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Abstract

The sodium fast reactor (SFR) is currently being reconsidered as an instrument for
actinide management throughout the world, thanks in part to international programs such
as the Generation-IV and especially the Global Nuclear Energy Partnership (GNEP). The
success of these programs, in particular the GNEP, is dependent upon the ability of the
SFR to manage actinide inventory while remaining economically competitive. In order
to achieve these goals, the fuel must be able to operate reliably at high power densities.
However, the power density of the fuel is limited by fuel-clad chemical interaction
(FCCI) for metallic fuel, cladding thermal and irradiation strain, the fuel melting point,
sodium boiling, and to a lesser extent the sodium pressure drop in the fuel channels.

Therefore, innovative fuel configurations that reduce clad stresses, sodium
pressure drops, and fuel/clad temperatures could be applied to the SFR core to directly
improve the performance and economics. Two particular designs of interest that could
potentially improve the performance of the SFR core are the internally and externally
cooled annular fuel and the bottle-shaped fuel.

In order to evaluate the thermal-hydraulic performance of these fuels, the
capabilities of the RELAP5-3D code have been expanded to perform subchannel analysis
in sodium-cooled fuel assemblies with non-conventional geometries. This expansion was
enabled by the use of control variables in the code. When compared to the
SUPERENERGY II code, the prediction of core outlet temperature agreed within 2%. In
addition, the RELAP5-3D subchannel model was applied to the ORNL 19-pin test, and it
was found that the code could predict the measured outlet temperature distribution with a
maximum error of ~8%. As an application of this subchannel model, duct ribs were
explored as a means of reducing core outlet temperature peaking within the fuel
assemblies. The performance of the annular and bottle-shaped fuel was also investigated
using this subchannel model.

The annular fuel configurations are best suited for low conversion ratio cores.
The magnitude of the power uprate enabled by metal annular fuel in the CR = 0.25 cores
is 20%, and is limited by the FCCI constraint during a hypothetical flow blockage of the
inner-annular channel due to the small diameters of the inner-annular flow channel (3.6
mm). On the other hand, a complete blockage of the hottest inner-annular flow channel



in the oxide fuel case results in sodium boiling, which renders the annular oxide fuel
concept unacceptable for use in a SFR. The bottle-shaped fuel configurations are best
suited for high conversion ratio cores. Inthe CR =0.71 cores, the bottle-shaped fuel
configuration reduces the overall core pressure drop in the fuel channels by up to 36.3%.
The corresponding increase in core height with bottle-shaped fuel is between 15.6% and
18.3%.

A full-plant RELAPS5-3D model was created to evaluate the transient performance
of the base and innovative fuel configurations during station blackout and UTOP
transients. The transient analysis confirmed the good thermal-hydraulic performance of
the annular and bottle-shaped fuel designs with respect to their respective solid fuel pin
cases.

Thesis Co-Supervisor: Jacopo Buongiorno
Title: Associate Professor of Nuclear Science and Engineering, MIT
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Chapter 1: Introduction

1.1 Motivation

The demand for clean, affordable energy is increasing throughout the world, and
nuclear energy may play a substantial role in meeting this demand. As of January 5th,
2009, there are 436 plants world-wide, which produce a total of 372 GWe. This
corresponds to about 15% of the world’s electricity. Predictions for overall electricity
consumption increases, combined with the growing concern over fossil fuel stores,
indicate that nuclear power should play a larger role in electricity production through the
coming years [1.1]. In response to the growing need for clean, safe and economical
nuclear power, the Generation IV international forum selected six basic reactor design
concepts for potential development and commercialization [1.2]. The Global Nuclear
Energy partnership (GNEP), now the Advance Fuel Cycle Initiative (AFCI), with a focus
on actinide management, has selected the sodium-cooled fast reactor (SFR) as the reactor
of choice.

Sodium-cooled fast reactors have regained worldwide interest in recent years
thanks to international programs such as Generation IV and especially the Global Nuclear
Energy Partnership. The success of these reactors in accomplishing their mission of
improved actinide management, while attaining competitive economics, will largely
depend upon the ability of their fuel to operate reliably at high power density. Recent
focus has been placed upon the improvement of the thermal performance of the SFR

concept [1.3]. The purpose of this thesis is to propose and investigate two innovative fuel
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configurations that aim to improve the thermal-hydraulic performance of the SFR while
maintaining both a similar neutronic performance and meeting the current safety margins.
These innovative fuel configurations consist of both internally/externally cooled annular
fuel and bottle-shaped fuel. The annular fuel configuration allows for an increase in the
power density of the SFR low conversion ratio core by reducing the peak clad and fuel
temperatures within the core. The bottle-shaped fuel configuration allows for a decrease
in the pump size of the reactor by decreasing the hydraulic flow resistance in the plenum

region of the core.

1.2 Objectives and Contributions

The objective of this thesis is to assess the thermal-hydraulic performance of both
internally/externally cooled annular fuel configurations and bottle-shaped fuel
configurations for both oxide and metal fuels at high and low conversion ratios. This
includes an assembly design study for each fuel configuration, a subchannel analysis of
each fuel configuration, and a safety analysis for each fuel configuration. The safety
analysis includes investigation of various accident conditions, including the station
blackout transient, using RELAP5-3D. It has been widely recognized that reactivity
feedbacks play a major role in the safety performance of the SFR fuel. The parameters
used in this thesis for safety analyses have been taken from previous SFR design reports.
Design of the core configuration was performed with assistance from MIT graduate
student Matthew Denman, who created annular and solid fuel models for neutronic

analysis using MCNP and evaluated key aspects of the neutronic performance.

23



A key point of this thesis is the investigation of the benefits derived from utilizing

a supercritical carbon dioxide (S-CO,) cooled Brayton cycle for power conversion in the

SFR. These benefits include higher efficiencies and heat withdrawal without the use of

auxiliary feedwater system or steam dump to condenser system. A RELAP5-3D model

of a S-CO, power conversion system (PCS) was created in collaboration with MIT

graduate student Alexander Rockwell “Sandy” Ludington, who designed the 500 MW

thermal S-CO, PCS using CYCLES III.

The elements of this thesis include:

. The development of an assembly design with annular fuel pins capable of
operating at 20% higher power density to be used in the low conversion ratio
SFR.

. Creation of a RELAP5-based subchannel analysis model that can be used to
evaluate the steady state subchannel characteristics of annular and bottle-shaped
fuel assemblies.

. Investigation of “duct ribs” as a method to reduce the core outlet temperature
nonuniformities seen in all standard hexagonal SFR fuel assemblies.

. Development of an assembly design for bottle-shaped fuel configurations capable
of reducing the pressure drop in the SFR core by ~33-36%.

. Characterization of clad structural integrity at critical points of bottle-shaped and
annular fuel configurations.

. Development of a full plant SFR RELAP5-3D model based upon the ABR1000
design parameters for future contributors to use in both thermal-hydraulic and

uncertainty propagation simulations.
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7. Evaluation of the performance of the base, annular, and bottle-shaped fuel
configurations during station blackout and unprotected transient overpower
(UTOP) events.

8. Identification of neutronic, thermal-hydraulic, and structure aspects of the bottle-
shaped and annular fuel configurations that require further analysis or
improvement of the design.

9. Creation of an S-CO, PCS RELAP5-3D model which utilizes radial compressors
rather than axial compressors for use with the SFR full plant RELAP5-3D model
by future contributors.

10. Evaluation of the performance of the S-CO, PCS during an unprotected loss of

flow (ULOF) accident in the SFR.

The key original contributions are items # 1, 2, and 4.

1.3 The Sodium-Cooled Fast Reactor

The Department of Energy’s (DOE’s) Global Nuclear Energy Partnership was
announced February 6™, 2006 as part of the Advanced Energy Initiative [1.4]. One of the
key goals of GNEP was the development and deployment of advanced nuclear recycling
technology. Under the plan proposed by GNEP, a prototypical advanced burning reactor
was to be demonstrated and the concept was to be commercialized [1.5]. Currently,
reactor burner concept is under development within the framework of Advanced Fuel

Cycle Initiative (AFCI). This “burner” reactor will be a sodium-type reactor and will be
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based upon the experience and knowledge derived from the S-PRISM reactor [1.6] and
the EBR II reactor [1.7].

The Argonne National Laboratory (ANL) developed a pre-conceptual design for a
burner reactor, known as the advanced burner test reactor (ABTR) [1.8], which is based
upon the S-PRISM and EBR 1II designs. The ABTR is a 250MWth pool-type sodium-
cooled fast reactor, which can be fitted with either a steam Rankine power conversion
system, or a super-critical carbon dioxide cooled Brayton power conversion system. The
size and parameters for this test reactor were selected to be representative of commercial
scale reactors, but small enough to avoid cost enhancements based upon the complex
designs and engineering required for larger reactors. The pool design was selected
because of past experience with this design, the inherent safety, and the improved
economics [1.8]. The ABTR, although too small for the current thesis analysis, paved the
way for the development of a 1000 MWth configuration, known as the ABR1000. The
ABRI1000 is also a pool-type sodium reactor with four separate secondary loops, direct
reactor auxiliary cooling systems (DRACS), and 4x25% Rankine PCS trains.

The full plant model developed in Section 5 is based upon a combination of
engineering judgment and the current ABR1000 concepts. This reactor design is a scaled
up version of the ABTR, and is thus also based upon the S-PRISM and EBR 1I design
and operation experience. The success of commercially deployed SFRs depends upon
the economic performance of these reactors [1.9, 1.10]. In an attempt to improve SFR
economics, the capital cost can be reduced by minimizing the pump sizes and thus
minimizing the reactor vessel size. Additionally, the power density of the core can be

increased, resulting in a higher power output. The innovative fuel configurations
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analyzed in this thesis attempt to improve these two aspects of the economic performance

of the ABR reactor.

1.4 SFR Safety

There is a large range of accidents that could occur within the SFR system. It is a
recent practice in SFR design, however, to focus on three primary accident scenarios that
encapsulate all the potential pathways to core damage. These accidents are the
unprotected loss of flow accident, the unprotected transient overpower accident, and the
unprotected loss of heat sink accident (ULOHS). These accidents are each unprotected, or
they do not include the scram of the control rods. If a core is not damaged in the course
of these events, it is considered suitable for use in the SFR system.

ULOF - In the unprotected loss of flow accident, the primary pumps stop,
resulting in a loss of forced convection flow through the core and intermediate heat
exchangers (IHX). The pumps can either coast down, based upon the inertia of a
flywheel (if they are mechanical pumps) or an electrical capacitor (if they are
electromagnetic pumps), or the pumps can seize, where the pump velocity
instantaneously drops to zero. In each of these accidents, natural circulation becomes the
only means of carrying heat away from the core. The heat is transferred through the IHX
to the secondary system where it is then transferred to the still-operational PCS. The
feedwater regulation in a Rankine PCS steam generator is accomplished using either
condensers or some type of safety-grade auxiliary feedwater system. If a S-CO, PCS is

used, the turbine is on the same shaft as the compressors, and thus can drive the
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compressors, which ensures a heat sink for the reactor decay heat. In order to prevent
overcooling (which could lead to large positive reactivity injection), the flow rates
through the turbine or steam generator must be carefully controlled.

UTOP - In the unprotected transient overpower accident, reactivity is inserted
into the core, typically by the ejection or slow removal of one or more control rods. As a
conservative estimate, it is generally considered that the rod with the highest worth in the
core is the rod that is withdrawn. In both cases, the increase in reactivity is balanced by
the negative core reactivity feedbacks; the power will peak and then attain a new steady
state level at some point higher than the power level prior to the reactivity insertion.

ULOHS - In the unprotected loss of heat sink accident, the heat sink fails, either
by a leak in the PCS coolant system or by a loss of pumps or feedwater. In each case, the
temperature difference across the core collapses, the core gradually shuts down due to
negative reactivity feedbacks, and the DRACS initiates. The coolant temperatures
steadily rise until the DRACS modules can withdraw an amount of heat equivalent to the
decay heat produced in the core, at which point temperatures in the core peak and begin
to decrease.

Unprotected Station Blackout — A station blackout is considered the most severe
of the SFR transients. This accident is a loss of all electrical power to the system and
assumes that backup electrical power also fails. In addition, scram is assumed to fail. In
essence, this transient is equivalent to a combined ULOHS and ULOF accident. In this
transient, the flow stops and the DRACS valves open upon initiation. The temperatures
increase, making the core subcritical, and then natural circulation becomes the primary

mode of transferring heat away from the core. Typically, it is assumed that only two out
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of three DRACS valves open, while the third DRACS module remains inoperable (this is
the so-called “single failure criterion”). This transient is performed in the current thesis
as the design-basis accident and determines which fuel configurations are acceptable for

utilization in the SFR design discussed in this work.

1.5 Previous Work at MIT

A large degree of progress and contributions have been made before the work
described in the thesis was initiated. These works include several aspects of innovative
fuel and PCS contributions in addition to the SFR concepts and designs described above.
The major contributions at MIT that laid the groundwork for analyses performed in this
thesis are given below:

¢ In previous studies, the S-CO, was identified as an ideal candidate for a PCS

when the reactor system had an outlet temperature greater than ~500 °C. A

RELAPS5-3D model of a S-CO, PCS was developed by Pope for use with the S-

CO; cooled GFR [1.11]. His work provided a RELAP5-3D template, including

pumps, turbines pipes, and branches in the S-CO, system. Pope also developed

RELAPS5-3D models for the HEATRIC PCHE exchangers that provided the

volumetric material property curves, heat length correlations, and multiplication

factors utilized in this thesis.
e CYCLES III, a code that designs and sizes a S-CO, PCS loop given certain inlet
parameters, was developed, improved, and simplified into a user friendly code

[1.12, 1.13]. The results of a CYCLES III optimization run provides the sizes,
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flow rates, and flow areas needed to modify the RELAP5-3D template created by
Pope for use in the ABR1000 plant model.

e A MCNP model for the ABR1000 core was created and verified by Denman
[1.14, 1.15]. This MCNP model could accommodate both annular and solid fuel
configurations and provided power peaking profiles utilized in the current thesis.

* A sodium subchannel analysis code known as SUPERENERGY II was created by
Todreas and Basehore [1.16]. This code can only perform analyses on hexagonal
assemblies of 8 rings or less, and does not evaluate fuel rods. It has been verified
against experimental EBR 1II data, however, and was used to verify the RELAPS-

3D subchannel analysis code developed in this thesis.

1.6 Organization of this Thesis

Chapter 2 introduces the reference fuel assembly design and performance
parameters of the SFR for both metal and oxide fuel configurations at high and low
conversion ratios. The annular and bottle-shaped fuel configurations are introduced, and
constraints and figures of merit in creating these configurations are presented. The
relations used to optimize both of the innovative fuel configurations are described, and
the most promising fuel configurations for high and low conversion ratios are discussed.

Chapter 3 describes the development of a subchannel analysis model using
RELAPS-3D that is capable of evaluating the innovative fuel configurations. The

assumptions and equations used to develop this model are found in this chapter as well.
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As a first application of the subchannel model, the inclusion of duct ribs within the SFR
assemblies is discussed.

Chapter 4 presents the results of the subchannel analyses of the innovative fuel
configuration fuel assemblies. The fuel assembly geometries for annular fuel were
optimized based upon the results of the subchannel analyses. This chapter describes the
magnitude of the power uprate possible for annular fuel configurations. An analysis of an
inner-annular subchannel flow blockage accident is presented in this chapter in which
performance of an annular fuel assembly with the hottest channel blocked was modeled.
The reduction in core pressure drop, which is made possible by using bottle-shaped fuel
configurations, is presented, and a structural analysis for key aspects of the innovative
fuel configurations concludes each fuel discussion.

Chapter 5 develops a full plant RELAPS5-3D SFR model based on the ABR1000.
This model includes the primary pool, the secondary system, the PCS boundary, the core,
and the DRACS modules. Assumptions, material properties, geometric relations, thermal
properties, and hydraulic properties are described, while details of each RELAP5-3D
component are listed. Alternate core configurations for each of the valid innovative core
configurations are developed. The steady-state performance of the full plant model with
each core configuration is detailed.

Chapter 6 analyzes the performance of each core configuration during station
blackout and UTOP transients. The key parameters and figures of merit for each
transient are presented. Optimization of the full plant model performance is discussed as
well as the safety limits and figures of merit for the transients. A comparison of each

innovative fuel configuration against the corresponding base configuration is also
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provided as an assessment of the safety performance of the innovative fuel
configurations.

Chapter 7 describes the S-CO, PCS developed at MIT and the creation of a
RELAPS-3D plant model to simulate this system. The steady state performance of the
RELAPS5-3D plant model is presented. An evaluation of the performance of the SFR
during an unprotected loss of flow (ULOF) accident with both a Rankine PCS boundary
and an S-CO, PCS is included.

Chapter 8 includes a summary of the work performed in this thesis and a

description of areas where future work is required.
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Chapter 2: Preliminary Scoping Studies

The innovative fuel configurations studied in this thesis aim to reduce clad
stresses, fuel and/or clad temperatures, and pumping requirements for the SFR core
designs. In turn, these improvements will have a direct positive impact on the achievable
power density in the sodium reactor core. To fully evaluate the performance of
innovative fuel configurations, a detailed subchannel model is needed, which has the
capacity to thermal-hydraulically investigate the temperature distributions, hot channels,
and hot spots within the fuel. Additionally, pressure gradients, turbulent flow patterns,
and coolant velocities should be assessed using this subchannel model.

In addition to subchannel analyses, safety analyses, which evaluate the
performance of the entire plant, must be performed to ensure that the fuel does not
negatively affect plant performance during key accident scenarios. As acceptance criteria
for these nuclear safety analyses, the innovative fuel must perform at least as well as, if
not better than, the standard fuel types currently used in the SFR designs. If the
innovative fuel meets this standard, they will be considered acceptable from a safety
point of view for use in the SFR.

Before the computationally and time intensive analyses described above are
initiated, it is important to ensure that the fuel design in question has the potential to
improve thermal hydraulic performance of the core in the SFR. Thus, a specific set of
SFR fuel designs was selected as the base case. Using these designs, simple, one-
dimensional, single rod and full assembly models were created using MathCAD [2.1] to

determine the thermal hydraulic performance of the simplified base fuel assembly. Then,
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a similar model was created for each innovative fuel type, and the thermal hydraulic
performance was again calculated. The results of these preliminary studies served as the
basis for evaluating which designs merited further investigation using a subchannel and

full plant model.

2.1 Base Fuel Designs

A comprehensive analysis of potential fuel designs has been undertaken by
Hoffman et al. [2.2] in which several core and assembly designs are identified for both
metal and oxide fuels. As a fair amount of uncertainty remains as to which conversion
ratio (CR) will be utilized in the SFR, a wide range of conversion ratios are considered in
these core designs. The base cases for the scoping study are the breakeven (CR=1.0) and
low (CR=0.25) conversion ratio cores for both metal and oxide fuel. These fuel designs
are considered bounding conditions, as the low conversion ratio core would serve as a
burner reactor, while the high conversion ratio core would serve as a breakeven reactor.
Breeder reactors, (CR>1.0) are not part of the current SFR programs in the US (e.g.,
GNEP), and thus are not considered in this thesis.

The Advanced Burner Reactor (ABR1000) is the reactor of choice for the GNEP
. burner reactor. Thus, it is the reactor upon which the core and plant dimensions and
operating parameters are based. The ABR1000 reactor design is based upon the
SUPERPRISM (S-PRISM) reactor, which is a 1000 MWth pool reactor with a modular

design intended to operate at either breakeven or burning conditions [2.3].
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2.1.1 High Conversion Ratio Cores

The breakeven core is the current core design of choice for the ABR1000. The
core consists of driver (fuel) assemblies, primary and secondary control assemblies,
reflector assemblies, and shield assemblies. The driver assemblies are divided into three
regions. The inner driver assemblies, which have the lowest fuel enrichment, the middle
driver assemblies, which have moderate enrichment, and the outer driver assemblies
which have the highest fuel enrichment. The design details of the core configurations for
each type of breakeven conversion ratio core can be found in Table 2.1, while an

illustration of the core layout can be found in Fig. 2.1.

Table 2.1: Design configuration of breakeven (CR = 1.0) cores [2.2]

Metal Oxide
Driver assemblies 151 151
- Inner 19 19
-Middle 66 66
-Outer 66 66
Blanket assemblies 0 0
Primary contro! assemblies 9 9
Secondary control assemblies 3 3
Gas expansion modules 0 0
Reflector assemblies 90 138
Shield assemblies 60 60
Equivalent core diameter 2.18 2.18
Equivalent reactor diameter 3.02 3.24

Both oxide and metal fuel assemblies (FA) are wire-wrap spaced hexagonal FA
based upon the S-PRISM assembly design, and the key dimensions are maintained so as
to ensure interchangeability between different assembly designs in the core [2.2]. HT9 is
used as the primary material for the duct walls, clad, and wire wrap due to its satisfactory

performance in the high temperature, high flux environment of the fast reactor [2.4]. The
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duct gap provides sufficient space to allow for assembly withdrawal, swelling, and
bending throughout the lifetime of the fuel. The key parameters of the assembly design

are found in Table 2.2.

Table 2.2.: Base assembly design parameters for high and low conversion ratio
cores based upon [2.2]

Assembly pitch (cm) 16.142
Inter-assembly gap (cm) 0.432
Duct outside flat-to-flat distance (cm) 15.71
Duct material HT9
Duct thickness {(cm) 0.394

The fuel pin designs for both the oxide and metal assembly designs are found in
Table 2.3. The height of the fuel in the oxide fuel pins is 36 cm longer than in the metal
fuel pins, while the gas plenum of the oxide fuel pins is ~20 cm shorter than the gas
plenum in the metal fuel pins. This difference was based upon a similar difference in the
S-PRISM design and was maintained for the reference designs. A potential challenge for
these breakeven fuel pin designs is the wire-wrap spacer. In order to reach CR=1.0, a
very tight lattice is required within the assembly. This is accomplished through reducing
the pitch diameter ratio by decreasing the wire-wrap thickness. However, as seen in
Table 2.3, this results in very small wire-wrap diameters, which would certainly pose
fabrication challenges, as well as potential performance and structural issues. Thus,
ameliorating this problem was a factor in designing the innovative fuel configurations
considered in this thesis. The breakeven assembly and core designs, as described above

b

serve as the basis for the investigation of innovative fuel designs for breakeven cores.
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Figure 2.1: Breakeven core design (both metal and oxide)

Table 2.3: Fuel rod design parameters for high conversion ratio cores [2.2]

Metal Oxide

Fuel pins per assembly 271 271

Bond material Na He
Height (core), cm 101.60 | 137.16
Height (plenum), cm 191.14 | 170.82
Overall pin length 407.04 | 422.28
Fuel smeared density, %TD 75.00 85.00
Fabrication density, %TD 100.00 | 89.40
Pin diameter, cm 0.852 0.868
Pin pitch-to-diameter ratio 1.163 1.023
Cladding thickness, cm 0.0559 | 0.0635
Wire-wrap diameter, cm 0.0805 | 0.0195

volume fraction, %

-fuel 31.02 49.29

-bond 10.34 2.55
-structure 24.16 28.58
-coolant 34.48 19.58
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2.1.2 Low Conversion Ratio Cores

The low CR assembly designs, as described by Hoffman et al. [2.2], have the
same assembly parameters, as found in Table 2.2. However, these assemblies contain
fuel rods that are spaced by triangular grid spacers rather than wire-wrap spacers. The
core layouts for both oxide and metal cores are quite different from the CR = 1.0 core
designs as well. The burnup reactivity swing is greater in the burner core designs, which
requires an increased number of control rods. Also, there is a greater number of inner
driver assemblies in the burner cores, while the number of middle and outer driver
assemblies is decreased in an attempt to flatten the power distribution. The design
characteristics of the low conversion ratio metal and oxide cores are found in Table 2.4,
while a layout of the metal and oxide burner cores are found in Figs. 2.2 and 2.3,

respectively.

Table 2.4: Design configuration of burner (CR = 0.25) cores [2.2]

Metal Oxide
Driver assemblies 144 144
-Inner 48 72
-Middle 54 36
-Outer 42 36
Blanket 0 0
Primary control assemblies 22 16
Secondary control assemblies 3 3
Gas expansion modules 0 0
Reflector assemblies 84 102
Shield assemblies 60 60
Equivalent core diameter 2.22 2.18
Equivalent reactor diameter 3.02 3.07
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Figure 2.2: Burner core design for metal fuel [2.2]
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O= inner driver

Figure 2.3: Burner core design for oxide fuel [2.2]

As with the breakeven fuel pin designs, an inspection of the fuel rod properties, as

seen in Table 2.5, reveals that there is a major challenge in utilizing this low conversion

ratio fuel: the diameter of the fuel rods is very small. The thermal conductivity of the

fuel for the metal rods decreases as enrichment increases due to the increase in the

amount of Zirconium contained in the metal fuel at lower conversion ratios. Thus, to

maintain safety limits, decreased fuel rod diameters (with lower linear power) are

necessary. For both metal and oxide fuels, the pin diameter is decreased because such a

low CR requires that the fuel volume fraction and linear power be minimized. The

resulting burner assemblies, therefore, contain a very large number of very small pins.

40



Table 2.5: Fuel rod design parameters for low conversion ratio cores [2.2]

Metal Oxide
Fuel pins per assembly 540 324
Bond material Na He
Height (core), cm 101.6 137.16
Height (plenum), cm 191.14 | 170.82
Overall pin length 407.04 | 422.28
Fuel smeared density, %TD 75 85
Fabrication density, %TD 100 89.4
Pin diameter, cm 0.464 0.556
Pin pitch-to-diameter ratio 1.357 1.448
Cladding thickness, cm 0.0559 | 0.0635

volume fraction, %

-fuel 17.44 19.73
-bond 5.81 1.02
-structure 29.15 26.22
-coolant 47.60 53.02

These assemblies containing a large number of very small rods are challenging
designs for several reasons: 1) the fabrication of small diameter pins could prove
economically disadvantageous, 2) the structural integrity of the rod during operation
would need to be confirmed, as such small rods are more susceptible to vibration-induced
failure under operating coolant-flow conditions, and 3) this requires the inclusion of
“structure rods” in the assembly, which are basically solid HT9 rods used to support the
grid spacers. Inclusion of these rods reduces the number of fuel rod positions, and thus
reduces the effectiveness of the fuel overall. Therefore, the design of innovative fuel
configurations for the low conversion ratio fuel sought to eliminate the need for small
fuel rods. These low CR assembly configurations serve the other basis for comparison

with innovative fuel configuration rods.
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2.1.3 Base Design MathCAD Model

Using the parameters of the CR = 0.25 FA and fuel rods, two simple, single-
assembly models were created using MathCAD to evaluate the geometric and thermal
hydraulic properties of the base FA. These calculated properties can then be used as a
point of reference for comparison with the innovative FA. For geometric and hydraulic
comparisons, a full assembly is modeled, and the area fractions for fuel, coolant,
structures, and bond are evaluated. These values directly correspond to the volume
fractions of the same materials, which is significant to note for neutronic purposes in the
core. Additionally, the pressure drop across the core is calculated using this “full

assembly” model.

Table 2.6: Fuel rod design parameters for low conversion ratio cores [2.2]

Metal Oxide
Core outlet temperature (°C) 510 510
Core inlet temperature (°C) 355 355
Rings 13 11
Assembly outer flat-to-flat length (cm) 156.71 15.71
Core height (cm) 101.6 | 137.16
Plenum height (cm) 191.14 | 170.82
Total Heigh, (cm) 407.14 | 422.28
Fuel smear density (%) 75 85
Theoretical fabricated density (%) 100 89.4
Outer rod diameter (mm) 8.08 8.68
Clad thickness (mm) 0.559 0.635
Fuel assemblies 151 151
Total assemblies 163 163
Reactor power (MW) 1000 1000
Fuel thermal conductivity (W/m°C) 11 4
Number of grid spacers (CR = 0.25) 11 11
Grid spacer thickness (mm) (CR = 0.25) 0.5 0.5

42



The MathCAD model is based upon the parameters described in sections 2.1.1-
2.1.2 and geometric relations found in [2.5]. A list of the parameters, which served as
input to the MathCAD model, is found in Table 2.6. A description of the full assembly
model for the base fuel is given below.

The number of rods per assembly (N) is calculated according to the equation:

N=143-R+3-R?, Q.1

where R = the number of rings per assembly. The outer flat-to-flat diameter of the
hexagonal assembly (Dyo) is an input parameter, and the inner flat-to-flat dimensions and
flow cell (including the bypass) flat-to-flat dimensions are found according to the

equations:

Dyc =Dyo+ 844
Dy =Dy, =21,

2.2)
where:

Dy = assembly flat-to-flat inner hexagonal distance (m)

Dyc = flow cell flat-to-flat hexagonal distance (m)

g1 = inter-assembly gap (m)

tq = thickness of the fuel assembly duct wall (m).

The inner assembly, outer assembly, and hexagonal flow cell areas were found
using the basic geometric formula for the area of a hexagon with the inner flat-to-flat,

outer flat-to-flat, and assembly pitch lengths (as seen in Figure 2.4), respectively:
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Dy,

v | &

(2.3)

where:
Ay = hexagonal area of inner, outer, and flow cell areas (m%)

Dy = hexagonal flat-to-flat distance of inner, outer, and flow cell areas (mz).

M - An
W - Aro~Ani

O = Ayc-Ano

D

Figure 2.4: Hexagonal areas with their corresponding flat to flat distances (not to
scale)

The radii of the cladding inner surface and the fuel surface (as depicted in Figure

2.5) were calculated from the following equations:
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Rci = . —6
2 (2.4)
Rfo Rcz &
Yo
f (2.5)

where:
R.i = radius at inner clad surface (m)
R, = radius at fuel outer surface (m)
ps = fuel smeared density (%)
pr = fuel theoretical fabricated density (%)
6 =clad thickness (m)

D, = fuel rod outer diameter (m).
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Figure 2.5: Cross section of solid fuel pin with corresponding nomenclature

The area of fuel, clad, and bond in each pin is determined as follows:

AJr =7r°Rﬁ)
A, =r (Rci2 = R_foz)
2
A, =7r-(D£: —RjJ
(2.6)

where:
Ag= area of fuel per pin (m?)
Ay = area of bond per pin (m?)
A, = area of clad per pin.
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In the high conversion ratio cores, the fuel rods are separated by wire-wrap
spacers. The total equivalent area of the wire-wrap in the assembly is the sum equivalent
cross sectional areas of the wire-wraps around each pin. The cross-sectional equivalent

area of each individual wire-wrap is determined from the following equation suggested

by Chen & Todreas [2.6]:

2

_Z[_D,
4 [cos(¢))
H
c0S($) = 2
\/Hw +”'(D0+Dw) (2‘7)

where:

A, = area of wire wrap per pin (m?)
Dy, = diameter of wire wrap (m)
Hy, = helical pitch of wire wrap (m)

cos(¢) = correction factor accounting for the ellipticity of the wire cross section.

When the grid spacers were used instead of wire-wrap spacers in the ANL model,
the area of grid spacers was simply assumed to be 2.5% of the total hexagonal cell area
[2.2]. This method was maintained for clarity of comparison in the current study.

The volume fractions in the FA are determined for fuel, coolant, bond, and

structure as follows:
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4, -N
FFuel = A
He (2.8)
F - AHC_(AHO"Aﬁz)“(Af+Ab+Ac+Aw)N
Coolant AHC ’ (2 . 9)
AN
Fooa = 2
He (2.10)
o (=) + (4 + AN
Structure —
Apc , @.11)

where:
Ayc = assembly hexagonal cell area (includes half of the inter-assembly gap) (m%)
Ayo = outer area of hexagonal assembly (m2)

Apr = inner area of hexagonal assembly (mP).

Finally, an important metric for each base fuel assembly is the fuel to coolant
ratio. This ratio dictates to a large degree the neutronic performance in the core. Because
the current thesis focuses on the thermal-hydraulic performance of innovative fuel
designs, the fuel to coolant ratio was kept constant across the various innovative fuel
configurations, so as to maintain, as much as possible, a similar neutronic performance as
what was found in the base fuel configurations.

To verify the accuracy of these calculations, the volume fractions obtained from
Eq. (2.8)-(2.11) were compared to the listed values from Hoffman et al. [2.2]. The

agreement was very reasonable, as can be seen in Table 2.7.
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Table 2.7: Comparison of calculated volume fractions for ANL and current models

Metal CR=1.00 Metal CR = 0.25 Oxide CR =1.00 Oxide CR = 0.25
ANL | MathCAD | ANL | MathCAD | ANL | MathCAD | ANL | MathCAD
Paper | Model Paper | Model Paper | Model Paper | Model
Fuel
Fraction | 34.26 3429 17.44 17.49 49.29 49.24 19.73 19.73
(%)
Bond
Fraction | 11.42 11.43 5.81 5.83 2.55 2.55 1.02 1.02
(%)
Structure
Fraction | 25.73 25.74 29.15 28.55 28.58 28.58 26.22 25.51
(%)
Coolant
Fraction | 28.59 28.54 47.6 48.14 19.58 19.63 53.02 53.74
(%)

Next, coolant flow rate through the core, the hydraulic resistance of the core, and
the pressure drop across the core was calculated using the MathCAD full assembly
model. The constant pressure heat capacity (C,) of the sodium coolant was evaluated at
the mean temperature through the core according to property data obtained from Fink and
Leibowitz [2.7]. The coolant mass flow rate through the core was calculated according to

the relation:

(2.12)

where:
m, = coolant mass flow rate through the core (kg/s)
Q = total power generated in core (MW)

Tout = average coolant temperature at the core outlet (°C)
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in = average coolant temperature at the core inlet (°C),

and the average mass flow through each assembly (m,) is:

m =—c 2.13)

where:
m, = coolant mass flow rate through a single assembly (kg/s)

Ngt = total number of assemblies in the core region.

The pressure drop through the assembly channels is influenced by the height and
width of the wire-wrap, as well as the pitch and outer diameter of the fuel rods. The total

pressure drop due to friction (dP) in the assembly can be calculated according to the

equation:
2
ma
L ( A m]
dP=f — | ——— (2.14)
D, 2p
where

f = friction factor for turbulent flow

L = total length of axial flow through core (m)
Dy, = hydraulic diameter of assembly (m)

Asow = flow area of the hexagonal flow cell (mz)

p = average coolant density through core (kg/m®),
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and the hydraulic diameter is calculated using the following equation:

A
D, = 4.2t (2.15)

where Py, is the wetted perimeter of hexagonal flow cell in meters.
The friction factor is dependent primarily upon the geometry and flow conditions

through the assembly, and is calculated according to the equation:

f= 2.16)

where Cy is the turbulent drag coefficient, and Re is the Reynolds number:

m% D,
Re=—+F" | 2.17)
7

where 11 is the dynamic viscosity of the coolant (Pa-s).
The turbulent drag coefficient is highly dependant upon the geometric
configuration of the wire-wrap spacers and the fuel rods, and is determined using the

relations developed by Chen and Todreas [2.6]:
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H o 2 P 97 o 1.78-—2(%0)
Cﬁ =0.8063 —0.9022 log| —= |+ 0.3526| log! 4 | — L2 (2.18)
D D D D

]

where P is the fuel rod pitch in the assembly in meters.

For the burner core configurations, the hexagonal assemblies do not contain wire-
Wrap spacers. Rather; the fuel rods are spaced using triagonal grid spacers distributed
evenly along the axial length of the assembly. The total pressure drop, therefore, for the
axial assembly includes the frictional pressure drop and the pressure drop due to grid
spacers. The frictional pressure drop is calculated similarly to the assemblies with wire-
wrap grid spacers, save that the turbulent drag coefficient is calculated using the

correlation for bare rods, rather than for wire-wrapped rods. This correlation is:

2
P P
Cop =a+bl(5——l]+b2(—l)——l) (2.19)

o o

where Cyyp is the bare rod plenum drag coefficient. The coefficients a, b, and b; are
taken from the Cheng and Todreas correlation for pressure drop in bare rod bundles [2.5]

and are:

a=0.09378
b, =1.398 (2.20)
b, = -8.664

for a pitch-to-diameter ratio between 1.0 and 1.1, and
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a=0.1458
b, =0.03632 (2.21)
b, =-0.03333

for a pitch-to-diameter ratio greater than 1.1.

The pressure drop across the spacers (Aps) was calculated using the Rehme

correlation for grid spacer pressure drops [2.5], which is:

2 2
Ap, = CV(p'%—j[iJ , (2.22)

where:
Cyv = modified drag coefficient, read from data in [2.5]
Vy = average bundle fluid velocity (m/s)
A, = projected frontal area of spacer (m?)

A, = unrestricted flow area away from the grid spacer (m?).

In addition to the pressure drop due to friction and the grid spacers, entrance and exit
effects will increase the pressure drop across the core. These effects are not considered in
this simplified model, but in future models these effects should be included in the form of
minor or form losses.

For thermal considerations, a single rod model was created in which the fuel rod

was assumed to be bare (no clad or bond) with a single, uniform heat generation rate
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(average rod conditions). The thermal conductivity of the bare pellet was assumed to be
constant, with approximate values. These assumptions were made to simplify the thermal
analysis, as well as to provide a clear basis for comparison between standard and
innovative fuel designs.

The power density of the core is calculated first. This will be used as a basis for
comparison with the innovative fuel configurations to compensate for changes in the size
of the assembly, however slight. The core power density (Q”**) can be calculated using

the equation:

, (2.23)

where H. is the height of the core in meters. The linear heat rate (q°) for the fuel rod can

then be calculated using the following equation:

”"N ‘A,
qcz Q at HC . (224)

Naf'N

Once the linear heat rate is known, the heat flux, fuel power density, and fuel

radial temperature distribution can be calculated from the following equations:

g'=—1 (2.25)
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where;

q’’ = heat flux at fuel rod surface (W/m?)

q””> = fuel power density (kW/L)

ATmax = fuel radial maximum temperature difference (°C).

k¢ = thermal conductivity of the fuel, oxide or metal (W/m°C).

(2.26)

2.27)

The core-average thermal and hydraulic performance of all of the base FA can be found

in Table 2.8. These parameters will serve as figures of merit for the comparison between

innovative fuel designs and the standard solid pin fuel designs.

Table 2.8: Comparison of calculated thermal-hydraulic parameters for each type of
base fuel assembly

CR=0.25 CR=1.0
Metal Oxide Metal Oxide
Fuel/coolant volume ratio 0.366 0.372 1.198 2.517
Power density (kW/L) 258.09 | 191.18 | 267.59 | 198.22
Linear heat rate (kW/m) 12.66 15.63 24.05 17.82
q" (kW/m?) 868.33 | 894.62 | 947.54 | 653.37
AT . (°C) 91.57 310.88 174 354.45
q" (Wicm®) 1732 1137 842.44 | 434.53
Core AP (kPa) 141.54 99.1 797.73 | 2885.9
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2.2 Innovative Fuel Designs

In fast reactor systems, the clad operates at relatively high temperature (~600°C),
fast neutron flux (>10"° n/cm?), and mechanical stresses (>100 MPa); therefore, clad
thermal and irradiation creep limits the achievable burnup. On the other hand, the power
density is limited by the fuel melting point and fuel clad chemical interactions (FCCI)
(especially for metal fuel), fuel/clad mechanical interaction (especially for oxide fuel)
and, to a lesser extent, by the sodium pressure drop in the fuel channels. Therefore,
innovative fuel configurations that reduce clad stresses, fuel and/or clad temperatures will
have a direct positive impact on the achievable burnup and power density in the sodium
reactor core. The two innovative fuel designs studied in this work are internally and
externally cooled annular shaped fuel and bottle-shaped fuel.

The large heat transfer surface of the annular fuel configuration, attainable with
simultaneous internal and external cooling, reduces the fuel operating temperature and
the surface heat flux dramatically. If oxide fuel is used in a fast reactor, the benefit of
annular fuel would mainly be a reduction of the fission gas (FG) release and fuel
swelling, which will lower stresses in the clad, allowing for higher burnup. If a metal
fuel (with a thermal bond) is used, the main benefit would be an increase in the margin to
fuel melting, which may allow for higher power density.

The benefit of bottle shaped fuel is primarily a reduction in the core pressure
drop. In traditional fast-reactor cores, the FG plenum region above the active fuel
accounts for about half of the total coolant pressure drop. For a given coolant mass flow

rate, the pressure drop is directly proportional to the FG plenum length, but inversely
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proportional to the cube of the flow area. Therefore, if the diameter of the FG plenum is
reduced, while increasing its length (thus maintaining the total FG plenum volume), a
very significant reduction of the total coolant pressure drop can be obtained. The
resulting fuel pin configuration has a “bottle” shape and will allow for higher sodium
mass flow rates in the core, thus opening the possibility of a power density increase.
Alternatively, for given mass flow rate, it will reduce the pumping power, thus cutting
operating costs somewhat. Furthermore, a lower pressure drop in the core should aid

natural circulation during transients and accidents.

2.3 Annular Fuel

Annular fuel is not a new concept. It has been suggested previously for use in a
range of reactors, including both PWRs and BWRs [2.8, 2.9]. Annular UO, fuel with
internal and external cooling has been studied at MIT for over 6 years and has been
shown to enable power density increases of up to 50% in PWR cores [2.9]. The large
heat transfer surface attainable with simultaneous internal and external cooling reduces
the fuel operating temperature and the surface heat flux dramatically. This approach is
expected to work for sodium reactors as well.

Annular fuel for the sodium fast reactor is made feasible by increasing the overall
fuel rod diameter and including an inner channel in the center of the fuel rod, which is
separated from the fuel by an additional clad and bond layer. A scale depiction of the
annular fuel rod design compared to the traditional solid fuel pin design is seen in Fig.

2.6. The fuel rod outer diameter is significantly larger. In order to maintain a nearly
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constant assembly size, the number of fuel rods per assembly must be decreased. In Fig.
2.7, the transition from a solid fuel rod assembly to an annular fuel rod assembly is

shown.

itional solid fuel rod (right)

Annular fuel rod cross section (left) vs trad

Figure 2.6
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Annular fuel rod assembly (left) vs traditional solid fuel rod assembly

Figure 2.7

(right).
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2.3.1 Annular Fuel Constraints and Figures of Merit

For the purpose of the scoping study, certain variables remained unchanged

between the base and annular fuel assembly designs. This allowed for clarity and

simplicity in comparing the performance of the two fuel configurations. In the analysis

of the annular fuel assembly (FA) designs, the following parameters are held equal to the

corresponding ANL core designs:

The fuel-to-coolant volume ratio and core height (101.6 cm for metal fuel, 137.2
cm for oxide fuel). This approximately preserves the overall neutronic
characteristics of the core, e.g., spectrum, reactivity coefficients, reactivity
letdown, etc.

Smeared density (i.e., 75% for metal fuel, 85% for oxide fuel). This allows for
adequate accommodation of fuel swelling under irradiation.

Inter-assembly gap (0.432 cm) and FA duct thickness (0.394 cm). These
parameters provide adequate FA clearance and mechanical robustness,
respectively.

Core power density. This ensures the fairness of the comparison between solid

and annular FAs.

The gap between the FA duct and the adjacent fuel pins is set at a reasonable

value of 0.3 mm to enable sliding of the fuel pin bundle into the duct during fabrication

and to allow for swelling and thermal expansion. The wire helical pitch was held at
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20.32 cm. Also, the inner diameter of the annular fuel pins is limited to 24 mm, as
smaller channels are deemed susceptible to clogging.
In comparing the annular FA designs to the ANL designs, the following two

figures of merit are adopted:

- Average heat flux at the clad surface, q".

- Radial temperature rise in the fuel, AT, i.e., the difference between the maximum

temperature in the fuel, Tpax, and the temperature on the fuel surface, Ty,

Everything else being the same (i.e., sodium inlet temperature and flow rate,
power density), it is clear that FAs with lower q” and AT than the ANL designs will also

have lower clad and fuel temperatures. Therefore, it will be possible to uprate the core

power density.

2.3.2 Annular Fuel MathCAD Model

The geometric parameters of the annular FA are calculated in much the same way
as for the solid FA, as discussed in section 2.1.3. Equations (2.1) and (2.2) apply to the

annular fuel FA unchanged. The radii for fuel and clad surfaces (as shown in Figure 2.8)

are found by the following relations:
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Rcii = Rcoi + 5

Rcio = Rcao _5
_ 2 1'ps/Pf ( 2 2)
R, =R, — — | R, —R, (2.28)
1-
Rﬁ = \/Ra:ii2 +[-__£25_/_pf—].(Rcio2 —Rciiz)
where:

Reoi = clad outer surface radius of inner channel
R.ii = clad inner surface radius of inner channel

Reoo = clad outer surface radius of outer channel
R.io = clad inner surface radius of outer channel
Rt = radius of fuel outer surface

Rg = radius of fuel inner surface

0 = clad thickness (assumed equal for the inner and outer clad)

The fuel, bond, and clad areas for each pin are then calculated as follows:

4, = ”'(Rfo2 —Rﬁz)
=R, R, =(R, - R,) (2.29)

cio

7 '(Rcooz +Rci/'2 "Rcio2 -R '2)

cot

I

4
A

c

The area of the wire can be calculated by means of Eq. (2.7). The volume fractions of the

fuel, coolant, bond, and structures are calculated from Egs. (2.8)-(2.11).
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Figure 2.8: Cross section of annular fuel with corresponding nomenclature

The thermal parameters are calculated for annular fuel pin assemblies similarly to
those calculated for solid fuel pin assemblies. The pin linear power is calculated for
annular fuel using Eq. (2.24). However, unlike solid fuel pin assemblies, the average

heat flux at the surface of the fuel rod is:

\ q
o . S 2.30
1 27(R,, +R,) 2:30)

coo

The fuel power density, q"’ (W/em?), is of interest as it relates to the fuel cycle

cost, and can be calculated as:
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iRl q

q''=——="———
n(R;, —R;)

2.31)

To calculate AT, we make use of the heat conduction equation and its boundary

conditions:

Vok,VT+q"=0

2.32
BC:T,, =Ty, =T, 232)

Note that for simplicity it is assumed that the fuel temperature at the inner and
outer surface of the annular pins is the same. Solving Eq. (2.32) for both solid and

annular fuel provides the following solutions:

T(") =T +-—q'-—(1 —iJ (2.33)
° 4ak, |\ R}

(2.34)

respectively, where:

T(r) = temperature of the fuel as a function of the radius

r = radius at which the temperature is being evaluated
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k¢ = thermal conductivity of the fuel (assumed independent of temperature for

simplicity). For oxide fuels this is 4 W/m'K and for metal fuels it is 11 W/m-K.

With these solutions, finding the maximum temperature is then accomplished by
taking the derivative of the temperature distribution and setting it equal to zero for the

annular fuel. Then we have:

Rmax
AT =4 (R~ Ruw) +1n( Rﬁ)
4k, (Rfoz_ Rﬁ2) ln(kﬁ, )

. (2.35)

where Ryax is the radius at which the temperature is the maximum within the annular
fuel. It can also be readily shown from Eq. (2.34) that the fraction of power going

towards the inner channel of an annular fuel pin is equal to:

Qi = I - ! (2.36)
0 +0, ln(Rfo /Rﬁ)2 (Rfo /Rﬁ)2 -1 .

where:

Q,= power to inner channel (kW)

Q, = power to outer channel (kW).
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The flow split between the inner and outer channels is important because it
controls the coolant temperature rise in those channels. The flow split is determined by
the pressure drop (hydraulic resistance) in each channel. The pressure drop in the inner

channel is determined using the approximate relations:

m
m, =—
N
m,=m, X,
Ai = ”Rcoz‘z
mi .
Re _ A{ 2Rcoi
i P (2.37)
f, =0.182Re, ™
2
("/4)
A
dP, = f, — | AL
2Rcoi zpl
where:

m, = mass flow rate per rod

mj, = mass flow rate of inner/outer channel

Xio = fraction of flow in inner/outer channel

i/o = subscript denoting the inner/outer channel
A = flow area channel

Re = Reynolds number of fluid in channel

H = viscosity of fluid in channel

f= friction factor of channel

dP = pressure drop of channel
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p = density of fluid in channel

L = channel length.

Again, the pressure drop for the outer channels is influenced by the height and
width of the wire-wrap, as well as the pitch and outer diameter of the fuel rods. The
equation for the turbulent drag coefficient for the outer channel of the annular fuel rod is
the same as Eq. (2.18). This pressure drop for the inner channel is determined using the

following equations:

m =’nr .(1_xi)

o

A=Ay —(4, + A4 +4,)-N-mR,?-N

m/ D

A ho

Re, = 2
H,

D, =4. 4,
P, (2.38)
f s
o Re 0.18

where:
Dho = hydraulic diameter of outer channel

Cq = coefficient of friction for turbulent flow.

The flow split is determined by finding the mass flow rate in the inner and outer

channels at which the pressure drops for each channel are the same. Obviously, it is
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desirable that the inner channel flow fraction and the inner channel power fraction (Eq.
2.36) be as close as possible so that the coolant temperature rise in the inner and outer

channels is equalized.

2.3.3 Annular Fuel Model Results

Several different assembly designs were created for the annular FA based upon
the number of fuel rods, and hence the number of rings in each assembly. As discussed
in section 2.2.1, the fuel to coolant ratio was maintained so as to preserve the neutronic
properties of the assembly as much as possible. Also, it was desired to maintain the size
of the assembly as closely as possible. With these two constraints, annular fuel rod
assembly designs for the burner and breakeven core configurations were developed. For
the burner core configurations, the original assembly was sufficiently open so that no
additional adjustments to rod inner diameter (R.,;) were necessary. However, for the
breakeven core configurations, the pitch was so tight, and the wire-wrap in the solid fuel
configuration so thin, that optimizing of the annular fuel design by adjusting wire-wrap
thickness and rod inner diameter was required in order to obtain a feasible annular fuel
rod assembly configuration. Tables (2.9)-(2.12) list the resulting parameters for the
annular fuel rod assembly configurations as well as the parameters for the solid fuel rod

assemblies. The most promising configurations are highlighted in yellow.

Table 2.9: Results for the metal annular fuel rod configurations (CR = 0.25)

Base Design Annular Fuel Designs
Rings 13 11 10 9 8
Pins 540 397 331 271 217
Flat to flat (cm) 15.71 21.32 19.57 17.83 16.23
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Pin outer diameter (mm) 4.64 9.29 9.31 9.34 9.41
Pin inner diameter (mm) - 5 5 5 5
P/D, 1.357 1.087 1.087 1.087 1.086
Dwire (mm) - 0.805 0.805 0.805 0.805
Clad thickness (mm) 0.559 0.559 0.559 0.559 0.559
Fuel volume fraction (%) 17.44 16.79 16.73 16.65 16.66
Bond volume fraction (%) 5.81 5.60 5.58 5.55 5.55
Structure volume fraction (%) 29.15 31.78 32.05 32.35 32.31
Coolant volume fraction (%) 47.6 45,83 45,65 45,45 45,48
Fuel/coolant volume ratio 0.366 0.366 0.366 0.366 0.366
Power density (KWI/L) 258.09 258.09 258.09 258.09 258.09
Linear heat rate (kW/m) 12.66 31.27 31.72 32.27 33.54
q" (kW/m?) 868.33 696.31 705.41 716.52 740.92
AT (°C) 91.57 12.12 12.39 12.72 13.61
q" (W/iem®) 1732.00 1803.94 | 1810.89 | 1819.14 | 1817.93
Inner channel flow (%) - 55.40 55.36 55.33 53.47
Inner channel power (%) - 46.43 46.40 46.37 46.26
Core AP (kPa) 141.54 188.85 193.49 199.41 201.01

Table 2.10: Results for the oxide annular fuel rod configurations (CR = 0.25)

Base Design Annular Fuel Designs
Rings 10 9 8 7 6
Pins 324 271 217 169 127
Flat to flat (cm) 15.71 17.66 15.93 14.20 12.47
Pin outer diameter (mm) 5.56 9.23 9.25 9.28 9.33
Pin inner diameter (mm) - 5 5 5 5
P/D, 1.45 1.09 1.09 1.09 1.09
Dwire (mm) - 0.805 0.805 0.805 0.805
Clad thickness (mm) 0.635 0.635 0.635 0.635 0.635
Fuel volume fraction (%) 19.73 17.13 17.05 16.95 16.83
Bond volume fraction (%) 1.02 0.89 0.88 0.88 0.87
Structure volume fraction (%) 26.22 35.95 36.25 36.61 37.06
Coolant volume fraction (%) 53.02 46.04 45.82 45.56 45.24
Fuel/coolant volume ratio 0.372 0.372 0.372 0.372 0.372
Power density (kWI/L) 191.18 198.22 | 198.22 | 198.22 | 198.22
Linear heat rate (kW/m) 15.63 23.46 23.96 24.61 25.47
q" (kW/m?) 894.62 524.93 | 535.25 | 548.45 | 565.98
AT (°C) 310.88 28.34 29.27 30.48 32.12
q" (chm3) 1137.00 1309.74 | 1315.89 | 1323.42 | 1332.84
Inner channel flow (%) - 55.56 | 55.45 | 55.37 | 55.28
Inner channel power (%) - 46.25 | 46.20 | 46.13 | 46.05
Core AP (kPa) 99.10 201.32 | 208.39 | 218.06 | 231.34
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Table 2.11: Results for the metal annular fuel rod configurations (CR =1.0)

Annular Fuel Designs

Base D;=5mm Di=5mm Di=45mm | D=4

Design
Rings 9 8 7 6 7 6 7 6 7
Pins 271 217 169 127 169 127 169 127 169
fc';‘)mf'at 1571 | 2176 | 1938 | 17.01 | 1846 | 1620 | 18.43 | 16.18 | 18.40
Pin outer
diameter 8.08 13.57 13.65 13.75 13.13 13.24 12.91 13.01 12.70
(mm)
Pin inner
diameter - 5 5 5 5 5 4.5 4.5 4
(mm)
P/D, 1.0996 | 1.062 | 1.062 1.062 1.008 | 1.008 | 1.008 | 1.008 1.008
Dwire (mm) 0.805 | 0.805 0.805 0.805 0.1 0.1 0.1 0.1 0.1
Clad
thickness 0.559 | 0.559 | 0.559 0.559 | 0.559 | 0.559 | 0.559 | 0.559 0.559
(mm)
Fuelvolume | 5/ 56 | 3520 | 34.99 | 3472 | 3442 | 3415 | 3471 | 34.42 | 34.99
fraction (%)
Bond
volume 11.42 11.73 11.66 11.57 11.47 11.38 11.57 11.47 11.66
fraction (%)
Structure
volume 25.73 | 23.68 24.15 24.74 25.39 | 25.97 | 24.76 | 25.37 24.14
fraction (%)
Coolant
volume 28.59 | 29.38 29.20 28.97 2872 | 28.50 | 28.96 | 28.73 29.20
fraction (%)
F/C ratio 1.198 | 1.198 1.198 1.198 1.198 | 1.198 | 1.198 | 1.198 1.198
Power
density 267.59 | 267.59 | 267.59 | 267.59 | 267.59 | 267.59 | 267.59 | 267.59 | 267.59
(KWIL)
Linear heat
rate (KW/m) 24.05 | 56.79 58.12 59.90 52.83 | 54.52 | 52.66 | 54.33 52.51
Q' (kW/mZ) 947.54 | 973.71 | 992.17 | 1016.68 | 927.53 | 951.64 | 963.03 | 987.45 | 1000.79
AT (°C) 174.00 | 50.16 | 51.71 53.82 | 4469 | 46.63 | 48.18 | 50.18 51.93
q” (\N/cms) 842.44 | 820.51 | 825.61 | 832.06 | 839.30 | 845.92 | 832.27 | 839.12 | 825.45
Inner
channel - 51.68 52.23 52.88 56.36 | 47.15 | 42.85 | 43.76 30.75
flow (%)
Inner
channel - 41.88 41.82 41.74 4222 | 4214 | 4159 | 41.51 40.92
power (%)
Core
pressure 797.73 | 403.23 | 428.39 | 462.55 | 413.79 | 464.08 | 416.62 | 457.53 | 401.55
drop (kPa)
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Table 2.12: Results for the oxide annular fuel rod configurations (CR = 1.0)

Annular Fuel Designs

ANL Di=5mm Di=4.5mm Di=4

Design
Rings 9 7 6 5 7 6 7
Pins 271 169 127 01 169 127 169
Flat to flat (cm) 15.71 29.56 27.38 25.60 27.60 25.80 26.00
z:‘“m")”ter diameter | g6 21.16 22.48 24.64 19.73 2114 | 18.54
Pin inner diameter
(o) . 5 5 5 45 45 4
P/D, 1.023 1.009 1.009 1.008 1.010 1.009 1.011
Dwire (mm) 0.198 0.198 0.198 0.198 0.198 0.198 0.198
g":g)t“"’k"ess 0635 | 0653 | 0653 | 0653 | 0653 | 0653 | 0.653
Fuel volume
fraction (%) 49.29 57.44 57.84 58.46 56.72 57.26 56.11
Bond volume
fraction (%) 2.55 2.97 2.99 3.03 2.94 2.96 2.90
Structure volume
fraction (%) 28.58 16.76 16.19 15.30 17.81 17.04 18.70
Coolant volume
fraction (%) 19.58 22.82 22.98 23.22 22.53 22.74 22.29
F/C ratio 2.517 2517 2.517 2,517 2517 2517 2,517
5(‘\’,‘\')’,?_’) density 198.22 | 198.22 | 19822 | 19822 | 19822 | 19822 | 198.22
(le/arl; )heat rate 17.82 08.62 112.87 | 138.01 86.16 100.41 | 76.60
q (KWim?) 653.37 | 1199.85 | 1307.42 | 1481.90 | 1131.70 | 1246.42 | 1081.60
AT (°C) 35445 | 174.83 | 208.75 | 27042 | 15356 | 187.74 | 138.68
9" (Wicmd) 43453 | 37248 | 369.94 | 36603 | 377.23 | 373.70 | 381.37
'(%er channel flow ; 2549 | 2167 1700 | 2325 1629 | 2022
Inner channel
power (%) - 33.84 33.16 32.19 33.76 32.98 33.51
ggae)press“'e drop | 288590 | 656.56 | 624.90 | 585.39 | 72370 | 767.77 | 801.66

The annular fuel approach seems very promising for the low-conversion cores

(Tables 2.9 and 2.10), as their initially high P/D, value allows for easy accommodation of

the annular fuel pins. The most promising configurations are highlighted in the tables

and show a significant decrease of the average heat flux (-19.8% in the metal fuel core, -
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41.3% in the oxide core), an enormous decrease of the temperature rise in the fuel (-
86.76% in the metal core, -90.9% in the oxide core), and also a good match between the
fraction of power and flow into the inner channel of the annular fuel pins. The reduction
in average heat flux and fuel temperature can be used to increase the core power density
and/or operate with higher safety margins. Another attractive feature of the annular fuel
FAs is their much higher mechanical robustness with respect to the very small pins of the
ANL low conversion ratio designs.

Use of annular fuel in the high conversion ratio cores is more problematic. These
cores are very tight to begin with, so there is little room for accommodation of the
annular fuel pins. This results in a higher average heat flux than for the solid fuel base
case (e.g., first three columns to the right of the “Base Design” in Tables 2.11 and 2.12).
Tightening the P/D, to make room for more fuel pins does not seem to help much with
the heat flux and actually results in unrealistically low values of P/D, and Dy (fourth
through eighth column to the right of the “Base Design” in Tables 2.11 and 2.12). In
fact, for these configurations, one should probably think of ribs vs. wire as the method for
spacing the pins. Finally, the match between flow and power in the inner channel of the
annular fuel pins is not good for the high conversion cores.

In the high CR annular FAs, the pressure drop across the core is lower than in the
solid FAs. The increased flow area in the annular FAs is the primary reason for this
decrease. In the low CR annular FAs, however, the pressure drop increases, as can be
seen in column two of Tables 2.9 and 2.10. This increased pressure drop is significantly
lower than pressure drops for typical tight cores with a high CR, and is subsequently of

little concern.
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According to the results listed in this section, it was found that the low conversion
cores could readily accommodate the annular fuel pins and would greatly benefit in terms
of lower clad and fuel temperature, as well as enhanced mechanical robustness. On the
other hand, use of annular fuel pins in the high conversion cores would be problematic
due to the tightness of the fuel pin array, which does not allow for a good balance of flow
between the inner and outer channels.

The next logical step is to conduct a more thorough analysis of the thermal-
hydraulic performance of the promising FA configurations with annular fuel pins. This
will entail use of a subchannel analysis model to study the distribution of the sodium flow
within the FA and calculate the clad and fuel temperatures at the hot spot, as well as the
use of a physics code (e.g., MCODE) to verify the acceptability of the power distribution,
reactivity coefficients, and reactivity-limited burnup of the new FA designs. The
development of the subchannel analysis model is discussed in Chapter 5, while the
subchannel analysis itself is discussed in Chapter 6. For a brief discussion of the

verification of this MathCAD model, see Appendix A.

2.4 Bottle-Shaped Fuel

The fuel rod plenum accounts for up to ~40% of the overall fuel rod length, yet its
geometry is not subject to major neutronic restrictions. Bottle-shaped fuel refers to a fuel
pin whose diameter is smaller in the plenum region than in the active region, which

results in a significant decrease in the overall core pressure drop. To compensate for the
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decrease in radial area of the gas plenum region of the fuel rod, the length of the gas
plenum region is increased, thus maintaining a constant gas plenum volume.

This reduction in fuel rod diameter in the plenum region opens up the core lattice,
resulting in less hydraulic resistance via a larger hydraulic diameter. In order to
implement this type of innovative fuel, there must be sufficient space to increase the
length of the fuel rods by moderate amounts (~10% to 20%). Additionally, the increased
gap width between fuel rods necessitates the use of a spacer other than wire-wrapped
spacers, so grid spacers are used in the plenum region for the bottle-shaped core. A
representation of such bottle-shaped fuel can be seen in Fig. 2.9.

The friction pressure drop in all axial regions (active core, shield, and plenum)
can be determined from Eq. (2.14). This relation indicates that the flow area and the
hydraulic diameter both contribute inversely to the pressure drop in the core. Therefore,
by decreasing the radius of the fuel rod in the plenum region (and simultaneously
increasing its length, thus maintaining the necessary plenum volume for fission gas
collection), the pressure drop in the plenum region can be decreased. The fuel rod pitch
remains constant in the fuel plenum region, so the gap between fuel rods is larger in the
plenum region. In order to ensure the stability of the fuel rods in the plenum region, it
was assumed that a grid spacer was needed for every 0.5 meters of plenum length, and

that the grid spacers were triagonal honey-combed spacers with a thickness of 0.5 mm.
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Figure 2.9: Segments of the base (left) and bottle-shaped fuel pins (right) (drawing
to scale)

2.4.1 Bottle-Shaped Fuel Constraints and Figures of Merit

As with the annular fuel design, certain variables remains unchanged between the
base and bottle-shaped fuel assembly designs. In fact, the general core region remains
unchanged throughout the analysis of the bottle-shaped fuel, and only the plenum region
parameters are adjusted while investigating the effect that these changes have on core
pressure drop and overall core height. In the analysis of the bottle-shaped FA designs,

the following parameters are held equal to the corresponding ANL core designs:

- The core region geometric parameters including core height, core pitch, rod

diameters, core mass flow rate, wire-wrap dimensions, etc.
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- Core thermal and neutronic properties, such as power profiles (uniform), power
generation rate, and neutronic performance, e.g., spectrum, reactivity coefficients,
reactivity letdown, etc.

- Fuel assembly pitch in both core and gas plenum regions

- Shielding thickness and assembly entrance/exit configurations.

In comparing the annular FA designs to the ANL designs, the following two

figures of merit are adopted:

- Pressure drop across the core

- Total fuel rod length or core height.

Everything else being the same (i.e., sodium inlet temperature and flow rate,
pitch), it is clear that FAs with lower pressure drop across the plenum will also have a
lower pressure drop across the entire core and will thus allow for either lower pumping
costs or potentially power uprates. In addition to adjusting the plenum radius, further

investigations will center on the adjustment of the following parameters:

- Rate of change of rod radius, as a function of length (gradual or sudden
expansion)
- Length between grid spacers

- Number of grid spacers.
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The most promising configurations will be considered the assemblies in which
large decreases in the overall core pressure drop are achieved (>15%) while the increase
in core height is minimized (<25%). Additionally, mechanical robustness of the bottle-
shaped fuel is a potential problem. Failure due to mechanical stresses induced at the
core/plenum interface of the rod could be a potential problem. These challenges are

investigated in Chapter 4.
2.4.2 Bottle-Shaped Fuel MathCAD Model

The total pressure drop for the bottle-shaped fuel rod, 4Py, is:
v.p
AP,,:APS+APC+AP/,+K-02—, (2.39)

where:
AP = pressure drop across the grid spacers
AP = pressure drop in the (wire-wrapped) active core region of the fuel rod
AP, = pressure drop across the plenum region of the fuel rod
K = minor loss coefficient for the subchannel expansion at the plenum bottom

v, = core average velocity.

The pressure drop across the core and shield regions is dominated by friction
losses, while the pressure drop across the plenum is both due to friction losses, and form

losses from the grid spacers. This is illustrated in the following equation:
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AP =AP, +Ap,, (2.40)

where AP, represents the total pressure drop across the grid spacers and can be
calculated using Eq. (2.22) The turbulent drag coefficient for all regions can be
calculated using Eq. (2.18) in the core and lower shielding regions, and Eqgs. (2.19) —

(2.21) in the gas plenum region.

Figure 2.10: Bottle-shaped fuel with sudden and gradual flow area expansions
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The pressure drop across the subchannel flow area expansion at the bottom of the
plenum region depends on the ‘rate’ of expansion of the subchannel flow area. Two
types of expansions were explored in this study: a sudden expansion of the subchannel
area at the plenum base, and a gradual 30 degree expansion of the subchannel area at the
plenum base. Both of these expansion methods are shown in Fig. 2.10. As a simple and
conservative upper-bound estimate, the forward form loss coefficient, K, for the sudden
expansion is assumed to be 1 (in reality this is only true for an expansion to a plenum),

while the form loss coefficient for the gradual expansion of 30° is found by [2.10]:

2
k=(1-1)
n
AP

n=

, (2.41)
k.
4,
where:
Ay, = flow area in the plenum subchannels (post-expansion)

Ay = flow area in the core subchannels (pre-expansion).

If it is desired to investigate other angles of expansion than 30°, tables and

correlations can be found in [4.10].

The pressure drop for bottle-shaped fuel over a wide range of plenum radii was
modeled for each of the four separate base design assembly models from Hoffman et al.
[2.2]: metal and oxide fuels for conversion ratios of 1.0 and 0.25 as found in Tables 2.3

and 2.5. Using the high conversion ratio metal fuel base assembly as an example, the
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effects of reducing the plenum rod diameter for an unsupported gas plenum region is
investigated in Fig. 2.11. As grid spacers are added, the pressure drop increases
proportionally to the number of grid spaces. In the MathCAD model, the number of grid
spacers used was dependant upon the length of the gas plenum. It was assumed that for

each 50cm segment of gas plenum length, 1 grid spacer would be necessary. The

R, (mm)

Figure 2.11: Plot of pressure drops both across bare plenum (blue) segment of
assembly and the entire assembly (red) (no grid spacers) as a function of plenum
outer radius
resulting plot of grid-spacer pressure drop as a function of gas plenum outer rod diameter

is shown in Fig. 2.12. Additionally, in order to determine the influence of this “intra-
spacer” length exerted on the grid-spacer pressure drop, plots of the pressure drop across

the grid spacers are included for an intra-spacer length of 70cm, 20cm, and 10cm in Fig.
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2.12. As can be seen in this plot, there are jagged discontinuities periodically seen in the
pressure drop curves. These sudden increases in pressure drop correspond to the
introduction of a new grid spacer (i.e. the plenum height has increased beyond the
marginal 50 cm gap required per spacer. As the inter-spacer length requirement
decreases, as expected, the discontinuities occur more frequently. For the inter-spacer
length of 10 cm, the discontinuities are very frequent, but also barely discernable from
the curve seen in Fig. 2.11. On the other hand, as the inter-spacer length increases, the
benefit obtained from having fewer grid-spacers is reduced. This is seen as the shift from
an inter-spacer length of 50 cm to 70cm produces a very small reduction in pressure drop,
while the shifts from 10cm to 20cm, or even from 20cm to 50 cm each produce larger

reductions in the total grid spacer pressure drop.
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Figure 2.12: Plot of pressure drop across grid spacers for various inter-spacer
lengths as a function of plenum outer radius

The overall influence that the grid spacers exert on core total pressure drop is seen
in Fig. 2.13. All the inter-spacer lengths plotted in Fig. 2.12 are also plotted in Fig. 2.13.
The additional pressure drop associated with the additional decreasing inter-spacer length
is quite small, and the jagged pattern seen so acutely in the Fig. 2.12 is effectively too
small to be seen in terms of the overall pressure drop. Thus, although the benefit of
utilized bottle shaped fuel is reduced as the inter-spacer length decreases, this effect is
small enough to be inconsequential. For the final results discussed in the next section, an

inter-spacer length of 50 cm is assumed, and the number of grid spacers included changes
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accordingly. The patterns witnessed in the pressure drop vs. plenum rod radius plots
(Figs. 2.11 —2.13) are identical for all assemblies modeled, and thus the plots for other

assembly types are not included.
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Figure 2.13: Plot of the total core pressure drop (with grid spacers) for various
inter-spacer lengths as a function of plenum outer radius

2.4.3 Bottle-Shaped Fuel Results

A plot of the total core pressure drop, 4P}, as a function of the plenum radius for each

assembly type is found in Figs. 2.14 — 2.17. The pressure drop decreases dramatically as
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the plenum radius is initially decreased for each model. The increase in the subchannel
flow area in FG plenum is proportional to the square of the reduction in gas plenum
radius. Therefore, as the radius of the fuel rod decreases, the increase in subchannel flow
area becomes marginally smaller. Additionally, by decreasing the FG plenum area, the
FG plenum height is increased to maintain a constant FG plenum volume. At very small
radii, the pressure drop due to the FG plenum length increase begins to dominate, and an
increased pressure drop is seen. Therefore, the ideal FG plenum radius would be found at
the design point indicated in Figs. 2.14 —2.17, where the increase in FG plenum height is
small, but the resulting reduction in pressure drop is relatively high. Interestingly, the
sharp and gradual expansion configurations seem to differ minimally in all cases. The
optimal plenum radii for each model, as well as the resulting core pressure drop and

plenum height, are found in Table 2.13.

Table 2.13: Specifications of “optimal radius” bottle-shaped fuel

CR=1.0 CR=0.25

metal | oxide | metal | Oxide
Optimal plenum radius (mm) 3.5 3.6 2 2.5
Plenum height (m) 2.547 2.483 2.572 2112
Bottle-shaped to base plenum height
ratio 1.332 1.453 1.346 1.236
Bottle-shaped to base core height ratio 1.156 1.183 1.162 | 1.096
Plenum AP (kPa) 84.75 | 105.01 | 38.40 | 21.94
Core AP (kPa) 402.71 | 1299.28 | 138.94 | 95.21
Bottle-shaped to base core AP ratio 0.589 0.493 0.814 0.894

The breakeven cores (CR = 1.0) experience a large pressure drop reduction (40-
50%), due to the tightness of the original core. The burner cores (CR = 0.25) experience
much less benefit (10-20%) from the bottle-shaped fuel design, because the original core

flow areas were already quite large. In conclusion, the bottle-shaped fuel appears to be
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most beneficial to high conversion (tight) ratio core designs, and less beneficial for low

conversion ratio core designs.
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Figure 2.14: Core pressure drop as a function of FG plenum radius for metal fuel
(CR=1.0)
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Figure 2.15: Core pressure drop as a function of FG plenum radius for metal fuel
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Figure 2.16: Core pressure drop as a function of FG plenum radius for metal fuel
(CR=0.25)
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Figure 2.17: Core pressure drop as a function of FG plenum radius for oxide fuel
(CR=0.25)

2.5 Conclusions

Both bottle-shaped and oxide fuels were investigated using simplified, single rod

fuel cell and single assembly MathCAD models. The results of these models indicate
that the annular fuel configuration is best suited to low conversion ratio cores, while the
bottle-shaped design is best suited for high conversion ratio cores. In order to quantify

the benefits of utilizing these fuels, subchannel analyses must be performed for both the

base and innovative fuel configurations.
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Chapter 3: Subchannel Analysis Model

The investigation of the innovative fuel types described in Chapter 4 required
adequate subchannel analysis codes to quantify the important thermal-hydraulic
parameters in the core, such as peak cladding temperature, centerline fuel temperature
and coolant velocities. However, traditional subchannel codes for sodium reactors, such
as SUPERENERGY II [1.16], can only evaluate hexagonal assemblies with wire-
wrapped fuel pins, but cannot be used for analysis of different fuel geometries or non-
hexagonal assembly configurations. Meanwhile, subchannel codes for water-cooled
reactors, such as VIPRE, are not suitable for analysis of liquid-metal systems. Therefore,
in this thesis we have expanded the capabilities of the RELAP5-3D code to perform
subchannel analysis in sodium-cooled fuel assemblies with non conventional geometries.
This expansion was enabled by the use of control variables in the code. Since it is the
first time that RELAPS has been used for this type of analysis, extra care was taken in
validating it. First, the code was compared with the SUPERENERGY II code for the
case of solid fuel pins in a conventional hexagonal lattice. It was shown that the
temperature predictions from the two codes agreed within 2%. Second, the RELAPS
subchannel model was applied to the ORNL 19-pin test, and it was found that the code
could predict the measured outlet temperature distribution with a maximum error of ~8%.

Using this new RELAPS-3D model, the geometry of a traditional hexagonal
assembly with wire-wrapped fuel was optimized first. This assembly exhibited large core
outlet temperature distributions, even with a uniform local power peaking profile. The

flow distribution was optimized through the utilization of semi-circular duct “ribs,”
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which diverted flow from the edge subchannels and flattened the flow and temperature
profiles within the assembly. This model was then used to analyze the innovative core
designs described in Chapter 2. The details and results of this analysis are found in

Chapter 6.

3.1 Selection of RELAPS-3D as the Code for Subchannel Analysis

Several subchannel analysis codes have been used for both water and sodium
reactors over the past three decades [3.1, 3.2, 3.3,3.4, 3.5, 3.6, 3.7, 3.8, 3.9, 3.10, 3.11,
3.12]. Traditional LWR subchannel analysis codes such as VIRPE [3.6] or COBRA IV
[3.10] have been successfully demonstrated using water systems, but are not suitable for
use with sodium, and in the case of VIPRE, cannot accurately or simply model the
geometry associated with the hexagonal wire-wrapped fuel assembly used in the SFR.

There are other codes that have been used to analyze SFR core performance in the
US, Korea, and the UK. These codes are based upon methods developed in the
SUPERENERGY II code, with various adaptations and adjustments in capability.
SUPERENERGY II, a simplified, steady-state subchannel code developed by Basehore
and Todreas [1.16], has been used to model both single assembly and multi-assembly
arrangements, however, the code does not include any type of fuel rod analysis. Rather,
the energy is deposited directly into the coolant. Additionally, there are severe
limitations to fuel configurations (only solid cylindrical pins with constant pitch and
diameter axially) and assembly geometries (only standard hexagonal, wire-wrapped fuel

assemblies) that can be modeled. Size limitations inherent in the code also prevent the
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analysis of an assembly with more than 8 rings. As each of these conditions would be
breached in the application of innovative fuel types in subchannel modeling,
SUPERENERGY II was considered unsuitable for the modeling of innovative fuels.

SLTHEN (Steady-state LMR core Thermal-Hydraulics analysis code based on
ENERGY Model) [3.11] is based upon SUPERENERGY II code, but fuel and clad
calculations are incorporated, as well as the capability to more accurately model inter-
assembly convective flows. Despite these improvements, however, it is still unable to
model alternate fuel and assembly geometries. Other US codes used for SFR core
analysis, such as the SASSYS/SAS4 code, actually perform hot spot analyses, but not
full-scale subchannel analyses, and thus are not suitable for the study of alternative fuel
configurations, as described in this thesis.

Other codes are used for SFR subchannel analysis in the UK, France, and Japan,
and these codes were assessed to determine the capability of using them for the analysis
of innovative fuel types. SABRE4 [3.12] is capable of performing subchannel analyses
for both steady-state and transient conditions, but cannot accommodate annular fuel pin
designs. Subchannel analyses for SFR assemblies in JAPAN utilizes the ASFRE-III
code. This code is the standard code for use in analyzing fast breeder reactor (FBR)
thermal-hydraulics, but as with SABREA4, it is unable to accommodate innovative fuel
configurations. In France, the CADET code has been used to perform subchannel
analyses for SFR assemblies. This code can accommodate varying power profiles,
boundary conditions, and the standard SFR fuel assembly geometry (hexagonal assembly
with wire-wrapped fuel rods), but cannot accommodate innovative fuel configurations or

natural circulation flow conditions.
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Therefore, none of these traditional subchannel codes are suitable for performing
subchannel analyses of sodium-cooled assemblies with annular or bottle-shaped fuel.

The Trio-U code [3.13] used in France can model various innovative fuel rod
configurations. However, this code is a full CFD code, the use of which is beyond the
scope of the simple subchannel analysis codes investigated here. A list of the major
subchannel analysis codes along with a summary of their capabilities and their limitations
is given in Table 3.1. Many of these codes implement the pressure drop correlations
developed by Basehore and Todreas. SUPERENERGY II [1.16] was utilized in SFR
modeling at ANL [3.14] and is an example of such a code.

As mentioned above, SUPERENERGY II is not suitable for analysis of the fuel
configurations explored in this project due to two primary limitations. The first limitation
is on the assembly and fuel rod geometry. The only type of assemblies that can be
analyzed utilizing SUPERENERGY II is hexagonal assemblies with wire-wrapped solid
fuel pins. Additionally, there is no allowance for adjusting the area of the edge channels,
nor is there the capacity to alter the type of spacer or to have differing pin diameters
within the same assembly. This lack of flexibility prevents investigation of innovative
design features into the assembly, such as the use of “ribs” in the edge subchannel to
flatten the power profile, as discussed later in this chapter. Furthermore, the fuel rods
must be solid pin-type fuel rods, with a single clad, fuel, and bond region for each rod.
This prevents the analysis of annular fuel because the coolant flow in the inner-annular
channel, as well as temperature distributions, heat splits, and even the distribution of flow

between the inner and outer fuel channels, cannot be modeled by SUPERENERGY 1.
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Table 3.1: Major codes used in LWR and sodium fast reactors subchannel analysis

CODE Country Description Limitations
Standard LWR subchannel .

Cobra IV USA analysis code in US LWR only, no sodium
Based on Chen/Todreas Up to only 8 hexagonal

(Sglg;)rEnergyZ USA correlations, steady state, does rings in the assembly, only
not evaluate fuel rod temperatures | cylindrical fuel rods allowed
Used for all French sodium
subchannel analyses, takes into . .

A Only for nominal pin
account power distributions, .

CADET FRANCE boundary conditions, and helical g:gﬁ:égﬁi:;&g?;f'
wire-wrap, for forced and mixed ow
convection
CFD Code that can be used in an

TRIO_U FRANCE unstructured mesh treatment Complex, full CFD code
Based on Cobra and MATRA,
benchmarked against SABRE4
and SLTHEN and found to be Only single assembly

MATRA-LMR KOREA comparable, with slightly different | subchannel analysis +
prediction of pressure drop, cannot model annular fuel
implements Chen & Todreas
pressure drop correlations

SLTHEN US/KOREA | Based on SE2 Same as SE2
Steady state or transient, 1 or 2

SABRE4 UK phase flow, blockage or bowed fCa?ngt analyze for annular
pins uel pins
System code, performs "hot

SASSYS/SAS4 | USA channel” analysis, not actual S:tnfzﬁtsﬁgg:;ggr Iazrafluigé
subchannel analysis y
US LWR subchannel analysis Water only, no correlations

VIPRE USA code, recently modified by MIT to | for sodium-cooled wire-
analyze annular fuel wrapped assemblies
Japanese standard for fast
breeder reactor (FBR) .

ASFRE-II JAPAN | development thermal-hydraulics; | Cannot model inner

can evaluate triangular pitched
sodium cooled assemblies

channel of annular fuel

The second limitation of SUPERENERGY II relates to assembly size. Only up to

eight rings of fuel pins per assembly are allowed in the SUPERENERGY II subchannel

analysis. Because the base ABR design contains nine rings of fuel in the fuel assemblies,

SUPERENERGY II cannot be used to analyze even the base fuel designs for the ABR.

For these reasons, we decided to use RELAPS5-3D to create a flexible subchannel

model, which could perform subchannel analyses for the fuel assemblies with annular

fuel pins and bottle shaped fuel pins, or any other assembly geometry that may be worth
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studying in the future (e.g., vented fuel, cross-shaped fuel, etc.). Since RELAP5-3D has
not been used for subchannel analysis before, the development of these capabilities took a
good fraction of the project focus for this thesis. The RELAPS-3D subchannel model
combines several components, including sodium properties, wire-wrap correlations, and
control variables. A detailed description of the RELAP5-3D subchannel model is
reported in Section 3.2. The new RELAP5-3D model was verified by comparison with
the SUPERENERGY II code for a simple geometry and experimental data from the
ORNL 19 Pin test, as discussed in Section 3.3. Section 3.4 reports on the initial use of
the RELAP5-3D model for optimization of the fuel assembly geometries with traditional
solid fuel pins. The analysis and work for both bottle-shaped fuel and

internally/externally cooled annular fuel are discussed in Chapter 6.

3.2 Development of the RELAPS-3D Subchannel Model

Subchannel analyses provide detailed information regarding coolant and fuel
temperature, and coolant velocity and pressure distributions in the assembly of interest.
In subchannel analysis the flow is assumed to occur primarily in the axial direction, while
transverse flow is accounted for as a first order perturbation [3.15]. A coarse three-
dimensional model of sorts is then created by joining several subchannels together into a
single multi-ring assembly. If greater detail and accuracy is desired, this assumption can
be lifted through the use of a computational fluid dynamics (CFD) model, but this

approach is beyond the scope of the current study.
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RELAP5-3D has the capacity to model 3-D geometries, but the computational
cost is significantly larger than for 2-D or 1-D volumes. A “pseudo 3D” model can easily
be created in RELAP5-3D by creating a pipe, or a group of volumes, connected in seties
through which the primary flow is in the axial direction. This pipe represents a single
subchannel. Junctions can then be added to the sides of this pipe to connect it to an
adjacent axial pipe, representing the cross-flow junctions. By connecting a series of
pipes via transverse flow junctions, a three dimensional subchannel mesh is created in
RELAP5-3D. Heat structures are created and joined to each pipe representing the fuel
rod adjacent to the subchannel. Because heat structures can only be connected to two
volumes (one on either side of the heat structure), each fuel rod is divided into six equal
segments azimuthally and connected to their respective subchannels, as seen in Fig. 3.1,
Finally, inlet and outlet plena are connected to the top and bottom of each subchannel,
and in turn are connected to a time dependent volume via a time dependent junction and
single junction, respectively. These allow for implementation of the assembly boundary
conditions, such total inlet flow and exit pressure.

The transverse flow due to pressure gradients, or cross-flow, can be modeled for
this subchannel geometry in RELAP5-3D utilizing form losses and junctions, but other
physical phenomena such as turbulent mixing and coolant conduction can not be
explicitly modeled by RELAPS5-3D in the same way. Thus, a new approach must be
undertaken to include these important phenomena. In this report, the method used to
model these physical phenomena is outlined in detail. For each physical effect of
assembly flow, RELAP5-3D control variables were used to numerically model this

effect. Once an appropriate physical model was identified and the control variable
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scheme was selected, these control variable schemes were then applied to each volume
within the subchannel geometry. This “brute force” method allows for RELAP5-3D to

perform subchannel analyses for fuel assemblies of any conceivable geometry.

Figure 3.1: Heat structure “split” for fuel rod

3.2.1 Subchannel Model Components

The assembly type initially investigated was a hexagonal wire-wrapped triangular
pitch fuel assembly, which can also be modeled by SUPERENERGY II. For the

RELAP5-3D subchannel model there are four basic components:

1. The geometry, which consists of various subchannels and fuel rods
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2. The cross-flow model, which takes into account flow between subchannels

3. The conduction model, which accounts for conduction axially and radially
within the coolant

4. The turbulent mixing model, which accounts for coolant mixing and heat

transfer due to flow currents induced by the helical wire-wrap.

A description of these four elements is provided in the following sections.

3.2.2 Reference Geometry Model

The basic geometry of the fuel assembly is a hexagonal wire-wrapped fuel
assembly. The parameters used in the assembly model were adapted from an ANL report
on core layouts for the Advanced Burner Reactor with conversion ratios (CR) [2.2]. In
the ANL report, various cores are described for the ABR using a wide range of
conversion ratios for both oxide and metal fuel. The details of these assemblies are
discussed in Chapter 2, sections 2.1.1 and 2.1.2. The metal-fuel breakeven (CR=1)
assembly was used as the base model. The investigation of the conduction effects (see
Section 3.2.4 below) was completed using this model, which has nine rings. However, it
was subsequently found that SUPERENERGY II cannot model more than eight rings.
Therefore, the metal fuel breakeven assembly from [2.2] was scaled down directly to
have only eight rings, so that a direct benchmark between RELAP5-3D and
SUPENERGY II could be accomplished. The dimensions of both base assemblies are

given in Table 3.2. The pitch between rods is the wire-wrap thickness, while a small gap
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between the wire-wrap at the outermost rods and the duct wall allows for thermal
expansion of the assembly and bundle insertion during fabrication. A scale model of the

eight ring assembly used for benchmarking is shown in Fig. 3.2.

Table 3.2: Dimensions of both 8 and 9 ring metal fuel assemblies

Parameter Value
ANL original FA  Scaled down FA
design design

Fuel type Metal Metal
CR 1.00 1.00
Rings 9 8
Fuel pins per assembly 271 217
Core inlet temperature (°C) 355 355
Linear heat rate (W/m) 33.71 33.7
Mass flow rate (kg/s) 37.44 30.04
Flat to flat distance (cm) 15.71 13.28
Inter-assembly gap (mm) 3.94 3.94
Pin data

- Bond material Na Na

- Active core height, cm 101.6 101.6
- Height (plenum), cm 191.14 191.14
- Overall pin length, cm 407.04 407.04
- Fuel smeared density 0.75 0.75
- Fabrication density, % TD 100 100

- Pin diameter, cm 0.808 0.808
- Pin pitch-to-diameter ratio 1.10 1.10
- Cladding thickness, cm 0.0559 0.0559
Wire-wrap helical pitch (cm) 20.32 20.32
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Figure 3.2: Scale representation of 8-ring wire-wrapped fuel assembly

Because of symmetry in the hexagonal fuel assembly, only 1/12 of the assembly

needs to be explicitly modeled. A representative subchannel section indicative of an

eight ring subchannel model geometry can be seen in Fig. 3.3.
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Interior

Figure 3.3: Portion of an 8-ring hexagonal assembly represented in a subchannel
model
The subchannels in each fuel assembly can be divided into three different types:
interior subchannels, edge subchannels, and corner subchannels (as shown in Fig. 3.3).

The number of each subchannel in each assembly is found according to the following

formulae:
N, = 6R?
N, =6R 3.1
N, =

where:

N; = number of interior channels
N, = number of edge channels
N, = number of corner channels

R = number of rings.

98



[3.16]:

where:

A = area of interior channels
A, = area of edge channels
A, = area of corner channels

D, = rod outer diameter

2 2
A,=—3—P2-7rD0 .
4 8 8
2 2
A, =P D"+g -r—=—-g—=
2 8 8

g = gap between rod bundle and duct wall

Dy, = wire-wrap spacer diameter

P = fuel rod pitch.

The wetted perimeter for each type of subchannel is given by:
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P, =7:D" +7z'~l—)—”—+P 3.3)
2 2

/1 2 (D
P.=—\D,+D, )+—|—+
=50, +D,) r—3( > g)
where:
P.i = wetted perimeter of interior channels

Py = wetted perimeter of edge channels

Py = wetted perimeter of corner channels.

The hydraulic diameter of each subchannel can then be calculated as:
, 3.4

where Dy, is the hydraulic diameter. The perimeter, area, and hydraulic diameter of each
type of subchannel are shown in Table 3.3. With these parameters, the subchannels can
then be adequately modeled as hydraulic components (pipes) in RELAPS-3D. Each
subchannel was created in RELAPS5-3D by creating a pipe and dividing it into a sufficient
number of volumes in order to provide the required level of detail in the final model: one
each for the entrance and exit regions, five for the gas plenum, and 22 for the heated core
length. Each of these subchannel “pipes” is then connected to a heat structure
representing a fuel rod, and an inlet and outlet plenum at each end is created to connect

each of the subchannels. Fig. 3.4 is a side view of the basic subchannel geometry. Figs.
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3.5 and 3.6 show top-down views of the subchannel model, including the RELAPS5-3D

numbering scheme for the volumes and heat structures, respectively.

Table 3.3: Parameters of each of the subchannel types in the base study

Half-
Interior | Edge | Corner
Area (mm?) 8.29 21.70 3.97
Wetted perimeter (mm) 12.71 21.59 5.20
Hydraulic diameter (mm) 2.61 4.(_)2 3.05
| 950 |
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Figure 3.4: Side view of subchannel model depicting pipe, heat structure, and
junction layouts for each subchannel
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Figure 3.5: Cross-sectional view of RELAPS-3D subchannel geometry including
volume numbering
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Figure 3.6: Cross-sectional view of RELAPS-3D subchannel geometry including
heat structure numbering
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The RELAPS-3D model described thus far constitutes the base geometry of a
hexagonal assembly with triangular-pitch fuel rods spaced using wire-wrap. Further
general additions to this model were needed, including localized (within the assembly)
pressure drop correlations, axial power distributions, and radial power distributions. The
pressure drop for each of the subchannels was calculated in RELAPS5-3D by inputting the
turbulent or laminar drag coefficient correlation for wire-wrapped triangular-pitch fuel

subchannels developed by Chen and Todreas [3.17]:

H P H 1.78-2{§J
C,, =|0.8063-0.90221-log +0.35261- log - > ’
D, p,) \D,
P P 2 H 006—0085(—}—’—)
C,=|974.6+1612:| — |-598.5-| — | || =
D D D

o [ o

. (3.5)

where:
H,, = the helical wire-wrap cycle height or axial lead of the wire-wrap

Cnr = the turbulent drag coefficient for flow through each subchannel.

The friction factor and pressure drops were then calculated in RELAPS-3D utilizing the

relations:

C
f(TorL)
=L 3.6
4 Re” 3.6
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AP = f_fi.(_Gi), (3.7)

where:

f = wire-wrapped subchannel friction factor

H = axial height of the subchannel

G = the axial max flux of the subchannel in question

AP = pressure drop of the subchannel in question

nf = Reynolds exponent; 0.18 for turbulent or 1.0 for laminar flow

Crtrort. = turbulent or laminar drag coefficient.

By programming these correlations and factors directly into the input deck, the
pressure drop for each subchannel is determined by RELAP5-3D. The axial and radial
power distributions can also be input directly into the RELAP5-3D input deck.

The base model contains 36 interior channels, 9 half-interior channels, 4.5 edge
channels, and 0.5 corner channels. The first set of calculations with RELAP5-3D did not
include cross-flow, turbulent mixing, and conduction; therefore, each subchannel was
effectively an isolated heated pipe. For simplicity, both the axial and radial power
distributions were assumed to be perfectly flat, i.e., local and axial peaking factors equal
to one. Under these assumptions, the outlet temperature for all subchannels with the
same geometry is expected to be the same. This expectation was confirmed by the

RELAPS5-3D results, which are shown in Fig. 3.7.
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Figure 3.7: Outlet temperature distribution of RELAPS-3D basic model (no cross-
flow)

The edge and corner subchannel outlet temperatures are significantly lower than
the interior subchannel outlet temperatures, which was also expected because the edge
channels have a significantly larger cross-sectional flow area than the interior channels
(~2.1 time larger), and thus experience higher flow rates, but their heat rate is exactly the
same as for the interior subchannels (1/2 fuel rod per subchannel). This means that the
flow-to-power ratio (m/Q) is larger for the edge channels, resulting in a lower outlet
temperature. The corner channel has a smaller cross-sectional flow area than the interior
channels, but the power input is also 1/6 of the power input for the interior channels,

resulting in the decreased corner subchannel outlet temperature.

3.2.3 Cross-Flow Model

Next, the cross-flow model was added. In addition to axial flow in the

subchannel, each subchannel communicates via cross-flow due to pressure gradients
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between subchannels, which drive fluid flow from one subchannel to another in the
transverse direction. The degree of communication depends upon the magnitude of the
pressure gradients between subchannels, as well as the resistance to transverse flow. The
pressure gradients are calculated automatically within RELAP5-3D, while the resistances
to transverse flow were modeled explicitly as part of the cross-flow junctions.

These cross-flow junctions were modeled in RELAP5-3D by creating several
“multiple junction” components. These are simply single objects that consist of many
junctions. Each “multiple junction” component contains 22 junctions; these junctions
connect to the sides of the axial subchannel pipes at each of the corresponding 22
segments. These junctions have an area equal to the flow area of the respective volume
in the transverse direction (y and z), which represents the area between the closest point
between fuel rods, as seen in Fig. 3.8. These transverse junctions, as shown in Fig. 3.9,
allow fluid to flow from one subchannel to another. The magnitude of the flow between
subchannels also depends on the resistance to flow. This resistance to flow can be
modeled as a form loss, Ky, and this constant can be input directly into the junction
definition in RELAPS-3D. According to literature [3.18], an appropriate value for

transverse flow across staggered rod bundles can be found using the equations:

K, =Z -A-¥ -Re*”, (3.8)
P
A=3.2+0.66a, +(13.1 —9.1(1—)—D-(0.8 +0.24q,), (3.9)
S 1.5
=17-|==%| , 3.10
a, (Slj ( )
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Where:

Z, = number of rows of tubes plus 1 divided by number of transverse junctions
¥ = Factor relating to bundle to flow angle (for 90° flow/rod angle, ¥ = 1)

S2/S; = bundle pattern factor (for a triangular bundle, S,/S; = 1)

For the assembly configurations described in Chapter 2, Kt ranges from 0.21 to 0.67, and

these values were used in the respective assembly models.

The transverse area of the subchannel is related to the wire-wrap diameter, which

is small (0.805mm in the base case). The transverse flow area for each volume in the

subchannel, and thus for each cross-flow junction is then:

(3.11)

where:

A = transverse flow area
L = volume axial length

g = gap between rods

i = volume type: ¢ — core, e — entrance/exit, p — plenum.
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Figure 3.8: Cross-sectional and lateral views of the transverse (cross-flow) area for
a subchannel
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Figure 3.9: Top-down view of RELAPS-3D subchannel geometry including junction
numbering
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Incorporating the above junction system and the cross-flow resistance, one obtains the
coolant temperature distribution (at the end of the heated length) seen in Fig. 3.10. In this
figure, it appears that there is no difference in temperatures upon addition of cross-flow.
There is indeed a slight change in the temperature profile, but the scale of this change is
on the order of 1/10°C, which is too small to identify upon comparison between Figs. 3.8
and 3.10. This indicates that there is indeed communication between subchannels due to
cross- flow, but that it is almost imperceptible. This lower-than-expected influence of
cross-flow communication between subchannels is due to the very small transverse flow
area, as well as the small pressure gradients between subchannels through the heated
length of the core. To verify that these were the causes for the low transverse flow effect,
several cases were run in which the cross-flow resistance was adjusted from K; =0 to 1.0.
Each of these cases produced similarly small changes in the temperature distribution at
the core outlet for the subchannels, indicating that indeed the small amount of
communication between subchannels is due to small transverse areas and pressure

gradients, rather than an erroneously high transverse flow resistance.
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Figure 3.10: Core outlet temperatures for model containing cross-flow junctions

3.2.4 Fluid Conduction Model

Next, heat conduction in the sodium coolant was introduced in the subchannel
model. Conduction can occur within the assembly coolant in both the axial and radial
directions. Axial conduction increases the amount of energy transferred in the direction
of the flow, while radial conduction tends to flatten the core temperature non-
uniformities. RELAP5-3D does not account for conduction within the fluid, due to its
primary development for use with light water reactors (LWRs). However, the thermal
conductivity of sodium is nearly 100 times larger than that of water, and thus may in
principle affect heat transfer within the assembly. This influence is dependent upon flow
regime, flow rate, and the physical properties of the fluid. Methods for modeling the
effects of conduction within the coolant in RELAP5-3D have been previously

investigated [3.19] and a similar approach is used in this subchannel model. Yoo et. al.
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[3.20] state that as a simple rule, fluid conduction becomes important when the modified

Peclet number (Pe”) is less than 100. Their modified Peclet number is defined as:

Pe’ =RePr-= (3.12)
D

where:
Pr = Prandt] number
L = length of the component,

Dy = hydraulic diameter of the component.

The modified Peclet number for the steady-state full-power model is much greater than
100, indicating that axial conduction should be negligible, but at lower flow rates, the
Reynolds number decreases, and this effect may become significant. Thus, the model
utilizing axial conduction was constructed as described below.

Control variables can be used to calculate the heat transfer due to conduction and
to add them to the fluid via “pseudo” heat structures. These pseudo heat structures are
small structures (less than 1% of the actual heat structure volume, so as to have negligible
thermal capacity), which are connected at the right side (as pertaining to the RELAP
metric for right and left sides of heat structures) to the appropriate volume, while the left
side of the heat structures remain adiabatic. These structures are then linked to the
control variables, which calculate heat due to conduction so that the conducted heat is
added directly to the fluid in the appropriate volume. Fourier’s Law was used to

calculate the heat transfer due to conduction in the fluid:
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g=—kd=—, (3.13)

where:
q = heat rate transferred due to conduction
k = thermal conductivity of fluid
T = temperature of fluid

z = physical distance over which temperature gradient is measured.
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Figure 3.11: Schematic of volume connections axially (left) and radially (right)

Control variables were created, which calculate conduction via Fourier’s Law. Fig. 3.11
illustrates the schematics for volume connections both axially and radially. Utilizing the
nomenclature of Fig. 3.11, the axial heat conduction in the coolant from one