I*I Innovation, Sciences et Innovation, Science and CA 2976389 C 2021/12/21

Développement économique Canada Economic Development Canada
Office de la Propriété Intellectuelle du Canada Canadian Intellectual Property Office (1 1)(21) 2 976 389
12 BREVET CANADIEN
CANADIAN PATENT
13 C
(86) Date de dépdt PCT/PCT Filing Date: 2016/02/18 51 Clint./Int.Cl. G27C 21/00(2006.01),

G21C 1/07(2006.01), G27C 3/02(2006.01)

(72) Inventeurs/Inventors:
PAPPANO, PETER, US;

(87) Date publication PCT/PCT Publication Date: 2016/08/25
(45) Date de délivrance/lssue Date: 2021/12/21

(85) Entrée phase nationale/National Entry: 2017/08/10 VAN STADEN, MARTIN PETER, US

(86) N° demande PCT/PCT Application No.: US 2016/018500 (73) Propriétaire/Owner:

(87) N° publication PCT/PCT Publication No.: 2016/134163 X-ENERGY, LLC, US

(30) Priorités/Priorities: 2015/02/19 (US62/118,119); (74) Agent: BERESKIN & PARR LLP/SEN.C.RL.,S.R.L.

2015/11/02 (US62/249,579), 2016/02/16 (US15/044,706),
2016/02/16 (US15/044,747)

(54) Titre : BOULET DE COMBUSTIBLE NUCLEAIRE ET SON PROCEDE DE FABRICATION
(54) Title: NUCLEAR FUEL PEBBLE AND METHOD OF MANUFACTURING THE SAME

(57) Abrégé/Abstract:

A method of manufacturing nuclear fuel elements may include: forming a graphite base of the fuel element; depositing a first layer
of graphite and/or graphite spheres on the base portion; depositing a first layer of fuel, burnable poison and/or breeder particles on
the first layer of graphite and/or graphite spheres; forming a second layer of graphite and/or graphite spheres on the first layer of
particles; depositing a second layer of fuel, burnable poison and/or breeder particles on the second layer of graphite and/or
graphite spheres; and forming a graphite cap portion of the fuel element. Adjacent fuel, burnable poison and/or breeder particles of
the first layer are spaced apart by substantially the same distance, and adjacent fuel, burnable poison and/or breeder particles of
the second layer are spaced apart by substantially the same distance. Fuel elements may be spherical fuel pebbles. Fuel particles
may be tri-structural-isotropic particles without an overcoat.

C an a dg http:vopic.ge.ca » Ottawa-Hull K1A 0C9 - aup.:/eipo.ge.ca OPIC

OPIC - CIPO 191



wo 2016/134163 A1 [N I N0F 0 0000 O O

(43) International Publication Date

CA 02976389 2017-08-10

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

25 August 2016 (25.08.2016)

WIPOIPCT

(10) International Publication Number

WO 2016/134163 Al

(51

eay)

(22)

(25)
(26)
(30)

1

(72

74

31

International Patent Classification:
G21C 3/42 (2006.01) G21C 3/62 (2006.01)
G21C 3/58 (2006.01)

International Application Number:
PCT/US2016/018500

International Filing Date:
18 February 2016 (18.02.2016)

Filing Language: English
Publication Language: English
Priority Data:

62/118,119 19 February 2015 (19.02.2015) US
62/249,579 2 November 2015 (02.11.2015) US
15/044,706 16 February 2016 (16.02.2016) US
15/044,747 16 February 2016 (16.02.2016) US

Applicant: X-ENERGY, LLC [US/US]; 7701 Greenbelt
Road, Suite 400, Greenbelt, MD 20770 (US).

Inventors: PAPPANO, Peter; c/o X-energy, LLC, 7701
Greenbelt Road, Suite 400, Greenbelt, MD 20770 (US).
VAN STADEN, Martin, Peter; c¢/o X-energy, LLC, 7701
Greenbelt Road, Suite 400, Greenbelt, MD 20770 (US).

Agent: HANSEN, Robert, M.; The Marbury Law Group
PLLC, 11800 Sunrise Valley Drive, 15th Floor, Reston,
VA 20191 (US).

Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,

(84)

BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
KZ, LA, LC, LK, LR, LS, LU, LY, MA, MD, ME, MG,
MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ, OM,
PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA, SC,
SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

Designated States (uniess otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ,
TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU,
TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,
DK, EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK,
SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ,
GW, KM, ML, MR, NE, SN, TD, TG).

Declarations under Rule 4.17:

as to applicant'’s entitlement to apply for and be granted a
patent (Rule 4.17(i1))

as to the applicant's entitlement to claim the priority of the
earlier application (Rule 4.17(iii))

Published:

with international search report (Art. 21(3))

before the expiration of the time limit for amending the
claims and to be republished in the event of receipt of
amendments (Rule 48.2(h))

(54) Title: NUCLEAR FUEL PEBBLE AND METHOD OF MANUFACTURING THE SAME

(57) Abstract: A method of manufacturing nuclear fuel elements may include: forming a graphite base of the fuel element; deposit-
ing a first layer of graphite and/or graphite spheres on the base portion; depositing a first layer of fuel, burnable poison and/or breed -
er particles on the first layer of graphite and/or graphite spheres; forming a second layer of graphite and/or graphite spheres on the
first layer of particles; depositing a second layer of fuel, burnable poison and/or breeder particles on the second layer of graphite
and/or graphite spheres; and forming a graphite cap portion of the fuel element. Adjacent fuel, burnable poison and/or breeder
particles of the first layer are spaced apart by substantially the same distance, and adjacent fuel, burnable poison and/or breeder
particles of the second layer are spaced apart by substantially the same distance. Fuel elements may be spherical fuel pebbles. Fuel
particles may be tri-structural-isotropic particles without an overcoat.



TITLE
Nuclear Fuel Pebble and Method of Manufacturing the Same
BACKGROUND

[0001] High temperature gas cooled reactors (HTGR) hold significant promise for
highly efficient and inherently safe production of electrical power. HTGR designs
typically feature fuel that is 1solated within layers of graphite moderator, and 1s
constructed with multiple physical barriers to minimize the potential for fission
product release. Also, the negative temperature feedback reactivity characteristics of
HTGR fuel results in automatic shutdown of the nuclear fission chain reaction when
temperatures exceed safe levels. These inherent characteristics of HTGRs enable the
design of inherently safe reactors that rely on minimal emergency core cooling

systems.

[0002] One type of HTGR is known as a "pebble bed" reactor. In this HTGR design,
fissionable fuel 1s encapsulated within multilayered ceramic particles that are
themselves encapsulated within multi-layered graphite spheres, referred to as
“pebbles.” The spherical nature of the fuel pebbles enables gas to flow between the
spheres for extracting heat from the reactor, while providing a core structure that is
self assembling. Fuel pebbles are simply loaded into a cylindrically shaped core
region that 1s formed by loosely packed graphite blocks that provide the structural
support for the pebbles to remain in a randomly packed cylindrical shape. During
refueling spent fuel can be removed simply by pebble unloading device which
removes a single pebble at a time before feeding the spent fuel pebble to a spent fuel
container using the force of gravity only. Fresh fuel pebbles are loaded into the top of

the core barrel also using a gravity feed system.
SUMMARY

[0003] Exemplary embodiments provide methods of mass production manufacturing

of fuel elements configured for use in a high-temperature gas cooled reactor (HTGR)
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core. The embodiment manufacturing methods may include forming fuel elements
using base portion base portion additive manufacturing methods akin to three-
dimensional (3D) printing methods that enable precision placement of fuel particles
within a fuel zone of the fuel element structure. The embodiment methods enable
efficient and high quality manufacturing of graphite-based fuel elements having a
wide variety of shapes and sizes. One particular application of the embodiment
methods 1s manufacturing spherical fuel elements, referred to as “pebbles,” for use in

pebble bed HTGR cores.

[0004] In a particular embodiment, a manufacturing method may include: forming a
graphite base portion of the fuel element using 3D printing/additive manufacturing
methods; forming a first graphite layer of one of graphite powder, graphite spheres, or
a combination of graphite powder and graphite spheres on the graphite base portion
using 3D printing/additive manufacturing methods; depositing a first layer of fuel
particles on the graphite base portion using a first positioning chuck; forming a second
graphite layer of one of graphite powder, graphite spheres, or a combination of
graphite powder and graphite spheres on the graphite base portion using 3D
printing/additive manufacturing methods; depositing a second layer of fuel particles
on the second graphite layer using a second positioning chuck; and forming a graphite
cap portion of the fuel element and/or a final graphite layer using 3D printing/additive
manufacturing methods, wherein the first positioning chuck places fuel particles in
particular locations on the first layer spaced apart by substantially the same distance,
and the second positioning chuck places fuel particles in particular locations of the
second layer spaced apart by substantially the same distance and vertically offset from

the positions of fuel particles in the first layer.

[0005] In some embodiments, the graphite base portion of a fuel pebble may be
formed by sequentially forming layers of graphite with increasing radii using 3D
printing/additive manufacturing techniques to form a portion of a sphere. In some
embodiments, a fuel zone of a fuel pebble may be formed by repeatedly laying down
layers including fuel particles in the manner of the first and second layers using 3D

printing/additive manufacturing methods and position chucks of different geometries
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to form an approximately spherical fuel zone. In some embodiments, forming a
graphite cap portion of the fuel pebble on the second graphite layer may be
accomplished by forming a plurality of layers of incrementally smaller radii using 3D

printing/additive manufacturing methods.

[0006] The various embodiments enable the use of tri-structural-isotropic (TRISO)
fuel particles that do not have an overcoat in fuel elements. Exemplary embodiments

mclude fuel elements (e.g., fuel pebbles) formed by the method summarized above.

[0007] Exemplary embodiments of the present disclosure provide a fuel pebble
configured for use in a pebble bed high-temperature gas cooled reactor core, the fuel
pebble comprising: layers of fuel particles; graphite layers disposed between the
layers of fuel particles, wherein adjacent fuel particles of at least one of the layers of

fuel particles are spaced apart from one another by substantially the same distance.
BRIEF DESCRIPTION OF THE DRAWINGS

[0008] The accompanying drawings, which are incorporated herein and constitute
part of this specification, illustrate exemplary embodiments of the invention, and
together with the general description given above and the detailed description given

below, serve to explain the features of the invention.

[0009] FIG. 1 is a cross-sectional view of a pebble bed high temperature gas cooled

reactor suitable for use with the various embodiments.

[0010] FIG. 2 1s a cross-sectional image of a fuel pebble according to various

embodiments.
[0011] FIG. 3 is a cross-sectional image of a TRISO coated nuclear fuel particle.

[0012] FIG. 4 1s a table listing example configuration parameters for fuel pebbles and

fuel particles suitable for use with the various embodiments.

[0013] FIGS. 5A illustrates side sectional view of a fuel pebble according to various

embodiments of the present disclosure.
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[0014] FIG. 5B illustrates a top sectional view along a fuel particle layer of the fuel
pebble of FIG. 5A, and showing underlying fuel particle layers.

[0015] FIG. 5C is a perspective sectional view of a fuel pebble according to various

embodiments of the present disclosure.

[0016] FIG. 5D is a perspective sectional view of a fuel pebble according to various

embodiments of the present disclosure.

[0017] FIG. 6A is a block flow diagram illustrating a method of forming a fuel

pebble, according to various embodiments of the present disclosure.
[0018] FIG. 6B graphically illustrates operations of the method of 6A.

[0019] FIGS.7A, 7B, 7C, 8A, 8B, 8C, 9A, 9B, 9C, 10A, 10B, and 11 include

enlarged views of operations included in FIG. 6B.

DETAILED DESCRIPTION

[0020] The various embodiments will be described in detail with reference to the
accompanying drawings. Wherever possible, the same reference numbers will be
used throughout the drawings to refer to the same or like parts. References made to
particular examples and implementations are for illustrative purposes, and are not

mtended to limit the scope of the invention or the claims.

[0021] The various embodiments provide methods of mass production manufacturing
of fuel elements for use in a high-temperature gas cooled reactor (HTGR) core that
enable higher production rates, lower cost and higher quality than available in
conventional manufacturing methods. Embodiment methods include forming fuel
elements (e.g., fuel pebbles) using additive manufacturing methods, such as three-
dimensional (3D) printing methods, and precision placement of particles of fuel,
burnable poison and/or breeder materials within a fuel zone of the fuel element

structure.
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[0022] The particles placed in the fuel zone of fuel elements may include fuel (1.e.,
fissile) elements (e.g., U233, U235, Th231, and/or Pu239), breeder elements (e.g.,
U238 and Th232), burnable poisons (e.g., B, Hf, etc.), and combinations of fuel,
breeder and burnable poison elements. As is well known, urantum based fuel includes
a mixture of the fissile isotope (U235) and breeder isotope (U238) of uranium.
Further, during the life of a reactor, breeder elements/isotopes (e.g., U238 and Th232)
transmute to fissile (1.e., fuel) elements (e.g., Pu239 and U233), and thus breeder
particles become fuel particles during operation. Also, some reactor designs may
include burnable poisons (e.g., B, Th) mixed in with fuel elements. Therefore, for
ease of reference the term “fuel particle” is used herein to refer generally to particles
that include fuel (i.e., fissionable) elements, breeder elements (i.e., elements that
transmute into fissionable elements upon absorbing a neutron), burnable poison

elements, and any mixture thereof.

[0023] The use of precision placement of fuel particles and 3D printing/additive
manufacturing methods to form fuel elements enables more precise controls of the
composition the graphite throughout the fuel element and controllable separation of
fuel/poison/breeder particles within the fuel zone (i.e., the “packing fraction” of fuel
within the fuel zone) of the fuel pebble. Consequently, the embodiment methods
enable higher quality fuel elements to be manufactured than feasible with
conventional methods, while lowering the costs of manufacturing, increasing yields,
and improving the quality control process. The use of 3D printing/additive
manufacturing methods enable efficient and high-yield manufacture of fuel elements
having complex geometries, such as spherical fuel pebbles. Further, the embodiment
methods are suitable for scaling up into production lines capable of manufacturing

large volumes of fuel elements cost effectively and with tight quality control.

[0024] The word “exemplary” is used herein to mean “serving as an example,
instance, or illustration.” Any implementation described herein as “exemplary” is not

necessarily to be construed as preferred or advantageous over other implementations.
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[0025] The various embodiment methods are particularly suitable for manufacturing
spherical fuel pebbles for use within pebble bed HTRGs. An example of a pebble bed
HTGR reactor 1s illustrated FIG. 1. This illustration shows the placement of fuel
pebbles within the fuel zone. The illustrated example of a fuel pebble is a sphere with
a diameter of about 6 cm (about the size of a baseball) although fuel pebbles may be
larger or smaller, such as about 3 cm to about 12 cm in diameter. Fuel pebbles are
loaded within the core barrel in order to create the reactor core. In this embodiment
design, a steel pressure vessel includes within it a core barrel that supports graphite
reflector blocks, which define an interior space in which the fuel pebbles are
positioned to form the cylindrical reactor core. Control rods enter the pressure vessel
and pass into the graphite reflector blocks. The coolant gas flows into the pressure
vessel through a gas inlet through the graphite reflector blocks and the core formed by
the fuel pebbles and out through a gas outlet (not shown in FIG. 1). In the example
pebble bed reactor illustrated in FIG. 1, there may be approximately 170,000 fuel
pebbles in the core, each of which may include approximately 9 grams of fuel or any

heavy metal loading desired.

[0026] Fuel pebbles are primarily made of graphite, which provides the neutron
moderator for the reactor as well as the structural support for individual fuel particles.
Heat from fission is conducted through the fuel pebble to its surface where heat 1s
removed by the cooling gas (e.g., helium or a helium/argon mixture), which flows
around the fuel pebbles and out of the core to the energy conversion system (not

shown).

[0027] FIG. 2 illustrates a conventional pebble bed reactor fuel pebble 200 in cross-
section. A fuel pebble 200 1s made up of a graphite matrix 202 that encapsulates a
large number of small fuel particles 204, which are visible as the small dots towards
the center 206 of the fuel pebble 200 illustrated in FIG. 2. An exterior surface of the
fuel pebble may be formed with a ceramic fuel free shell 208 or coating that provides
structural rnigidity and protects graphite from erosion and exposure to oxygen. The
outer 0.5 cm of the fuel pebble 200 may be a fuel free zone that does not contain fuel

particles 204 particles and 1s made up of only the graphite matrix 202 material.
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[0028] Conventional fuel pebbles 200 are manufactured by blending fuel particles
204 1n graphite that forms the matrix 202. As illustrated in FIG. 2, such an
uncontrolled process may result in an uneven distribution of fuel particles 204 within
the matrix 202. Accommodating the inevitable clumping of fuel particles requires
reducing limits on the power-density and/or the burn up that fuel pebbles are
permitted to experience. This process is also a manual batch process, which restricts
the production rate of the fuel pebbles 200 and could introduce inconsistent quality of
the fuel pebble 200.

[0029] As illustrated in FIG. 3, a fuel particle 204 has a coated multilayer structure
with a fuel kernel 212 surrounded by multiple layers of ceramic and graphite
materials. In particular, the fuel kernel 212 may include a fissile oxide (e.g., UO2 or
ThO2/UQz) or carbide, which is surrounded by a buffer layer 213. The buffer layer
213 may include a porous carbon material such as graphite. The buffer layer 213
accommodates expansion of the fuel kernel 212 and serves as a reservoir for fission
gases. The buffer layer 213 is surrounded by a dense inner carbon layer 214, e.g., a
layer of pyrolytic carbon. The mner carbon layer 214 seals the buffer layer 213 and
attenuates migration of radionuclides. The inner carbon layer 214 1s surrounded by a
ceramic layer 216, e.g., a layer of silicon carbide or zircon carbide. The ceramic layer
216 constrains fission products (1.e., retaining fission products within the kernel),
thereby preventing fission products from migrating out of the kernel, and improves
structural rigidity. The ceramic layer 216 is covered by an outer carbon layer 218 that
may also contain pyrolytic carbon. The outer carbon layer 218 acts as a further barrier
to fission gas release. Such fuel particles 204 may be referred to as Tri-structural-
ISOtropic (TRISO) fuel particles. The multilayer structure of fuel particles has been
well tested and characterized in earlier HTGR designs, and exhibit very good

performance for retaining fission products under extreme temperature conditions.

[0030] Further details of an example fuel pebble and its included fuel particles are
listed in the table shown in FIG. 4. This table lists example diameters of the fuels

user, thicknesses of the outer graphite fuel free shell, diameters and densities of the
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fuel kernels, example materials making up the coatings of the fuel particles, and

example fuel loadings.

[0031] Conventionally, graphite fuel pebble forming techniques involve labor
mtensive processes that require a number of interim quality checks in order to ensure
that human error does not result in poor quality pebbles. Referring again to FIG. 2,
one of the key challenges in manufacturing a fuel pebble 1s msuring the fuel particles
204 are homogenously distributed throughout the interior portion 206 graphite matrix
of the fuel pebble 200. Conventionally, homogenization performed by randomized

mixing of the graphite matrix before the fuel pebble 1s formed.

[0032] However, this process relies on achieving a statistical homogeneous mixture
of the coated particles and the graphite matrix material. A further limitation of this
process 1s the fact that it 1s not well suited for mass production of fuel pebbles. In

addition, such techniques are not capable of precisely locating fuel particles within a

pebble.

[0033] Conventional pebble forming techniques involve a core pressing step and a
fuel free zone pressing step. Due to these pressing steps, the fuel particles used in
such techniques require an additional overcoat layer to withstand the high pressures
applied during the pressing steps and to insure sufficient fuel particle spacing in a

randomized fuel particle/graphite matrix.

[0034] To address these limitations of conventional methods, the various
embodiments include a method of forming a fuel pebble that enables the precise
placement of fuel particles while simplifying the fabrication of the matrix that holds
the fuel particles and/or burnable poison particles within the core and the graphite fuel
free shell that surrounds the core. In particular, the various embodiments provide a
method of using 3D printing/additive manufacturing methods to form fuel pebbles
from a fine graphite powder and/or graphite particles or spheres about the same size as
fuel particles. Fuel elements of various shapes and sizes, such as approximately
spherical fuel pebbles, are formed by using 3D printing/additive manufacturing

techniques to bind thin layers of graphite into discs of varying diameters. The formed
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spherical fuel pebbles are then compressed using an isostatic press according to

conventional manufacturing methods to form the finished fuel pebble.

[0035] The method various embodiment methods enable the controlled positioning of
fuel particles and/or burnable poison particles within a fuel zone formed 1n a layer-by-
layer format that can control the separation distance between fuel particles within
layers and between layers. This method also reduces the waste as the supporting
powder is removed and reused, in contrast to conventional fuel pebble manufacturing
processes that require the pebble to be cut to size by a lathe after pressing resulting in

wasted graphite shavings.

[0036] Additionally, by controlling the placement of fuel, poison and breeder
particles within fuel elements (e.g., fuel pebbles), the various embodiment
manufacturing methods do not need to account for the stresses applied to fuel particles
when two or more particles are touching during the application of high pressures
mvolved in the pebble forming processes. Eliminating the potential for high local
stresses due to particles pressing against one another eliminates the need for the
additional overcoat on fuel particles conventionally applied to give fuel particles
sufficient strength to resist such stresses. Therefore, in contrast to conventional pebble
forming techniques, the various embodiments may utilize fuel particles that do not
mclude an overcoat, such as the non-overcoated TRISO fuel particles described
herein. This reduces a step in the manufacturing of TRISO fuel particles, thereby

decreasing costs and increasing process yields.

[0037] FIG. 5A illustrates side sectional view of a fuel pebble 500 according to
various embodiments of the present disclosure. FIG. 5B illustrates a top sectional view
of a fuel pebble 500, taken along a fuel particle layer 532D of FIG. 5A and showing
underlying fuel particle layers 532C-A. Again, the various embodiments may be used
to manufacture fuel elements of a variety of shapes and sizes and are not limited to the

manufacture of spherical fuel elements.

[0038] Referring to FIGS. 5A and 5B, a fuel pebble 500 includes a fuel zone 510 and
a fuel free shell 520 disposed around the fuel zone 510. The fuel zone 510 and the fuel

9
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free shell 520 are both formed by depositing graphite layers 550 with a binder applied
to hold the graphite together into a shape until final processing (e.g., sintering). For
example, the same graphite layer may form a layer of the fuel zone 510 and a layer of
the fuel free shell 520. As such, in contrast to conventional fuel pebbles, the same
processes are used to form the fuel zone 510 and the fuel free shell 520, enabling fuel
pebbles to be formed (prior to compression and sintering) in a single continuous
process. By using 3D printing/additive manufacturing methods to apply the binder to
each layer, the shape of fuel pebble 500 may be controlled. In some embodiments as
illustrated in the figures, the fuel pebble 500 may be spherical. Again, fuel elements
manufactured according to various embodiments are not limited to any particular
shape or size. For example, fuel elements manufactured according to the various
embodiments may be ovoid, pill-shaped, prismatic, columnar, conical, or the like.
Some fuel elements may be manufactured using embodiment methods with interior
passages for flowing coolant through the fuel element by not depositing graphite at the
locations of the interior passages. In some embodiments, the shape of the fuel pebble
500 may be selected in accordance with corresponding characteristics thereof, such as

fission rate and/or heat convention characteristics.

[0039] In addition to fissionable and transmutable heavy metal fuel, the fuel zone 510
may be loaded with burnable poisons to control reactivity as is well known. Burnable
poisons may be included in fuel pebbles i a variety of manners, one of which is in the
form of particles included in the fuel zone with fuel particles, and another of which 1s
m the form of mixtures within fuel particles. In such embodiments, burnable poison
particles may be placed within layers of the fuel zone 510 in the same manner as fuel
particles. For example, one or more layers of the fuel zone 510 may include both fuel
particles (e.g., fissile particles) and burnable poison particles. A pattern in which the
fuel and burnable poison particles are arranged in a particular layer may be
substantially regular, or may vary according to location within the fuel zone 510. In
other embodiments, the fuel zone 510 may also include breeder particles, such as
thortum fertile particles. Therefore, for ease of description, all particles placed in

layers of the fuel zone 510 are referred to herein as “fuel particles,” regardless of

10
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whether the particles include or are substantially only burnable poisons or breeder
particles. Thus, references to fuel particles in the embodiment descriptions and the
claims are not intended to exclude the inclusion of burnable poisons within particles.
In other words, references to fuel particles in the descriptions and the claims are
mtended to encompass particles containing only fuel, particles containing some fuel

and some burnable poisons, and particles containing only burnable poisons.

[0040] The fuel zone 510 includes fuel particles 530 disposed between and/or
embedded in the graphite layers 550. The fuel particles 530 may be similar to the fuel
particles 204 described above. In some embodiments, the fuel pebble 500 will have a
diameter of from about 5 cm to about 7 cm, for example, about 6 cm once completed
1.e. pressed and sintered. The fuel free shell may have a thickness of about 0.3 cm to
about 1.5 cm, for example, about 1 cm. However, the various embodiments are not
limited to any particular fuel pebble dimensions. The process allows for the

manufacturing of any diameter of the fuel zone 510 and final fuel pebble 500.

[0041] The fuel particles 530 are arranged 1in fuel particle layers 532, which are
separated by, and/or imbedded in, the graphite layers 550. For purposes of
illustration, only four fuel particle layers 532 (layers 532A-532D) are shown in FIGS.
5A and 5B. However, the fuel pebble 500 may comprise any number of fuel particle
layers 532 sufficient to distribute the fuel particles 530 throughout the fuel zone 510.
For example, the fuel pebble 500 fuel zone 510 may include from 10 to 32 fuel
particle layers 532, from 12 to 30 fuel particle layers 532, from 14-28 fuel particle
layers 532, 1.e., about 16 fuel particle layers 532. It is also possible to vary the particle
patterns according to a given fuel power density and thus, various particle patterns are

within the scope of the present disclosure.

[0042] While the fuel pebble 500 1s described as being fabricated in distinct graphite
layers 550, once the fuel pebble is finished with all manufacturing steps these
mdividual graphite layers 550 may not be distinguishable from one another in the fuel
pebble 500. Specifically, the processes of compressing and sintering will cause the

layers to fuse. In other words, the graphite layers 550 may be configured and
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processed so that they effectively form of a single graphite body in which fuel particle
layers 532 are disposed, particularly after the fuel pebbles 500 are compressed and

sintered.

[0043] For convenience of explanation, the manufacture of a fuel pebble 500 1s
divided into a base portion 560, a central portion 570 that includes the fuel zone, and a
cap portion 580, although the processes forming the three portions may be performed
i a single continuous process. The base portion 560 and the cap portion 580
encompass the applied layers that do not include fuel particles, while the central
portion 570 encompasses layers made up of both a ring of graphite that will form the
fuel free shell and a central circular layer including fuel particles that forms the fuel
zone. The base portion 560 may include a portion of the fuel pebble 500 disposed
below a first fuel particle layer 532A. In other words, the base portion 560 may
mclude portions of the fuel free shell 520 and fuel zone 510 disposed below a
lowermost fuel particle layer 532A. The base portion 560 may also include a portion
of the fuel zone 510 in which the first fuel particle layer 532A is at least partially
mmbedded. The cap portion 580 includes a corresponding portion of the fuel particle
500 above an uppermost fuel particle layer 532 (not shown). The central portion 570
mcludes a remaining portion of the fuel pebble 500. The base portion 560 and the cap
portion 580 may have a cord dimension equal to the fuel free shell thickness in the

central portion 570.

[0044] The fuel particles 530 in each fuel particle layer 532 are disposed in a pattern,
such as by using a placement chuck that positions individual fuel particles in a
graphite layer such that adjacent fuel particles 530 are regularly spaced apart from one
another by a first distance. In addition, the layers 532 may also be regularly spaced
apart from one another by the layer thickness with particles in each layer offset from
one another to provide a second separation distance. The first and second distances
may be the same or different. The first and second distances may depend upon the
total heavy metal loading of the fuel pebble 500. Fuel particles 530 may be placed in
layers in a regular pattern such as hexagonal or square to form three-dimensional
packing patterns, with the separation distances and packing patterns selected to
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achieve design objectives. In some embodiments, the fuel particles 530 may be
disposed, such that a mmimum distance between adjacent fuel particles 530 in the
same layer 532, and between adjacent fuel particles 530 in different adjacent layers

532, 1s the same.

[0045] Said another way, the fuel particle layers 532 may be spaced apart and
patterned such that the fuel particles 530 are separated from adjacent fuel particles 530
mn three dimensions by a minimum distance that depends upon the total heavy metal
loading of the fuel pebble 500. For example, when viewed from perspective in FIG.
5B, the fuel particles 530 of layer 532C may be disposed between the fuel particles
530 of layer 532D. In other words, the fuel particles of adjacent layers, such as layers
532D and 532C, may be disposed so as not to directly overlap one another in a
vertical direction. The distribution and spacing of fuel particles within fuel elements
are not limited to the examples illustrated in the figures. In various embodiments, the
fuel particles may be positioned according a variety of different layer patterns,
particularly patterns that enable the fuel particles 530 to be regularly spaced apart
from adjacent fuel particles 530. For example, fuel particles may be positioned in fuel
elements using the embodiment methods in one of two regular lattices that achieve
highest average density; face-centered cubic (fcc) (also called cubic close-packed), or
hexagonal close-packed (hep). Both lattices are based upon sheets of spheres (i.e.,
fuel particles in this case) arranged at the vertices of a triangular tiling, differing in
how the sheets are stacked upon one another. The fcc lattice 1s also known to

mathematicians as that generated by the Az root system.

However, in some embodiments, the fuel particles 530 may be disposed within fuel
pebbles 500 in other patterns. In particular, the fuel particles may be deposited at
different densities in different regions of the fuel zone 510 of the fuel pebble. For
example, the manufacturing methods of the various embodiments may be used to
place fuel particles mn specific locations within fuel pebbles so that as distance from
the center of the fuel zone 510 increase, the density of the fuel particles 530 may also
mcrease. Manufacturing fuel pebbles in this manner may provide power density
benefits, such as by helping to control the peak temperature at the center of fuel
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pebbles while enabling a higher fuel particle loading in fuel pebbles. Such as a change in
density of fuel particles with radial position may be consistent (e.g., may change linearly
or exponentially with distance from the center of the fuel zone 510). For example, the
fuel particle density of the fuel zone 510 may increase from the center to the outer surface
thereof. In other embodiments, the particle density of the fuel zone 510 may be stepped
as a function of distance from the center of the fuel pebble. For example, the
manufacturing methods of the various embodiments may be used to form a central region
having a relatively low fuel particle density within the fuel zone 510, and a peripheral
region that surrounds the central region that has a relatively high fuel particle density. In
other embodiments, the manufacturing methods of the various embodiments may be used
to form the fuel zone 510 with multiple concentric peripheral regions with different fuel

particle densities.

[0046] Variations in the fuel particle density within fuel pebbles may be accomplished
by omitting a number of fuel particles 530 from a particular region of the fuel zone 510,
such as the central region of the fuel zone 510, but otherwise maintaining the spacing of
the fuel particles 530 in the fuel particle layers. In the alternative, fuel particle density
may be adjusted by varying the spacing between adjacent fuel particles 530 in different
regions of the fuel zone 510. For example, the distance between fuel particles 530 in the
central region may be greater than that of one or more peripheral regions of the fuel zone
510. The ability of the manufacturing methods of the various embodiments to place fuel
particles in specific locations within fuel pebbles enables a wide variety of fuel particle

loading configurations to be used.

[0047] Fuel pebbles manufactured according to various embodiments may include
composite particle layers including different types of particles, including fissile particles,
breeder particles, and poison particles. For example, each fuel particle layer of the fuel
pebble may include fissile and poison particles disposed in a pattern. The distribution of
fuel particles (e.g., fissile particles) and poison particles may also vary in the fuel zone
510. For example, the central region of the fuel zone 510 may include a higher density of
burnable poison particles (e.g., a higher ratio of burnable poison particles to fuel particles)
than one or more peripheral regions of the fuel zone 510. In other words, the one or more

of the peripheral regions may have a higher density of fissile particles than the central
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region. Having a higher density of fuel particles in the peripheral region, and/or having a
higher ratio of poison to fuel particles in the central region, may provide improved heat
transfer characteristics enabling higher fuel loading in each pebble, and/or may improve

fuel utilization of a fuel pebble.

[0048] FIG. 5C illustrates a perspective sectional view of a fuel pebble 503 including a
composite particle layer 533 manufactured according to various embodiments. Referring
to FIG. 5C, the composite particle layer 533 may include first particles 535 and second
particles 537 disposed in a pattern. The first and second particles 535, 537 may be
selected from fissile particles, burnable poison particles, and breeder particles, for

example.

[0049] The relative density of first and second particles 535, 537 within the fuel pebble
503 may be selected according to particle type. For example, a composite particle layer
may include a relatively large number of fissile particles and a relatively small number of
burnable poison particles. In the alternative, a composite particle layer may include a
relatively large number of breeder particles and a relatively small number of fissile
particles. In some embodiments, the first particles 535 may be fissile particles and the

second particles 537 may be burnable poison particles or breeder particles.

[0050] As an example, FIG. 5D illustrates how the manufacturing methods of the various
embodiments may be used to form fuel pebbles 501 with a central volume V that has little
or no fuel/poison particles 530. Such a configuration may result in fuel pebbles that

exhibit flatter temperature profiles during reactor operations. The manufacturing methods
of the various embodiments may also be used to control the density of graphite within the
central void V, such as to provide a region of lower strength at the center to enable inward

expansion to relieve pressures within fuel pebbles due to fission gasses.

[0051] FIG. 6A is a process flow diagram illustrating a method 5 of forming a fuel
pebble, according to various embodiments. FIG. 6B graphically illustrates operations of
the method 5. FIGS. 7A, 7B, 7C, 8A, 8B, 9A, 9B, 9C, 10A, 10B, and 11 include

enlarged views of the operations illustrated in FIG. 6B.
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[0052] Referring to FIGS. 6A, 6B, and 7A-7C, in operation 10, the method 5 includes
forming a graphite base portion 560 of a fuel pebble 500, as shown in FIG. 5A. In
particular, operation 10 includes depositing graphite powder on a substrate 602 to form a
graphite layer 600 (step 1). The graphite powder may be deposited using any suitable
method, such as, for example, by a slot coating apparatus 610 or the like. The graphite
layer 600 is then pressed (step 2). The graphite layer 600 may be pressed using a roller
612. However, any suitable pressing device, such as a vertical press, or the like, may be

used. The pressing ensures that the graphite layer 600 is evenly packed.

[0053] A binder 700 may be applied to the graphite layer 600 (step 3) such as by using
3D printing/additive manufacturing methods. The binder 700 may be liquid binder that
can be printed on the graphite layer 600 using, for example, an inkjet printer 710 or the
like. In particular, the binder 700 may be an alcohol-based binder or a water-based
binder. The binder 700 is applied in a particular pattern on the graphite layer 600. For
example, the binder 700 may be applied in a circular pattern corresponding to a cross-
sectional portion of the fuel pebble 500.

[0055] Operation 10 (i.e., steps 1-3) may be repeated a number of times to increase the
thickness of the graphite layer 600 with each layer having a larger diameter (in the case of

a spherical fuel element), such that the graphite layer 600 forms a base portion

[0054] 560 in form of a portion of a sphere having a cord dimension approximately
equal to a thickness of the pebble fuel free shell. For example, each time operation 10
1s repeated, the thickness of the graphite layer 600 may be increased by about 0.05
mm to about 0.2 mm, for example, about 0.1 mm. However, the thickness of the
graphite layer 600 may be dependent upon the minimum diameter of graphite particles

of the graphite layer 600.

[0055] This layer forming operation 10 may be repeated about 50 to about 100 times
to form the base portion 560, which in spherical fuel elements is a portion of a sphere.
For example, operation 10 may be repeated, such that the base portion 560 has a
thickness of from about 0.3 cm to about 1.5 cm (i.e., about 1 cm), such that the
thickness of the base portion 560 corresponds to the thickness of the fuel free shell
520. As described above, the base portion 560 may also include a portion of the fuel
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zone 510 disposed below the first fuel particle layer 532A. As such, the thickness of
the base portion 560 may be increased by an additional amount (or the base portion
may include a first layer of graphite to form the central portion 570), such as from
about 1 mm to about 2 mm (i.e., about 1.5 mm), such that the base portion 560
mcludes a portion of the fuel zone 510, in which fuel particles 530 may be imbedded,
as discussed below. In other words, the base portion 560 may have a thickness of
from about 3 mm to about 12 mm, 1.e., about 11.5 mm for typical fuel pebble types of

fuel elements; more or less for other shapes and sizes of fuel elements.

[0056] The amount of graphite powder 600 deposited may be varied according to
processing conditions and fuel pebble design characteristics. As such, the number of

times that the operation 10 1s repeated may be increased or decreased accordingly.

[0057] In some embodiments, instead of or in addition to using graphite powder to
form each graphite layers, the graphite may be in the form of graphite spheres about
the same size as fuel particles, which may be mixed with graphite powder. Spherical
graphite may be particularly beneficial in forming the fuel zone of a fuel element
when the graphite spheres are close in size (e.g., approximately the same size) as fuel
particles. An example of a suitable form of graphite spheres 1s disclosed in U.S.
Patent No. 8,173,208, which discloses compositions and methods of making dustless
graphite spheres. Such graphite spheres may be formed of graphite powder and a
resin. An advantage of using graphite spheres 1s that spheres about the same size as
fuel particles may better support fuel particles in a layer than a layer of fine graphite
powder due to their similar size and density. In some embodiments, the graphite layer
600 formed 1n the various layer-forming steps may be a combination of graphite
powder and graphite spheres. In some embodiments, graphite layers 600 that do not
mclude fuel particles (i.e., layers forming the base portion 560 and top portion of a the
fuel pebble) may be formed using fine graphite powder, while the graphite layers that
mclude fuel particles (i.e., the fuel zone of the fuel element) may be formed using
graphite spheres or a mixture of graphite spheres and graphite powder. Further, the
graphite layers including fuel particles (the fuel zone) may be manufactured by
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depositing graphite spheres in the central fuel zone portion where fuel and depositing

graphite powder in a surrounding portion 550 (FIG. 5B) or 535 (FIG. 5D).

[0058] In operation 20 illustrated in FIGS. 6B, 8A and 8B, a deposition apparatus
800, such as a positioning chuck, 1s used to deposit a layer of fuel particles 530 on the
base portion 560 (step 4) or on a layer of graphite (e.g., graphite powder, graphite
spheres, or a combination of graphite powder and graphite spheres) formed on the
base portion 560. In particular, the deposition apparatus 801 may include at least one
deposition head 820 configured to pick up and control the placement of fuel particles
530 on graphite layers.

[0059] The deposition head 820 may use a variety or combination of techniques for

picking up and holding fuel particles 530 include vacuum and electrostatic forces.

[0060] In an embodiment, the deposition head 820 may include a plurality of vacuum
tubes 830 arranged 1n a particular pattern corresponding to a deposition pattern. In
such an embodiment a vacuum is applied to the vacuum tubes 830 to pickup and hold
the fuel particles 530 to the deposition head 820. Fuel particles may be released when
pressed against a graphite layer by releasing the vacuum or applying pressure through
the vacuum tubes 830. Such an embodiment deposition head 820 may be referred to

as a “‘vacuum deposition head.”

[0061] In some embodiments, one or more of the deposition heads 820 may use
electrostatic forces to pick up and hold fuel particles, which may be referred to as an
“electrostatic deposition head.” Fuel particles 530 may be picked up by an
electrostatic deposition head 820 by applying a voltage (positive or negative) to the
head or particle-holding portions to attract fuel particles 530, such as into positioning
pores as illustrated. The deposition heads 820 may be disposed over or pressed onto
the base portion 560, and the charge applied to the deposition heads 820 may be

neutralized or the polarity reversed to release the fuel particles 530 onto the graphite.

[0062] The deposition head 820 is pressed into the base portion 560 to imbed the fuel

particles 530 into a layer of graphite formed on the base portion. As discussed above,

18
6703062

Date Regue/Date Received 2021-06-30



this layer of graphite may be a layer of graphite powder, graphite spheres, or a
combination of graphite powder and spheres that is applied over the base portion.
After pressing the fuel particles 530 into the graphite layer, the vacuum 1is removed to
release the fuel particles 530. After pressing, the fuel particles 530 are pressed nto
the base portion 560 and/or the graphite layer is compressed, using a roller 612, for

example (step 5). In this manner, the lower fuel particle layer 532A 1s deposited.

[0063] The deposition apparatus 810 may include any number of the deposition heads
820. For example, the deposition apparatus 810 may include one deposition head 820
for each distinct pattern of fuel particles 530 in a fuel particle layer 532. In the
alternative, the deposition apparatus 800 may include one or more arrays 840 of
deposition heads 820, with the deposition heads 820 of each array having the same
pattern, and different arrays having different patterns. Additionally or alternatively,
the individual vacuum tubes may be actuated in order to vary the pattern of fuel
particles picked up and applied in each layer in order to form a pattern. The

deposition apparatus 800 may include actuators 850 to raise and lower the array 840.

[0064] Once the layer of fuel particles 530 is deposited, the method proceeds to
operation 30, as illustrated in FIGS. 6B, 9A, and 9B. In operation 30, a graphite layer
550 1s formed by depositing graphite particles on the base portion 560. In particular,
graphite particles are deposited to form a graphite layer 600 covering the fuel particles
530 (step 6). In particular, the graphite layer 600 may operate to fill holes formed by
pressing the fuel particles 530 in step 5. The graphite layer 600 may be pressed (step
7). The binder 700 1s then applied (step 8).

[0065] Operation 30 (steps 6-8) may be repeated multiple times in order to increase
the thickness of the graphite layer 600, thereby forming a graphite layer 550 on the
base portion 560. For example, operation 30 may be repeated from about 10 to 30
times, such as about 16 times. Therefore, the graphite layer 600 may have a thickness
ranging from about 1 to 3 mm. As such, the graphite layer 550 may be thinner than
the base portion 560.
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[0066] In operation 40, the process may determine whether the fuel particle layer
deposition 1s complete (i.e., whether additional fuel particle layers 532 remain to be
deposited). If additional fuel particle layers 532 remain to be deposited, the method
returns to operation 20 and additional fuel particle layers 532 and graphite layers 550
may be deposited. If no additional fuel particle layers 532 remain to be deposited, the
method proceeds to operation 50. Operation 40 1s optional as the process may be
mmplemented such that the layers are performed in a defined manner obviating the

need for a determination.

[0067] In operation 50, as shown in FIG. 6B, the cap portion 580 is formed. In
particular, the cap portion 580 1s formed by depositing a layer of graphite particles
(step 9), pressing the graphite layer (step 10), and then depositing a binder (step 11),
m a manner similar to operation 10 described above. Operation 50 (steps 9, 10, and
11) may also be repeated multiple times, as described for operation 10. As a result,

the cap portion is formed.

[0068] In operation 60 illustrated in FIGS. 6B, 10A, and 10B, loose graphite powder
1s removed (step 12), thereby exposing the fuel elements, e.g., fuel pebbles 500. The
fuel elements are then processed in an isostatic press 1000 (step 13) that applies
pressure to the fuel pellets 500. The isostatic pressing may result in a reduction in
size of the fuel elements. For example, the diameter of the fuel pebbles 500 may be

reduced from 6.5 cm to 6.0 cm by the isostatic pressing.

[0069] In operation 70 illustrated FIGS. 6B and 11, the fuel elements (e.g., fuel
pebbles 500) are sintered in a high-temperature oven 1100 (step 14). The fuel
elements may be sintered at a temperature ranging from 1900 to 2100 °C, for example
2000 °C. After sintering, the manufacturing process may be complete and the fuel

elements may be ready for quality checks.

[0070] In some embodiments, a sintering binder may be applied to the fuel elements
prior to sintering. In particular, a sintering binder may be mixed with the graphite
powder or could be included in the binder 700. In other embodiments, the binder 700
may be a sintering binder.
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[0071] In various embodiments, the binder 700 may be deposited via 3-D
printing/additive manufacturing in steps 3, 8, and 11. In particular, the binder 700
may be deposited such that the fuel element may be formed in three dimensions, from
the deposited graphite powder, in a layer-by-layer fashion. Again, using 3D
printing/additive manufacturing to apply the binder and building up fuel elements in a
layer-by-layer fashion enables the manufacturing process to form fuel elements in a
variety of sizes and shapes (e.g., spherical as illustrated, ovoid, pill-shaped, prismatic,
columnar, and conical) in the same manufacturing line. Some fuel elements may be
manufactured using embodiment methods with interior passages for flowing coolant
through the fuel element by not depositing graphite at the locations of the interior

passages.

[0072] The foregoing description of the various embodiment manufacturing methods
refers to fuel pebbles as an example of one form of fuel element that may be
manufactured using the various embodiments. The various embodiments may be used
to manufacture graphite fuel elements of any shape and configuration, including
prismatic blocks, rods, pellets, etc. Thus, references to “fuel pebbles” is for ease of
describing the manufacturing process and are not intended to limit the scope of the
claims to the manufacture of fuel pebbles or spherical fuel elements unless specifically

recited m the claims.

[0073] The number of layers and configurations of each layer may vary depending
upon a variety of factors, including the density and/or amount of graphite deposited in
each layer, the packing fraction of fuel within the fuel element, the shape of the fuel
element being formed, etc. Thus, the description of various embodiment
manufacturing operations and repetitions are not intended to limit the scope of the
claims to a certain number of layers or operation cycles unless specifically recited in

the claims.

[0074] In various embodiments, the manufacturing method may be implemented
using robotics and 3D printing/additive manufacturing technology, and may be

mmplemented by an automated process. Such an integrated process may provide for
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higher throughput, higher product quality, and better product consistency, as
compared to conventional methods of manufacturing graphite-based nuclear fuel
elements. Further, the method can be implemented to mass-produce fuel elements
(e.g., fuel pebbles), such as by forming a production line of stages for each or a few
operations and moving a plurality of fuel elements from stage to stage for parallel
processing. Also, inspection operations may be added after each or selected ones of
the operations described above to assess the quality of each applied layer, and control
parameters of each operation may be adjusted in order to maintain a desired quality

level or design tolerances for each layer and the fuel pebble as a whole.

[0075] Further, the manufacturing methods of the various embodiments enable fuel,
poison and breeder particles to be placed in controlled positions within layers of the
fuel elements so that the particles are spaced apart within fuel elements, which 1s an
mmprovement over the randomly placed fuel particles of the conventional art. In
particular, the manufacturing methods of the various embodiments enable
manufacturing fuel elements with fuel particle packing structures that ensure that the

fuel particles never contact one another.

[0076] Also, as noted above, the various embodiments eliminate the risk of two or
more particles contacting each other during the application of high pressures involved
m the final processes of manufacturing the fuel elements. As a result, the possibility
of particles crushing one another during pressing is eliminated. Therefore, in contrast
to conventional graphite fuel element forming techniques, the various embodiments
enable the use of fuel particles that do not include an overcoat, such as the non-
overcoated TRISO fuel particles described above. This eliminates a process step and

cost of fuel particles, resulting in more efficient fuel element manufacturing.

[0077] The preceding description of the disclosed embodiments 1s provided to enable
any person skilled in the art to make or use the present invention. Various
modifications to these embodiments will be readily apparent to those skilled in the art,
and the generic principles defined herein may be applied to other embodiments

without departing from the spirit or scope of the invention. Thus, the present
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mvention 1s not intended to be limited to the aspects and/or embodiments shown
herein but 1s to be accorded the widest scope consistent with the following claims and

the principles and novel features disclosed herein.
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CLAIMS
What is claimed is:

1. A method of manufacturing a fuel element configured for use in a
high-temperature gas cooled reactor core, the method comprising:
forming a graphite base portion of the fuel element;
forming a fuel zone of the fuel element, comprising:
forming a first graphite layer on the graphite base portion;
depositing a first layer of particles on the first graphite layer
controlling positioning of each particle within the first layer of particles;
forming a second graphite layer on the first layer of particles; and
depositing a second layer of particles on the second graphite layer
controlling positioning of each particle within the second layer of particle; and

forming a graphite cap portion of the fuel element.

2. The method of claim 1, wherein:

forming a first graphite layer on the graphite base portion comprises forming
the first graphite layer comprising graphite spheres; and

forming a second graphite layer on the first layer of particles comprises
forming the second graphite layer comprising graphite spheres,

wherein the graphite spheres and the particles are similar in size.

3. The method of claim 1, wherein:

forming a first graphite layer on the graphite base portion comprises depositing
a mixture of graphite powder and graphite spheres; and

forming a second graphite layer on the first layer of particles comprises
depositing a mixture of graphite powder and graphite spheres,

wherein the graphite spheres and the particles are similar in size.

4. The method of any of claims 1-3, wherein the particles in the first layer of
particles and the second layer of particles are one or more of fuel particles, burnable

poison particles, and breeder particles.
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5. The method of any of claims 1-3, wherein the particles in the first layer of
particles and the second layer of particles comprise tri-structural-isotropic (TRISO) fuel

particles that have an overcoat.

6. The method of any of claims 1-3, wherein the particles in the first layer of
particles and the second layer of particles comprise tri-structural-isotropic (TRISO) fuel

particles that do not have an overcoat.

7. The method of any of claims 1-3,

wherein controlling positioning of each particle within the first layer of
particles comprises positioning particles in the first layer of particles so that adjacent
particles of the first layer of particles are spaced apart by substantially the same distance,
and

wherein controlling positioning of each particle within the second layer of
particles comprises positioning particles in the second layer of particles so that adjacent

particles of the second layer are spaced apart by substantially the same distance.

8. The method of any of claims 1-3, wherein the second layer of graphite is
formed on the first layer of particles so that the particles of the first layer of particles are
separated from adjacent particles of the second layer of particles by substantially the

same distance.

9. The method of any of claims 1-3, wherein at least one of depositing the first
layer of particles and depositing the second layer of particles comprises:

loading particles in controlled positions a vacuum deposition head;

disposing the vacuum deposition head over the graphite base portion or the first
graphite layer;

releasing the particles from the vacuum deposition head; and

pressing the particles into the graphite base portion or the first graphite layer.
10. The method of any of claims 1-3, wherein at least one of depositing the first

layer of particles and depositing the second layer of particles comprises:
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loading particles in controlled positions an electrostatic deposition head;

disposing the electrostatic deposition head over the graphite base portion or the
first graphite layer;

relcasing the particles from the electrostatic deposition head; and

pressing the particles into the graphite base portion or the first graphite layer.

1. The method of any of claims 1-3, wherein at least one of forming the graphite
base portion and forming the cap portion, comprises:

A) depositing graphite;

B) pressing the graphite;

C) printing a binder on the pressed graphite; and

repeating operations A, B, and C to form at least one of the graphite base

portion and the cap portion.

12. The method of claim 11, wherein operations A, B, and C are repeated until at
least one of the graphite base portion and the cap portion has a thickness ranging from 3

mm to 12 mm.

13. The method of claim 11, wherein operations A, B, and C are repeated until at
least one of the first graphite layer and the second graphite layer has a thickness ranging

from about 1 mm to about 3 mm.

14. The method of claim 11, wherein operation C comprises printing the binder in

a pattern having the same shape as a thin section of the fuel element.

15. The method of any of claims 1-3, wherein forming a first graphite layer and
forming a second graphite layer comprises:

depositing one of graphite, graphite spheres, or a combination of graphite and
graphite spheres to form the graphite layer;

pressing the graphite layer; and

printing a binder on the pressed layer.
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16. The method of claim 3, wherein depositing a mixture of graphite powder and
graphite spheres comprises depositing graphite spheres in a central fuel zone portion

and depositing graphite powder in a surrounding portion.

17. The method of any of claims 1-3, wherein:

the first layer of particles is disposed in a first plane;

the second layer of particles is disposed in a second plane that is substantially
parallel to the first plane; and

the particles of the first layer do not overlap the particles of the second layer in

a direction substantially perpendicular to the first and second planes.

18. The method of any of claims 1-3, wherein the fuel element is a spherical fuel

pebble suitable for use in a pebble bed high temperature gas cooled reactor.

19. A fuel element formed by the method of any of claims 1-17.

20. The fuel element of claim 19, wherein:
the fuel element is a spherical fuel pebble having a diameter ranging from
about 5.5 cm to about 6.5 cm; and

the fuel free shell has a thickness ranging from about 0.3 ¢cm to about 1.5 cm.

21. A manufacturing method of mass producing fuel elements configured for use in
a high-temperature gas cooled reactor core, the method comprising using additive
manufacturing methods and robotic mechanisms to control spatial placement and
packing density of particles within a matrix of graphite, the method comprising:

repeatedly performing a sequence of operations comprising forming a uniform
graphite layer on a previous layer and applying a binder using additive manufacturing
methods to bind each layer with controlled exterior dimensions to form a base portion
of the fuel elements;

repeatedly performing a sequence of operations comprising depositing a
uniform graphite layer of one of graphite powder, graphite spheres, or a combination of

graphite powder and graphite spheres over a previous layer, forming a layer of particles
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on the uniform graphite layer within a fuel zone so that the particles are spaced apart in
a predefined pattern, and applying a binder using additive manufacturing methods to
bind each layer with controlled exterior dimensions to form a fuel zone portion of fuel
elements; and

repeatedly performing a sequence of operations comprising forming a uniform
graphite layer on a previous layer and applying a binder using additive manufacturing
methods to bind each layer with controlled exterior dimensions to form a cap portion of
fuel elements,

wherein the exterior dimensions of the graphite base portion, the fuel zone
portion and the cap portion are controlled so as to form a fuel eclement of a controlled
shape selected from the group consisting of spherical, ovoid, pill-shaped, prismatic,
columnar, and conical, and

wherein the particles comprise one or more of fuel material, bumable poison

material, or breeder material.

22. The manufacturing method of claim 21, wherein matrix of graphite comprises

graphite spheres having a size approximately equal to the particles.

23. A manufacturing method of mass producing fuel elements configured for use in
a high-temperature gas cooled reactor core, the method comprising using additive
manufacturing methods and robotic mechanisms to control spatial placement and
packing density of particles within a matrix of graphite, the method comprising:

the fuel clements are spherical fuel elements, and wherein using additive
manufacturing methods and robotic mechanisms to control spatial placement and
packing density of particles within a matrix of graphite comprises:

repeatedly performing a sequence of operations comprising forming a uniform
graphite layer on a previous layer and applying a binder using additive manufacturing
methods to bind each layer with successively increasing diameters to form a base
portion of the fuel elements;

repeatedly performing a sequence of operations comprising depositing a
uniform graphite layer of one of graphite powder, graphite spheres, or a combination of

graphite powder and graphite spheres over a previous layer, forming a layer of particles

28
Daté788debate Received 2021-02-17



on the uniform graphite layer within a fuel zone diameter so that the particles are spaced
apart in a predefined pattern, and applying a binder using additive manufacturing
methods to bind each layer with successively increasing and then decreasing diameters
to form a central portion of fuel elements including a fuel-containing fuel zone; and
repeatedly performing a sequence of operations comprising forming a uniform
graphite layer on a previous layer and applying a binder using additive manufacturing
methods to bind each layer with successively decreasing diameters to form a cap portion

of fuel elements.

24. The manufacturing method of any of claims 21, 22, or 23, wherein the
operations are performed sequentially in a manufacturing production line configured so
that the fuel elements move along the production line to receive each successive

operation.

25. The manufacturing method of any of claims 21, 22, or 23, wherein all of the
operations are performed on a plurality of fuel clements simultancously, in order to

mass produce fuel elements.

26. The manufacturing method of any of claims 21, 22, or 23, further comprising:
mspecting results of one or more of the operations for quality or adherence to a
manufacturing tolerance; and
adjusting parameters of the operations based on the inspections in order to

maintain a quality standard of manufactured fuel elements.

27. The manufacturing method of any of claims 21, 22, or 23, wherein the particles
comprise tri-structural-isotropic (TRISO) particles that do not have an overcoat.
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