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ABSTRACT
Advanced manufacturing has the potential to revitalize US manufacturing, with valuable
applications in several industries, including aerospace, automotive, and construction. Some
of these applications have clear-cut objectives (e.g., maintain component performance while
reducing mass). Applications of advanced manufacturing of nuclear components have aimed
at recapturing lost manufacturing capabilities or addressing maintenance of legacy reactor
components. Through the Department of Energy, Office of Nuclear Energy, Transformational
Challenge Reactor design and analysis thrust, applications of advanced manufacturing, in
particular, additive manufacturing, to core design has yielded reactor designs that are free
from conventional manufacturing constraints. For applications in core design, the
multiphysics nature of the key core metrics (e.g., peak temperature, peak power) in addition
to transient safety performance requirements provides a more complex set of objectives that
requires more advanced modeling and simulation tools. Additive manufacturing provides
high dimensional control and design flexibility to produce complex coolant channel shapes
for improved heat transfer properties and low peak material temperatures. Additional
mechanisms for improved heat transfer characteristics and temperature-controlled feedback
mechanisms have also been explored and incorporated into designs. While some of these
enhancements are not directly beneficial for the current operating pressurized water reactor
fleet, benefits may be realized in specific reactor applications that have a more constrained
design space (e.g., mass, size, material type) or design metrics (e.g., fuel utilization).
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1. INTRODUCTION
Continued developments in advanced manufacturing technologies are fundamentally altering the way
components are designed and manufactured. The potential application space for these technologies within
the nuclear industry is very broad because of the rigorous requirements and inherent multidisciplinary
nature (e.g., civil, mechanical, electrical, and nuclear engineering) of large nuclear power plants. Beyond
applications for existing nuclear reactors, these new manufacturing methods, advanced materials, and
dimensional constraints can be applied to the nuclear core design problem. A manufacturing-informed
design approach has the potential to yield the most benefit from the application of advanced
manufacturing in the nuclear industry—leveraging advanced materials, data science, and rapid testing and
deployment to drive down costs and development times, and ultimately improving future commercial
viability. This approach is being demonstrated under the US Department of Energy Office of Nuclear
Energy (DOE-NE) Transformational Challenge Reactor (TCR) program.
Nuclear reactor design includes nuclear, thermal hydraulic, fluid mechanics, and thermomechanical
components. An understanding of complex dynamic behaviors and feedback mechanisms is necessary to
quantify conditions during steady-state operation and during potential transient scenarios to ensure fission
product retention and safe reactor operation. These complex physics behaviors and rigorous requirements
drive reactor design and the development of modeling and simulation methods: the simulation of this
complex physics problem is simplified for repeating core geometries. With additional consideration of
fabrication (e.g., materials, densities, dimensions), fuel cycle (e.g., fuel shuffling and cycle lengths), and
performance (e.g., power density and peak temperatures) complexities, axially uniform plate- or pin-type
fuel geometries are ubiquitous (Table I). Most research and commercial reactors use repeating fuel
geometries.
Table I. Power densities, fuel geometries, and active core height for selected reactor designs.
Fuel type

Typical core power
density [kW/L-core]

Active core height
[m]

Fuel geometry type

Commercial reactor fuels
PWR

100

3.66

pin

BWR

50

3.05–3.66

pin

AGR [1]

3

8.30

pin

MTR [2]

varies

0.61

plate

TRIGA [3]

varies

0.36

pin

VVR [4]

varies

0.60

plate

IRT [5]

varies

0.60

plate

Research reactor fuels

High-performance research reactor fuels
ATR [6]

1,000

1.18

plate

MITR [7]

70

0.57

plate

HFIR [8]

1,700

0.51

plate

NBSR [9]

40

0.56

plate

MURR [10]

300

0.61

plate

PWR = pressurized water reactor. BWR = boiling water reactor. AGR = advanced gas-cooled reactor.
MTR = Materials Testing Reactor. TRIGA = Training, Research, Isotopes, General Atomics. VVR=
water-water reactor (Russian). IRT = research reactor thermal (Russian). ATR = Advanced Test
Reactor. MITR = MIT Reactor. HFIR = High Flux Isotope Reactor. NBSR = National Bureau of
Standards Reactor. MURR = University of Missouri Research Reactor.
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When the constraints of conventional manufacturing methods are relaxed, the design space opens,
enabling the exploration of more heterogeneous geometries with spatial geometry and material flexibility.
Additional modeling and simulation advancements must be implemented to quantify the design
performance of these more complex geometries and to predict conditions during steady-state and transient
scenarios to the rigor required for a reactor safety basis, including associated uncertainties and safety
margins [11]. The degree of benefit that can be realized from this design flexibility depends on the desired
performance metrics (e.g., peak temperature and fuel utilization) and design envelope (e.g., core size and
power density limits). More benefits may be realized for a small core size constraint than for an
unbounded size constraint. For example, advanced manufacturing approaches may offer more limited
benefits for large light water reactor fuel assemblies.
This paper discusses the applications of advanced manufacturing technologies to the core design problem
as informed by the design and analysis activities of the DOE-NE TCR [12]. It is not intended as a
complete discussion of potential applications or quantification of the benefits from this manufacturinginformed approach, but it is a discussion of the potential benefits for desired reactor metrics.
2. BACKGROUND
Advanced manufacturing technologies comprise a constantly evolving set of methods that reimagine the
approach to traditional manufacturing processes, tapping into multiple advances across many fields—
computer modeling, advanced instrumentation, data science, and automation—to recapture manufacturing
capabilities, improve component performance, and reduce component costs and development and
procurement lead times. Current activities in the nuclear industry are targeting some of these objectives
[13,14,15]. At present, the TCR program is focused on the demonstration and development of additive
manufacturing methods as applied to structural materials (e.g., stainless steel, silicon carbide). This
approach enables advanced functional cladding and fuel compacts containing uranium fuel materials that
are produced using conventional methods (e.g., spark plasma sintering for monolithic fuel materials or
internal gelation sol gel followed by fluidized bed chemical vapor deposition for coated particle fuels).
Because of its revolutionary potential and increased private and public investment, industries such as
aerospace, transportation, construction, manufacturing, and nuclear power are pursuing advanced
manufacturing applications. Examples of successful applications include the following:
• redesign of manufacturing components (e.g., composite molds) with additive and subtractive
techniques to reduce lead times for delivering these components, enabling a more rapid designbuild-test cycle [16,17],
• redesign of existing multi-part transportation components (e.g., aerospace) for additive
manufacturing processes to reduce part count and weight [18], and
• development of manufacturing methods for existing components using additive and subtractive
techniques to reduce scrap metal waste [19].
These examples encompass some of the most direct benefits of advanced manufacturing processes:
redesigning components or fabrication processes to maintain or improve performance and reduce material
use, weight, lead times, or wastes.
Leading candidate advanced manufacturing technologies for nuclear reactor core applications include
powder bed fusion, laser-directed energy deposition, and binder jetting [20].
• Powder bed fusion builds components layer by layer by melting thin layers of powder.
• Laser-directed energy deposition builds components by generating a small melt pool into which
additional metal powder is blown.
• Binder jetting uses a solvent-polymer solution to bind powder and build a low-density part.
Follow-on sintering or other densification techniques are commonly used.
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Along with their own unique challenges, these technologies adhere to some general principles:
• For additive manufacturing technologies, an increase in the material deposition rate generally
results in poorer dimensional control. Geometries with smaller (e.g., millimeter-scale) features
generally require technologies with high dimensional control, limited manufacturing envelopes
(e.g., 80 × 40 × 50 cm3), and lower deposition rates.
• Minimum comfortable geometric feature sizes for additive technologies are on the 100-micron
scale.
• Designs requiring smoother surfaces than are provided by the additive process must
accommodate post-machining techniques.
• Additive manufacturing of a given material is unique. For example, a process or method for a
given steel alloy may not be applicable for a different steel alloy.
• Hybrid systems deploying both additive and subtractive methods or using two different materials
are still being actively researched and developed.
• Several trial builds are needed to refine the build parameters and approach to successfully
manufacture a given component.
• Because of the rapid development in advanced manufacturing technologies, new literature must
be reviewed no less frequently than every 4 years [20].
3. CORE DESIGN WITH ADDITIVE MANUFACTURING
Most operating cores consist of pin- or plate-type fuel geometries arranged in a repeating lattice (Table I).
This design is used in part because of three major drivers:
1. Plates, tubes, and cylindrical fuel rods are relatively simple to manufacture, particularly when the
same fuel pin or plate is repeated throughout the geometry.1
2. Repeating geometries are expandable (i.e., configurable to different sizes) and, if necessary, they
may be broken down further to implement cost-effective maintenance and fuel management
approaches such as assembly loading patterns, fuel shuffling, and operating cycle times.
3. Simple, axially uniform repeatable geometries are easier to simulate than more complex
heterogeneous geometries.2 The predictability of modeling and simulation tools is necessary to
ensure that the system will remain in a safe condition during steady-state and transient scenarios.
Most large commercial reactors have repeating pin-type geometries broken into subassemblies for fuel
cycle management. Long, thin tubes are relatively easy to manufacture and seal, and they are
mechanically robust. Pin- and plate-type fuel geometries are common in research reactors worldwide.
Many of these systems have a relatively low power density [21]. Cores in high-performance research
reactors in the United States consist of thin fuel plates. These cores have relatively short fuel elements,
and most have very high power densities. The geometry of thin plates is more effective than the geometry
of thin cylinders for high fuel-to-cladding ratios and effective cooling.
In addition to these operating core designs, many reactor core concepts have been developed. However,
many of these are impractical with respect to material limitations, economic concerns, or safety issues.
Some of these core designs do not consider manufacturability. In core design informed by additive
manufacturing, most restrictions resulting from current conventional processes are alleviated; but the
expandability and simulatability of repeatable geometries still impacts the design process.

1

This is as perceived from current conventional processes.

2

The first nuclear reactors were designed without computers.
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4. CORE DESIGN APPLICATIONS
Several potential applications of additive manufacturing technologies have been identified and are being
explored as part of the TCR design and analysis activities [22]. Fuel design [23] and embedded
instrumentation [24,25] applications are not included in this discussion, but they are being explored.
4.1. Topology Optimization
Structural and cladding materials within a nuclear core support the fuel and retain fission products.
Parasitic neutron absorption in these materials contributes negatively to the fuel cycle economy of the
reactor, so reducing the amount of these materials within the core without adding risk to component
critical functions has a positive effect on performance and cost savings.
Additive manufacturing processes are currently used in several industries to build minimalized geometries
of existing components to reduce weight or waste. In nuclear design, the requirements are more complex,
as the material must withstand a high radiation environment and changing temperature gradients for the
lifetime of the given component. These complex designs (Figure 1) must perform well
thermomechanically. Performance enhancements from a neutron economy perspective are relatively
simple to quantify using geometric or material density changes. Potential applications in boiling water
reactors (BWRs) and pressurized water reactors (PWRs) include channel boxes, grid spacers, bottom
nozzles, and upper fuel handling mechanisms.

Figure 1. Samples of structures minimalized to maintain performance and reduce material volume.
4.2. Gap Conductivity
In BWRs and PWRs, an engineered fuel-cladding gap is designed into the fuel rods to accommodate the
dimensional changes in the fuel pellet during irradiation at operating temperatures and to reduce the
impact of the resulting pellet-cladding interaction on fuel integrity. This gap causes poor heat transfer
between the fuel and the cladding, resulting in a large temperature drop (on the order of 100 °C in PWRs)
across the gap and an elevated peak fuel temperature. Improving conductivity across this gap would
reduce the temperature drop.
Additive manufacturing processes can be used to manufacture fuel cladding to a few hundred microns in
dimensions, with very thin internal spring-like structures to accommodate a fuel form and to improve heat
transfer across the gap between the form and the cladding wall. These spring-like structures (Figure 2)
may be optimized to accommodate the dimensional changes within the fuel during reactor operation and
to ensure contact with the fuel form at all times, which is important to ensure consistent heat transfer.
While simulation tools are reasonably predictive, with additive-enabled rapid prototyping and testing,
building several geometries and measuring the heat transfer characteristics help validate models.
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Figure 2. Candidate spring-like structures to enhance heat transfer between the cladding wall
(shown) and fuel form (not shown).
4.3. Improved Heat Removal
The heat transfer between a fissioning fuel form and a forced flowing coolant depends on several factors,
including geometry, materials, fluid type, flow rate, and power density. Optimizing this heat transfer
requires balancing performance metrics such as peak temperatures, and constraints such as pressure drop
and pumping power; and it requires system design information.
Additive manufacturing–informed heat exchanger designs are currently in development. Similar
principles in design and analysis may be adopted for core design, as the fuel material in the core can be
seen as the hot side of a heat exchanger. Additive manufacturing processes facilitate a departure from the
typical axially uniform geometries, defining coolant flow paths that vary in the axial dimension to
improve heat transfer into the flowing coolant (Figure 3). For these new designs, the roughness of
additively manufactured components may be leveraged to improve turbulent heat transfer. Flow
geometries designed to enhance bulk coolant mixing, particularly in the lateral direction, could reduce
peak temperatures.

Figure 3. An example of design flexibility for coolant flow optimization (left) and an example
tomogram of embedded particle distributions within this geometry (right).
4.4. Uncertainty Reductions
Factors are applied in safety calculations to account for material correlation uncertainties, material
property uncertainties, and potential deviations of as-built parts within the specified design tolerance [26].
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These uncertainty factors are applied to ensure conservative estimates of peak temperatures and safety
margins.
Greater dimensional control in additive manufacturing processes enable reductions in those uncertainty
factors. In situ monitoring during additive manufacturing processes, such as high-speed video and
infrared thermography, captures specific deviations from an as-designed component. Greater dimensional
control and in situ monitoring enable reductions in uncertainty to allow for operation closer to design
limits, potentially improving reactor performance.
4.5. Core Heterogeneities
The dimensional control and automation in additive manufacturing processes may make heterogeneous
core geometries more economically feasible. This advantage may be leveraged to optimize power
distribution within the core. In addition, the flow paths of coolant passing through the core may be
tailored to match this core power distribution, directing more coolant to the hotter regions of the core.
Smooth transitions are achievable with additive processes that would allow for a flatter distribution in a
characteristic of interest such as power.
5. DISCUSSION
Some of these potential improvements are uniquely enabled by additive manufacturing technologies (e.g.,
material reduction), while some represent the application of additive manufacturing to make
heterogeneous designs more feasible (e.g., fuel loading distribution). This distinction is important: in
some cases, increasing the design complexity does not require additive manufacturing; however, additive
manufacturing may ultimately enable this design complexity through process automation, in situ
monitoring, and repeatability. In addition, certain design complexities are implemented more easily
though additive manufacturing processes. Implementing a core design that leverages many of these design
improvements is the focus of the TCR design and analysis thrust [22].
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