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FUEL ROD DESIGNS USING INTERNAL SPACER ELEMENT AND
METHODS OF USING THE SAME

ABSTRACT

Example embodiments may include a nuclear fuel rod and/or
segment design using fuel element spacers. Fuel element spacers may be
placed at intervals within fuel rods and/or segments in order to manipulate
operating characteristics of the fuel rods and/or segments and/or decrease
consequences of fretting of the fuel rod and/or segment. Example methods
may include using fuel rods and/or segments having fuel element spacing
elements by adjusting intervals of the spacing elements so as to affect the
mechanical, neutronic, and/or thermal properties of the fuel rod and/or

segment.
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FUEL ROD DESIGNS USING INTERNAL SPACER ELEMENT AND
METHODS OF USING THE SAME

BACKGROUND

Field

Example embodiments generally relate to fuel structures used in

nuclear power plants and methods for using fuel structures.

Description of Related Art

Generally, nuclear power plants include a reactor core having fuel
arranged therein to produce power by nuclear fission. The fuel elements may
have a variety of configurations and/or characteristics, based on operating
conditions of the specific nuclear power plant. For example, size, placement
with respect to the core, placement relative to other fuel, enrichment,
elemental fuel type, and shape of fuel all affect plant operating parameters. A
common design in U.S. nuclear power plants is to arrange fuel in a plurality of
cladded fuel rods bound together as a fuel assembilies placed within the

reactor core.

As shown In FIG. 1, a conventional fuel bundle 10 of a nuclear
reactor, such as a BWR, may include an outer channel 12 surrounding an
upper tie plate 14 and a lower tie plate 16. A plurality of full length fuel rods 18
and/or part length fuel rods 19 may be arranged in a matrix within the fuel
bundle 10 and pass through a plurality of spacers (also known as spacer
grids) 20 vertically spaced one from the other and maintaining the rods 18, 19

In the given matrix thereof.

The fuel rods 18 and 19 are generally continuous from their base to
terminal, which, in the case of the full length fuel rod 18, is from the lower tie
plate 16 to the upper tie plate 14. Thus the cladding and fuel elements within
the rod are also generally continuous through the length of the fuel rods 18 or

19.
21 -
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As shown in FIG. 2, fuel elements 21 may be shaped in pellet-form
and placed within the fuel rods 18 or 19. These fuel pellets 21 may be
“stacked” within the fuel rod continuously to provide fuel through the length of
the fuel rod 18 or 19. The stacking of fuel pellets 21 may permit expansion or
other deformation of the fuel pellets 21 during the operation cycle of the
reactor core. Further, a gap 22 between the pellets 21 and the inner wall 23
of the fuel rod 18 or 19 accommodates gaseous fission products produced
from the fuel pellets 21 during operation of the reactor. The gap 22 may be a
vacuum or filled with a low pressure, non-reactive gas such as Helium.
Further gaps (not shown) and/or springs 24 at ends of the fuel rod may be

present to further allow fission product accumulation and pellet deformation.
SUMMARY

Example embodiments are directed to a fuel rod design using internal
fuel element spacers, specifically, to specialized internal fuel element spacers
placed at intervals within fuel rods and/or segments in order to manipulate
operating characteristics of the rod and/or reduce problems associated with
fretting of the fuel rod. Example embodiment fuel element spacers may be
placed at varying intervals with rod height and/or clustered at rod ends In
order to protect fretting regions at rod ends. Example embodiments may
further include using fuel rod segments with internal spacing elements instead
of single, continuous fuel rods. Example methods may include using fuel rods
and/or segments having fuel element spacing elements by adjusting intervals
of the spacing elements so as to affect the mechanical, neutronic, or thermal

properties of the fuel rod segment.

BRIEF DESCRIPTIONS OF THE DRAWINGS

Example embodiments will become more apparent by describing, in
detall, example embodiments thereof with reference to the attached drawings,
wherein like elements are represented by like reference numerals, which are
given by way of illustration only and thus do not limit the example

embodiments herein.
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FIG 1 is an illustration of related art fuel assembly having continuous

rods.

FIG. 2 is a detailed illustration of a related art fuel rod from FIG. 1

showing fuel elements and associated spacing therein.

FIG. 3A is an illustration of example embodiment fuel rod segments

and spacer.

FIG. 3B is a detailed view of the spacer and example embodiment

segmented rods of FIG. 3A.

FIG. 4 is a cut-away view of an example embodiment fuel rod

segment.

FIG. 5 is a cut-away view of another example embodiment fuel roa

segment.
FIG. 6 is an illustration of an example fuel spacing element.

FIGS. 7A, 7B, 7C, and 7D illustrate various example fuel spacing

elements.

FIG. 8 is a flow chart showing steps in an example method of using

fuel rod segments.

DETAILED DESCRIPTION

Detailed illustrative embodiments of example embodiments are
disclosed herein. However, specific structural and functional details disclosed
herein are merely representative for purposes of describing example
embodiments. The example embodiments may, however, be embodied In
many alternate forms and should not be construed as limited to only exampie

embodiments set forth herein.

It will be understood that, although the terms first, second, etc. may be

used herein to describe various elements, these elements should not be

_3 -
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limited by these terms. These terms are only used to distinguish one element
from another. For example, a first element could be termed a second
element, and, similarly, a second element could be termed a first element,
without departing from the scope of example embodiments. As used herein,
the term "and/or" includes any and all combinations of one or more of the

associated listed items.

It will be understood that when an element is referred to as being
"connected," "coupled," “mated,” “attached,” or “fixed” to another element, it
can be directly connected or coupled to the other element or intervening
elements may be present. In contrast, when an element is referred to as
being "directly connected" or "directly coupled” to another element, there are
no intervening elements present. Other words used to describe the
relationship between elements should be interpreted in a like fashion (e.g.,
"between" versus "directly between", "adjacent" versus "directly adjacent’,

etc.).

The terminology used herein is for the purpose of describing particular
embodiments only and is not intended to be limiting of example embodiments.
As used herein, the singular forms "a", "an" and "the" are intended to include
the plural forms as well, unless the language explicitly indicates otherwise. It
will be further understood that the terms "comprises”, "comprising,”, "includes”
and/or "including”, when used herein, specify the presence of stated features,
integers, steps, operations, elements, and/or components, but do not preclude
the presence or addition of one or more other features, integers, steps,

operations, elements, components, and/or groups thereof.

It should also be noted that in some alternative implementations, the
functions/acts noted may occur out of the order noted in the figures. For
example, two figures shown in succession may in fact be executed
substantially concurrently or may sometimes be executed in the reverse order,

depending upon the functionality/acts involved.
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FIGS. 3A and 3B illustrate an example embodiment fuel rod segment.
FIG. 3A illustrates a plurality of rod segments 110 between an upper end
piece 120 and a lower end piece 130. The upper end piece 120 and lower
end piece 130 may include threads or other mating mechanisms to mate with
the lower and upper tie plates (see FIG. 1) of the fuel bundie 10 (see FIG. 1),
as is known. Adjacent rod segments may be interconnected to each other via
another rod segment or adaptor subassembly, shown generally as a
subassembly 300 within the dotted line circle of FIG. 3A. In particular, and as
described in greater detail below, FIG. 3B illustrates in detail the connections

of adjacent rod segments 110a and 110b shown in the dotted line circle.

Only one rod assembly 100 formed of example embodiment rod
segments 110 is shown in FIG. 3A, it being understood that one or more of
the rod assemblies 100 and rod segments 110 shown in FIG. 3A may be
inserted into a fuel bundle. For example, rod assemblies 100 may substitute

for one or more of the fuel rods 18 and 19 in the fuel bundle 10 of FIG. 1.

Example embodiment rod segments 110 may be attached between
the upper and lower end pieces 120 and/or 130 and to each other so as to
form an entire axial length of the rod assembly 100. Example embodiment
rod segment 110a, example embodiment rod segment 110b, and one each of
the upper and lower end pieces 120 and 130 may be connected directly or by
adaptor subassemblies 300 at connections points along the axial length of the
rod assembly 100. In the embodiment of FIGS. 3A and 3B, these connection
points are axially arranged at least where the rod assembly contacts spacers
20. Although only three spacers 20 and adaptor subassemblies 300 are
shown in FIG. 3A, the fuel bundle 10 could include one or more rod
assemblies 100, each having at least one example embodiment rod segment
110a and at least one example embodiment rod segment 110b connected to
each other or by adaptor subassemblies 300 at any number of spacer 20
locations. Example embodiment rod segments 110a may 110b may be fixed
length segments to facilitate the manufacturing process. Alternatively,

example embodiment rod segments may have differing lengths in order to

-5
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accommodate part-length rod designs and/or various spacer positions and

Sizes.

Example embodiment rod segments may be constructed of a material
which is corrosion resistant and compatible with the other reactor
components. For example, a zirconium alloy may be used in fabricating
example embodiment rod segments. Example embodiment fuel rod segments
having been described above, it will be appreciated that any reference to a
“rod segment” or “fuel rod segment” invokes the above description, whereas a
“fuel rod” or “rod” used alone refers to the continuous rods described In the

background section.

As shown in detail in FIG. 3B, a spacer 20 may contact the rod
assembly 100 at the adaptor subassembly 300 so as to substantially cover the
adaptor subassembly 300. Alternatively, an example embodiment rod
segment 110 lacking fuel elements may join other example embodiment rod
segments 110 at connection points 115 between rod segments 110.
Accordingly, the consequences of fretting at these points 115 due to a spacer
20 contacting a rod segment may be eliminated or reduced. While fretting
may still occur, the fretting wear may occur on the adaptor subassembly 300
or unfueled rod segment, instead of on a fueled segment 110a or 110Db.
Accordingly, this may eliminate or reduce potential release of contents from

within an example embodiment rod segment 110 to the reactor coolant.

FIG. 4 is a cut-away view of an example embodiment rod segment

110 showing internal structures within the rod segment 110. As shown in FIG.
4. a central housing 150 exists within the rod segment and is enclosed by an
exterior cladding 151. First and second mating structures 140a ana 140Db are
disposed at respective first and second ends of the rod segment 110 and seal
the central housing 150. The mating structures 140a and 140b may permit
the rod segment 110 to be removably mated to other structures including

other rod segments as discussed above.
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The example rod segment 110 may contain one or more fuel
elements 160 within the central housing 150. Each fuel element 160 may
contain one or more nuclear fuels, such as uranium and/or plutonium, in an
appropriate physical medium such as a ceramic oxide or the like. Fuel
elements 160 may be formed into “pellets” as shown in FIG. 4; however, other
physical shapes, such as spheres, hexahedral bodies, etc., may be used.

The elements 160 may be axially aligned within the housing 150 so as to form

a stack along the longitudinal axis of the rod segment 110.

The example rod segment 110 also contains one or more internal
spacing elements 180 within the central housing 150, coaxially placed with
any fuel elements 160 within the housing 150. The internal spacing elements
180 rigidly constrain the fuel elements 160 to particular axial positions and/or

spacing intervals within the example embodiment rod segment 110.

The internal spacing elements 180 may be placed at a variety of
intervals within example rod segments 110. Placement of internal spacing
elements 180 may affect neutronic and heat generation characteristics of
example rod segments as discussed below, allowing greater power

generation while maintaining heat generation limits.

For example, as shown in FIG. 4, internal spacing elements may be
placed with greater frequency toward the first mating structure 140a than the
second mating structure 140b. In this way, the spacing elements 180 may

effectively change the fuel concentration, associated neutron flux, and heating

characteristics by increasing fuel concentration toward the second mating

structure 140b (i.e., toward the second end of the rod segment 100).

As another example, in an operating nuclear core, a coolant may flow
along the example rod 110 in FIG. 4 in the direction shown therein. Spacers
20 as shown in FIG. 3B may be placed at or near first and second mating
structures 140a and 140b as described above. The spacers 20 may mix the
coolant flowing through the spacer, and, as the coolant flows In the direction

indicated by the arrow in FIG. 4, the coolant may become less mixed at

-7 -
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positions along a boundary layer of the rod segment 110. A coolant may have
decreasing convective heat transfer characteristics as it flows in the direction
shown in FIG. 4, away from the spacer 20 near the second mating structure
140b. Thus, the greatest risk of insufficient heat transfer and violation of a
critical power ratio may occur near the first mating structure 140a, where the

coolant is least mixed and hottest, before the coolant reaches a next spacer
20.

Internal spacing elements 180 placed at intervals shown in FIG. 4
may effectively reduce the amount of fuel and heat generated near the first
mating structure 140a, thus reducing the amount of necessary heat transfer to
the coolant as the coolant becomes less mixed and/or less capable of
convective heat transfer. The intervals shown in FIG. 4 may thus prevent or
reduce insufficient heat transfer between the rod segment 110 and a coolant,
and thereby improve efficiency of a reactor using example embodiment rod

segments 110.

Similarly, as shown in FIG. 4, a fuel element 160a positioned toward
the end of the example embodiment fuel segment may have a different fuel
concentration, such as a higher or lower concentration of uranium, to further
enhance and complement the effect on axial heat profile achieved by internal

spacing elements 180.

Alternatively, internal spacing elements 180 may be placed at other

intervals that affect neutronic and/or heat generation characteristics of

example embodiment rod segments 110, and segments having different
intervals may be combined to produce an overall more efficient core. For
example, a rod segment 110 placed at an axial position within the core with an
overly high neutron flux level may contain more internal spacing elements 180
to effectively reduce the fuel content and flux at that particular axial position.
Other neutronic characteristics modified by spacer element placement may
include, for example, hydrogen-to-uranium ratios and neutron absorption and

scattering cross sections of example embodiment fuel rod segments. In this

way, Internal spacing elements 180 may provide a refined mechanism by
. 8-
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which to affect neutron flux within a nuclear core containing example

embodiment rod segments 110.

Internal spacing elements 180 may further improve mechanical
characteristics of an example embodiment rod segment 110. As discussed
above, spacers 20 placed near first and second mating structures 140a and
140b may fret segments 110. As shown in FIG. 5, placing internal spacing
elements 180 successively and adjacent to first and/or second mating
structures 140a and/or 140b may prevent or reduce release of fuel elements
160 contained in the segment 110 if rod segments 110 containing nuclear fuel
are fretted during operation by an overlapping or slipped spacer 20. That is,
additional spacing elements 180 may provide a longer length around the
spacer 20 where fretting may occur with reduced or no escape of fuel
elements 160 or pieces thereof through the fret, even If a spacer 20 slips or
otherwise overlaps a rod segment 110 containing fuel. In this way, internal
spacing elements 180 may affect and/or improve mechanical characteristics

of an example embodiment rod segment 110.

Internal spacing elements 180 may be formed of a variety of materials
and physical shapes in order to achieve the above-described functions.
Internal spacing elements 180 are generally sized to fit within the housing 150
and are generally shaped to rigidly maintain spacing intervals between fuel
elements 160. For example, spheres, cylinders, disks, pucks, annuluses,
cubes, hexahedrons, and/or toroids may all be functional shapes of spacing
elements 180 that achieve the spacing functions described above. Internal
spacing elements 180 are generally rigid in a longitudinal axial direction so as
to maintain constant spacing intervals between fuel elements 160. Internal
spacing elements may “float” with the fuel elements 160, maintaining relative
axial displacement among fuel elements, but allowing the internal spacing
elements and fuel elements to move In relation to the housing and fuel rod

segment.

As shown in FIG. 4, example embodiment fuel rods may include a

spring or resistive element 185 that provides a compressive force on fuel
-0.-
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elements 160 and/or spacing elements 180. Such a resistive element 185
may include a coll, tab spring, or the like fabricated from a material that
maintains its elasticity and other physical properties in an operating nuclear
reactor environment. The compressive force offered by a resistive element
185 may accommodate changes in fuel element 160 shape and orientation

within the cavity 150 throughout the operational fuel cycle.

FIG. 6 illustrates an example internal spacing element 280 that has in
an annular shape. A internal spacing element 280 in an annular shape may
rigidly space fuel elements in an axial direction and allow for fission gas
products to fill the center of the annulus. Thus the example internal spacing
element 280 shown in FIG. 6 may provide an example embodiment fuel rod
segment with additional space to accommodate gaseous, liquid, and/or solid
fission products, and the example embodiment fuel rod segment may require
less other space to accommodate these products. Additionally, access holes
231 may be present to permit fission product migration, particularly gaseous
and liquid fission product migration, into the annulus in the event that fuel
pellets block access to the annulus. In this way fission products may migrate

through a gap in the housing into the annulus.

FIG. 7A illustrates an example internal spacing element 380 that has
a solid cylindrical shape. An internal spacing element 380 in a solid cylindrical
shape may space fuel elements in an axial direction and may further
compartmentalize example embodiment rod segments by being solid. As
discussed above, internal spacing element 380 may substantially meet an
Inner diameter 23 (shown in FIG. 2) of a housing 150 so as to aid in
compartmentalization. Example spacing element 380 may prevent migration
of fission products throughout example embodiment rod segments and may
decrease fission product movement in the case of fretting due to decreased

fission product migration past the solid internal spacing element 380.

FIGS. 7B-7D illustrate different surface configurations for example
embodiment internal spacing elements. As shown in FIG. 7B, example

embodiment internal spacing element 381 may have a machined pocket 384
- 10 -
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in at least one of its faces to accommodate fission product accumuiation
therein, without permitting fission products to pass through example
embodiment internal spacing element 381. FIG. 7C illustrates an example
embodiment internal spacing element 382 having a plurality of partially drilled
holes 385 that do not pass the entire axial length of the example embodiment
internal spacing element 382. The holes 385 may accommodate fission
product buildup without permitting fission products to pass through example
element 382. FIG. 7D illustrates another example embodiment internal
spacing element 383, which has a recessed/concave surface. The
recessed/concave surface may permit fission product accumulation in the
recess without allowing the products to pass through the example spacing

element 383.

Internal spacing elements 180 may be fabricated from a variety of
materials based on how they are to affect example embodiment fuel
segments. For example, in the case where spacing elements are designed to
decrease effective fuel concentration, spacers may be fabricated from a
material having a thermal neutron absorption and/or scattering cross section
lower than that of conventional nuclear fuel, for example, less than 5 barns.
These example internal spacing elements 180 may be fabricated from
zirconium or another rigid material having a low total neutron cross section,
such as inconel. Alternatively, spacing elements may serve to absorb neutron
flux, in which case internal spacing elements may be formed of a material
having a higher thermal neutron absorption cross section, including, for

example, boron.

Internal spacing elements 180 may further be made of a material that
substantially meets the inner wall 23 of the housing 150. The material may be
expandable or resistive in order to provide rigid axial spacing and
confinement, so as to compartmentalize the housing 150 and prevent or
reduce fission product migration. Such a material may be used in spacer
elements that increase a fret length without fuel element release from

example embodiment rod segments. Internal spacing elements 180 may also

- 11 -
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be fabricated from heat insulative or conductive materials in order to further

affect heat generation properties of example embodiment rod segments.

FIG. 8 illustrates an example method of using spacing elements in
fuel rod segments. As shown in Step S100, an engineer, computer routine,
and/or other user determines desired neutronic, mechanical, and
thermodynamic properties of a particular rod segment based on that
segment’s position in the core. For example, the engineer may desire the
segment to produce a greater bottom peak axial flux to improve voiding and
plutonium generation toward the top of the core. In S200, the engineer,
computer routine, or other user calculates a desired fuel concentration and
placement within the rod segment according to known methods in the nuclear
arts, taking into effect the properties and conditions of the operating nuclear
core. In Step S300, the spacing elements and fuel elements are placed within
a fuel rod segment to achieve a spacing and relative placement that meets the
calculated fuel concentration and placement. Once the example method is
completed, the fuel rod segment may be placed in an operating nuclear fuel
core in the given position and produce the desired properties input into the

example method.

Example embodiments and methods thus being described, it will be
appreciated by one skilled in the art that example embodiments and example
methods may be varied through routine experimentation and without further
inventive activity. For example, while the disclosure has addressed internal
spacing elements useable with a rod segment, internal spacing elements may
be used in any rod, such as the single, continuous rods 18 and 19 of FIG. 1
and achieve the same functions in continuous rods as described in fuel rod
segments. Variations are not to be regarded as departure from the scope of
the exemplary embodiments, and all such modifications as would be obvious
to one skilled in the art are intended to be included within the scope of the

invention described.

12-
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WHAT 1S CLAIMED IS:

1. A fuel rod comprising:
a plurality of fuel rod segments, at least one fuel rod segment
Including,
a housing within the fuel rod segment;
a plurality of nuclear fuel elements in the housing; and
at least one internal spacer element, the at least one internal
spacer element being,
axially arranged with the plurality of nuclear fuel elements
In the fuel rod segment,
positioned Iin the housing adjacent to a position where a

mid-bundle spacer contacts the fuel rod,

having an axial thickness such that none of the nuclear fuel
elements are adjacent to the position where the mid-bundle spacer contacts the
fuel rod, and

having a continuous cross-section of a width equal to a

width of the housing so as to compartmentalize the housing.

2. The fuel rod segment of claim 1, wherein the internal spacer
element occupies a position within the housing such that the rod segment
possesses a desired thermal, mechanical, or neutronic property during

operation of an operating nuclear core containing the fuel rod.

3. The tuel rod segment of claim 1, wherein the internal spacing
element is annular such that the internal spacing element accommodates

fission product accumulation within the annulus.

4, The fuel rod of claim 1, wherein the internal spacing element is

solid and cylindrical.

_ 13 -
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5. The fuel rod segment of claim 1, wherein the fuel rod segment
includes a plurality of internal spacing elements positioned within the housing
with an increased frequency and a lesser interval at a first longitudinal position

of the housing than a second longitudinal position of the housing.

6. The fuel rod segment of claim 5, wherein the second
longitudinal position is upstream in a coolant flow in an operating nuclear core

containing the fuel rod from the first longitudinal position.

7. The tuel rod segment of claim 1, wherein the fuel rod segment
includes a plurality of internal spacing elements and at least a portion of the
plurality of internal spacing elements are positioned consecutively at and

adjacent to the position where the mid-bundle spacer contacts the fuel rod.

8. The fuel rod segment of claim 1, wherein the internal spacing
element is fabricated of a material such that physical and neutronic properties
of the at least one internal spacing element are not affected during operation of

a nuclear core containing the fuel rod segment.

9. The fuel rod of claim 1, further comprising:
a resistive element positioned at an end of the housing and axially
with the nuclear fuel elements and internal spacing element so as to provide a

compressive force on the nuclear fuel elements and internal spacing element.

10. The fuel rod of claim 1, wherein the nuclear fuel elements do

not have the same enrichment.

11. A method of using a fuel rod, the method comprising:

determining at least one of a desired neutronic, mechanical, and
thermodynamic property of the fuel rod;

calculating a fuel element placement within the fuel rod, the
placement achieving the at least one desire neutronic, mechanical, and
thermodynamic property in an operating nuclear core containing the fuel rod;

and

_ 14 -
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placing at least one internal spacing element and at least one fuel

element into the rod according to the calculated placement.

12.  The method of claim 11, wherein the placing step places the at
least one internal spacing element and the at least one fuel element into at least

one fuel rod segment forming the fuel rod.

~15 -
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