.1-1

Sample Analytical Model, Top Nozzle FEM Analysis
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r 3

Figure 4.1-2  Analytical Model for Assembly Axial Mechanical Behavior
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4.2 Loads in Fuel Shipping and Handling
421 Design Basis and Criteria

To obtain expected performance in the reactor, the fuel assembly will not experience excessive
deformation during shipping and handling, including uncertainties.

- Under axial loading during shipping and handling, the stresses in the top and bottom
nozzles and the control rod guide thimbles shall be less than the acceptance limits.

- Under axial loading during shipping and handling, forces occurring at the connection
points between the top nozzle, the grid spacers and the control rod guide thimbles shall
be less than the acceptance limit. ‘

- Under lateral loading during shipping and handling, inelastic deformation of the grid
spacer spring shall not be increased.

- The grid spacer spring shall not be damaged due to vibration during shipping.

4.2.2 Evaluation

The stress analysis is done by using the nominal dimension, without considering uncertainties
from the manufacturing tolerance. Alternatively, the yield stress and the ultimate tensile stress
(UTS) of un-irradiated materials are conservatively used in deciding the acceptance limits,
instead of using the values of irradiated materials which are increased by irradiation hardening
described in Appendix B of this report.

FEM stress analyses are used to determine the stresses in the top and bottom nozzles, using
the loads imposed during shipping and handling. The stresses have been confirmed to be
within the acceptance limits on ASME Section 1l #).

Using a structural analysis with an analytical model which simulates the mechanical
characteristics of the fuel assembly in the axial direction, the loads imposed during fuel
handling and shipping are determined for the linkages between the control rod guide thimbles
and the top nozzle and the grid spacers. It is confirmed that the analytically calculated loads are
less than the limiting elastic loads determined from tensile tests of the linkages.

For the conirol rod guide thimble, the maximum stress occurs just beneath the top nozzle
because the guide thimble bears the entire axial load without sharing with the fuel rods at that
point. The calculated maximum stress is confirmed to be less than the acceptance limit on
ASME Section Il *.

It is confirmed that plastic deformation of the grid spacer spring does not occur due to the
lateral loads during handling and shipping.

A maximum acceleration of more than four times of gravity (4G) in axial direction has never
been experienced during shipping and handling of the Mitsubishi conventional fuel assemblies.
A 4G axial load is therefore used for the fuel shipping and handling evaluations for the
US-APWR fuel assembly.

Mitsubishi Heavy Industries, LTD. : 4-8



US-APWR FUEL SYSTEM DESIGN EVALUATION MUAP-07016-NP (RO)

42.2.1 Top Nozzle

A 4G load is added at the corners of the nozzle to account for the effect of the shipping fixture.
The 4G load is given by 4 x ( ] N (assembly weight) = ( J 1of ( ( ] N).

The weight of the in-core control component (ICCC) is not included in this evaluation, even if
they are transported within the assembly, since the ICCC weight doesn’t bear on the nozzle.

The stresses of the top nozzle during handling are obtained by adding a 4G upward load to the
side of the nozzle, which is the interface with the handling tool. In the case the ICCC weight
bears on the nozzle when an ICCC is in the fuel assembly and the heaviest ICCC weight
(RCCA, approximately( ] Ibf ([ ] N)) is added to determine the total load. The 4G
load is 4 x ( ] ) N, which gives a force of ( ) 1bf ( ( ] N). These loads
are used as the inputs to the FEM analysis to determine the stress distribution in the nozzle. An
example of the FEM analysis of the top nozzle is shown in Figure 4.1-1. The stress in both
shipping and handling is below the acceptance limit on ASME Section lll ", as shown in Table
4.2-1(a).

4.2.2.2 Bottom Nozzle

In both shipping and handling the loads on the bottom nozzle are transferred from the control
rod guide thimbles. Since the weight of the ICCC bears on the nozzle, the shipping and
handling load on the bottom nozzle are ( ] 1bf (( ] N). The results of the FEM
analysis for this loading mode show that the stress in the bottom nozzle is less than the
acceptance limit on ASME Section Ill ", as shown in Table 4.2-1(b).

4223 Grid spacer

The inelastic deformation of grid spacer spring shall not be increased against a lateral 6G load
during shipping and handling. Considering the fuel rod weight of upper and lower half span of
the grid spacer, a 6G load is determined as ( JIbf ([ ) N).

Since the initial grid spacer spring force is more than[ ] ibf ( [ ] N), the inelastic
deformation of spring is not increased.

4.2.2.4 Other Components

A load of ] Ibf (( ] N) is used for the following analysis.

The bulge joint between the intermediate grid spacer and the control rod guide thimble
propagates the load equivalent to fuel rod restraint force. The thimble screw preload may be
transferred to the weld joint between the bottom grid spacer and the insert, due to flatness of
the edge face in the insert. The control rod guide thimbles propagate the axial load of the fuel
rods and the load distribution is analyzed using the fuel assembly axial model shown in Figure
4.1-2. The load distribution in the US-APWR fuel assembly is shown in Figure 4.2-1. Because it
is easier for the fuel rods to slip in the top and bottom grid spacers, the thimbles mainly bear the
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loads just beyond the top and beneath the bottom grid spacers and fuel rods mainly bear the
loads among the intermediate grid spacers.

The stress and loads on these components are confirmed to be below the acceptance limits, as
shown in Table 4.2-1(c) where allowable loads for the joint are obtained by tensile testing for
these components.

Mitsubishi Heavy Industries, LTD. ' 4-10



US-APWR FUEL SYSTEM DESIGN EVALUATION MUAP-07016-NP (RO)

Table 4.2-1 Strength Evaluation for Shipping and Handling Loads

(a)Top Nozzle *
Unit: ksi (MPa

Category Stress Acceptance limit

Shipping | Handling

Primary membrane
+ bending

+ secondary

Primary local l

* [Primary membrane + bending] and [primary local + secondary] stresses are shown because
they are relatively high.

(b)Bottom Nozzle *
Unit: ksi (MPa)

Category Stress Acceptance limit

Primary membrane
+ bending

Primary local
+ secondary

* [Primary membrane + bending] and [primary local + secondary] stresses are shown because
they are relatively high.

(c) Other Components
Load Stress

Components (Ibf (N)) (ksi (MPa))
Max Limit Max Limit

Control rod guide thimble [ ]

Top grid spacer joint
(stainless steel sleeve)

Intermediate grid spacer joint
(Zircaloy-4 sleeve)

Insert
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* Loads on the control rod guide thimbles and the fuel rods are compressive.

Figure 4.2-1 Fuel Rod and Control Rod Guide Thimble Load Distribution
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4.3 Fuel Assembly Dimensional Changes
4.31 Rod Bowing
4.3.1.1 Design Basis and Criteria

To avoid fuel rod damage due to obstruction of coolant flow, excessive fuel rod bowing shall not
occur. Departure from nucleate boiling (DNB) shall not occur at a 95 % probability at a 95 %
confidence level basis with consideration of the DNB penalty due to rod bowing during normal
operation and AOOs.

4.3.1.2 Evaluation

Fuel rod bowing is a phenomenon observed in irradiated fuel assemblies and leads to spacing
closure between adjacent fuel rods. While the mechanism is not yet fully understood, it is
related to the as-fabricated bowing of the fuel rods, the restraint force due to the grid spacers
and the differential irradiation growth of the fuel rods and the control rod guide thimbles.

Significant fuel rod bowing may influence thermal-hydraulic characteristics, such as the
departure from nucleate boiling ratio (DNBR).

The rod to rod spacing on all four faces of each fuel assembly has been image-analyzed from
TV-tapes of irradiated fuel assemblies’ visual inspections. The mean values and standard
deviations of the rod to rod spacing are obtained for each span (the longitudinal space between
consecutive grid spacers), and the rod to rod spacing rate is estimated from the worst span
data. The design envelope for the rod to rod spacing rate at the worst span of each fuel
assembly is established as a function of fuel assembly burnup.

Fuel rod bowing data from current Mitsubishi 17x17 fuel assemblies are shown in Figure 4.3-1.
DNBR evaluation for The US-APWR fuel assembly is based on these data. It is assumed that
the rod bowing of the US-APWR fuel can be estimated at the same level as the current
Mitsubishi 17x17 fuel, for the following reasons:

* The US-APWR fuel uses Zircaloy-4 grid spacers. The data with Zircaloy-4 grid spacer in
Figure 4.3-1 shows equal or smaller rod to rod spacing closure than is measured for
17x17 assemblies with Inconel grid spacers, and

» Data shown in Figure 4.3-1 are corrected for span length (distance between the grid

spacers) of ( Jinch (( ] mm), which is the span length averaged in the
conventional 17x17 fuel assembly. Since the span lengths for the US-APWR fuel
assembly are ) inch ([ ) mm), qualitatively speaking, the shorter span

length leads to less rod bowing for the same bending moment condition.

The shorter span length and the grid spacer spring restraint force on the fuel rods in the
US-APWR fuel assembly are adequately designed to reduce the fuel rod bowing and the
consequent DNB penalty to an acceptable level.
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In addition to large scattering in the rod bowing data, the grid spacer made of Inconel is
regarded to show bigger rod bowing than that of Zircaloy-4, owing to less relaxation of the
spring force.

With considering safety factor and statistical probability, the rod to rod spacing closure at EOL
in the US-APWR fuel assembly is obtained from the closure rates of the conventional fuel
assemblies with Inconel grid spacers in the figure. The provided closure rate is used in the DNB
penalty evaluation for the rod bowing.
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4.3.2 Fuel Assembly Growth Evaluation
4.3.2.1 Design Basis and Criteria

To maintain a coolable geomefry in the core and assure safe shutdown of the reactor, the fuel
assembly will not be excessively distorted nor damaged by compressive loads due to
interference with the upper and lower core plates during irradiation.

Clearance between the top nozzle and the upper core plate shall be maintained throughout the
fuel assembly irradiation.

4.3.2.2 Evaluation

The fuel assembly growth is evaluated at the cold condition because the thermal expansion
between the core plates is more than that of the fuel assembly at the hot condition.

Fuel assembly growth as a function of burnup is defined on the basis of measured assembly
length change data. Considering the fuel assembly maximum growth at the end of life predicted
by this function and the minimum distance between the core plates, the overall length of the
fuel assembly is determined to maintain clearance between the top nozzle and the upper core
plate during the fuel life.

The growth of the US-APWR assembly is evaluated using a design curve based on assembly
growth data obtained from fuel assemblies with the current Inconel grid spacer design. The
design curve is a 95% probability at a 95% confidence level upper bound of the data shown in
Figure 4.3-2.

The upper bound of assembly growth is approximately[ ] % at 60 GWD/MTU, which is
less than the assembly growth limit of [ ] % required to prevent the interference between
the fuel assembly and the core plates.
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Assembly growth (%)

Assembly average burnup (MWD/MTU)

Figure 4.3-2 Mitsubishi 17x17 Fuel Assembly Growth Data with Inconel Grid Spacers
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4.3.3 Fuel Rod Growth (Total Gap Change)
4.3.3.1 Design Basis and Criteria

To supply expected thermal power and maintain fuel rod integrity during irradiation, the fuel
rods should not experience excessive bowing, nor be damaged by excessive compressive
loading due to interference between the fuel rod and the top and bottom nozzles during
irradiation, that results from the difference in the axial growth of the fuel rods and the fuel
assembly.

Clearance between the fuel rod and the top and bottom nozzles shall be maintained throughout
the fuel assembly life.

4.3.3.2 Evaluation

To preclude interference between the fuel rod and the nozzles, the fuel rods and fuel assembly
are designed with an initial clearance between the fuel rod ends and the top and bottom
nozzles.

The total gap is defined as a sum of clearance between the top and bottom nozzles, and both
ends of the fuel rod. The variation of the total gap with burnup, which is the difference between
the fuel rod growth and the fuel assembly growth, is used for the design curve for the total gap
evaluation. The design curve is determined based on data obtained from the irradiated fuel
assemblies.

This initial total gap is designed to be sufficient to accommodate the maximum anticipated fuel
rod growth in combination with the minimum fuel assembly growth, with appropriate
consideration of manufacturing tolerances.

Figure 4.3-3 shows total gap change fok the conventional 17x17 fuel assemblies. The best

estimate line and a [ ] level upper bound line are also
shown in the figure.

For the US-APWR fuel, the design curve is set by correcting the extended fuel length and the
thermal expansion difference between the fuel rod and the control rod guide thimble, since the
data of the figure are obtained from the 12ft fuel assemblies under cold condition.

The total gap change for the US-APWR fuel is estimated to be [ ] inch ( [ ] mm) at 60
GWD/MTU, which is less than the as-fabricated minimum total gap of ( ) inch ((
mm). This confirms that clearance between the fuel rods and the top and bottom nozzles is
maintained throughout the US-APWR assembly lifetime.
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Figure 4.3-3 Total Gap Change of Mitsubishi 17x17 Fuel Assemblies
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4.3.4 Fuel Assembly Bowing

Fuel assembly bowing data for Mitsubishi conventional 17x17 fuel assemblies with Zircaloy-4
grid spacers are shown in Figure 4.3-4. Bowing data of the fuel assemblies with Zircaloy-4 grid
spacers are the open circles in the figure. In general the fuel assembly bowing for the
assemblies with Zircaloy-4 grid spacers is less than the bowing of the assemblies with Inconel
grid spacers because the spring force relaxation of the Zircaloy-4 grid spacer is larger than that
of the Inconel grid spacer described in Section 4.4.

By applying 11 grid spacers, the US-APWR fuel assembly has shorter grid spacer spacing
compared with the current 14 ft fuel with 10 grid spacers for US reactor. This shorter spacing
contributes to increase lateral stiffness of fuel assembly. The higher stiffness compensates
reduction of the stiffness by axial extension of 12 to 14 ft. Mitsubishi expects that a bowing of
the US-APWR 14 ft fuel is comparable to current 12 ft fuel with 9 grid spacers design.

Fuel assembly bowing may affect incomplete rod insertion (IRI). Mitsubishi has been applied
improved dashpot design of fuel assembly thimble tubes to domestic plants. By reducing axial
length with slenderized diameter of the dashpot, the improved design contributes to lower the
risk of IRI. This design is also applied to the US-APWR fuel assembly.

As the same with conventional Mitsubishi 12ft fuel assemblies, there is little possibility for the
US-APWR fuel assembly to cause serious issue in loading and unloading, and the control rod
insertion due to the fuel assembly bowing.
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Figure 4.3-4 Fuel Assembly Bowing of Mitsubishi 17x17 Fuel Assemblies
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4.4 Grid Spacer Irradiation Behavior
441  Zircaloy-4 Material Properties

Zircaloy-4 is used for the intermediate grid spacers, control rod guide thimbles, an in-core
instrumentation guide tube and the sleeves joining them. Zircaloy-4 material properties are
described in Appendix B of this report and the corrosion behavior is confirmed not to affect the
mechanical integrity as summarized below.

The oxide thickness at assembly burnup of 60 GWD/MTU is conservatively estimated to be
less than ) mit ([} um) which corresponds to Jmil ([ ) um) of reacted
thickness. It is approximately ( i % of wall thickness of the thimble and less than [ ] %,
beyond which mechanical integrity check is required.

The absorbed hydrogen at assembly burnup of 60 GWD/MTU is conservatively estimated to be
lessthan ( ] ppm which does not reach to acceptance limitof [ ] ppm.

4.4.2 Inconel-718 Material Properties

Inconel-718 is used for the top and bottom grid spacers. Inconel-718 material properties are
described in Appendix B of this report.

The corrosion of Inconel-718 is well-known to be very small.
4.4.3 Grid Spacer Spring Evaluation
4.4.3.1 |Initial Spring Force

The US-APWR fuel assembly uses the Zircaloy-4 grid spacer named “Z3”, described in
Chapter 2. As shown in Figure 4.4-1, the initial spring force of the Z3 grid spacer is the same as
for the Z2 grid spacer spring, which has been used in the current Mitsubishi 17x17 fuel
assembly. The spring shape in inner cell of Z3 is different from that of Z2 in order to reduce
hydraulic resistance.

4.4.3.2 Irradiation Induced Relaxation of Spring Force

Data from US reactors for the Inconel-718 and Zircaloy-4 grid spacer spring force relaxation
due to fast neutron irradiation are shown in Figure 4.4-2. Vertical axis of the figure means the
rate of lost restraint force which is measured by withdrawing fuel rods from fuel assembly. The
spring force relaxation saturates after an exposure of( ] (n/em?, E>1.0MeV) for the
Inconel grid spacer and ] (n/em? E>1.0MeV) for the Zircaloy-4 grid spacer, with
approximately [ ] % and( ] % of spring force remaining for the Inconel and Zircaloy-4 grid
spacers, respectively. Figure 4.4-3 shows spring force relaxation data from Japanese plants.
The relaxation design curve for the Zircaloy-4 grid spacer is also shown in Figure 4.4-3. The
Zircaloy-4 grid spacer data (open and closed circle symbols in the figure) show that more than

[ )% of the spring force is retained and is consistent with the US reactor data. Since the Z3
grid spacer spring has similar spring properties as the Z2 grid spacer, these data confirm that
the relaxation of the Z3 grid spacer springs is acceptable.
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4.4.3.3 Spring Fatigue Properties
4.4.3.3.1 Design Basis and Criteria

To supply expected thermal power and to maintain coolable geometry of the core and safe
shutdown of the reactor, significant deformation in the fuel assembly should not occur under
anticipated loads during normal operation and AOOs.

- The grid spacer spring shall not fail throughout the fuel life due to fatigue which results
from hydraulic vibration of the fuel rod.

4.4.3.3.2 Evaluation

Data for the fatigue property of Z3 grid spacer spring is shown in Figure 4.4-4. Vibration
amplitude as fatigue limit is estimated to be at least [ ] mil ( ( ) mm) in the figure.

Since the vibration amplitude given to the grid spacer spring due to fuel rod vibration is
generally less than one hundredth of the fatigue limit amplitude obtained in the test, it is
confirmed that the fatigue characteristic of the Z3 grid spacer spring is acceptable.
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Figure 4.4-1 Load-Deflection Curve of the Inner Grid Spring (at Room Temperature)
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Figure 4.4-2 Grid Spacer Spring Relaxation Rate (US Reactor Data)
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Figure 4.4-3 Grid Spacer Spring Relaxation Rate (Japanese Reactor Date)
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Figure 4.4-4 Grid Spring Fatigue Properties

Mitsubishi Heavy Industries, LTD. 4-25



US-APWR FUEL SYSTEM DESIGN EVALUATION MUAP-07016-NP (RO)

4.4.4 Grid Spacer Dimensional Stability
4.4.4.1 Design Basis and Criteria
To maintain sufficient restraint on the fuel rods during irradiation, and during loading and
unloading of the fuel assemblies, the grid spacer will maintain dimensional stability during
irradiation.
The grid spacers shall maintain fuel rod to rod spacing during irradiation. The grid spacers also
contribute to locating the fuel assemblies in their correct core position. In addition, the
dimensional change of the grid spacers shall not cause excessive interference with neighboring
structures such as other fuel assemblies and neutron reflectors.
4.4.4.2 Evaluation
Particularly with regard to the Zircaloy-4 grid spacer which experiences irradiation growth
during its in-reactor exposure, the increase of the grid spacer’s outer size at the end of life is
evaluated based on data for the grid spacer’s outer size in irradiated fuel assemblies.
Based on measurement from the irradiated fuel assemblies, Mitsubishi sets a line shown in
Figure 4.4-5 as the relationship between burnup and irradiation growth rate of outer size in
Zircaloy-4 grid spacer,,
The relationship is expressed by following equations: ,

GR(BU) = ] BU> | J)

GR(Bu) = ( ] BUs| ])
where

GR(Bu): Growth rate of outer size in Zircaloy-4 grid spacer as a function of Bu, (%)

Bu : Fuel assembly average burnup (MWD/MTU)
By using above equation and burnup of each US-APWR fuel assembly described in Appendix

A of this report, core average growth rate of outer size in the grid spacer is calculated at the end
of cycle in equilibrium core:

257

> GR(Bu,)
_ =1

GRAve = 257
where

GRave : Core average growth rate of outer size in the Zircaloy-4 grid spacer at the end of
cycle in equilibrium core

i : i-th fuel assembly, from 1 to 257

Bu; : Average burnup of the i-th fuel assembly
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Since the GRaye is estimatedtobe ) % by core design of the US-APWR, one-sided growth
length of the outer size in the grid spacer is provided as follows.

GL= (WDNominaI + TL) X G'RAve / 2
where

GL ; One-sided growth length of outer size in the Zircaloy-4 (inch)

WDnorinal : Nominal outer size of the Zircaloy-4 grid spacer (inch)

TL : Manufacturing tolerance of the Zircaloy-4 grid spacer’s outer size (inch)
In the case of the US-APWR,

L= )
Compared with half clearance in adjacent fuel assemblies of 0.02 inch ( 0.5 mm), the
one-sided growth length of ( ) inch ( ( ]} mm) is small enough, which provides less
interaction for locating the fuel assemblies in correct position during irradiation and for handling
the fuel assemblies during loading and unloading.
Although maximum growth rate of the Zircaloy-4 grid spacer is calculated to be about[ ] %

at 60 GWD/MTU and fuel rod pitch is expanded according to the rate, the expansion does not
bring significant effect in terms of the core design.
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GRID'S OUTER SIZE GROWTH RATE (%)

FUEL ASSEMBLY AVERAGE BURNUP (MWD/MTU)

Figure 4.4-5 Burnup Dependence of Outer Size Increase in Zircaloy-4 Grid Spacer
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4.5  Fuel Cladding Fretting Wear
4.5.1 Design Basis and Criteria

To supply expected thermal power and to prevent leakage from the fuel rod, the fuel rod will not
be damaged by fuel cladding fretting wear due to hydraulic vibration during normal operation.

The maximum fretting wear depth on the cladding surface shall be less than[ ] % of the
initial wall thickness.

4.5.2  Evaluation
4.5.2.1 Evaluation Methodology

The fretting wear of the fuel rod cladding is evaluated by long-term hydraulic-flow tests and
analytical evaluations discussed in detail in Appendix C of this report.

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

The analytical evaluation for predicting fretting wear in the fuel rod cladding is based on test
results and developed in a semi-empirical manner. The fretting wear calculation requires three
steps: evaluation of the fuel rod vibration, amplitude evaluation of the fuel rod vibration due to
hydraulic flow, and the wear depth evaluation for the cladding at the grid spacer support points.

The characteristics of eac