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Abstract

A systematic assessment of the General Atomics (GA) proposed Deep-Burn concept based on the
Modular Helium-Cooled Reactor design (DB-MHR) has been performed. Preliminary
benchmarking of deterministic physics codes was done by comparing code results to those from
MONTEBURNS (MCNP-ORIGEN) calculations. Detailed fuel cycle analyses were performed in
order to provide an independent evaluation of the physics and transmutation performance of the
one-pass and two-pass concepts. Key performance parameters such as transuranic consumption,
reactor performance, and spent fuel characteristics were analyzed. This effort has been
undertaken in close collaborations with the General Atomics design team and Brookhaven

National Laboratory evaluation team.

The study was performed primarily for a 600 MWt reference DB-MHR design having a power
density of 4.7 MW/m?. Based on parametric and sensitivity study, it was determined that the
maximum burnup (TRU consumption) can be obtained using optimum values of 200 xm and 20%
for the fuel kernel diameter and fuel packing fraction, respectively. These values were retained
for most of the one-pass and two-pass design calculations; variation to the packing fraction was

necessary for the second stage of the two-pass concept.

Using a four-batch fuel management scheme for the one-pass DB-MHR core, it was possible to
obtain a TRU consumption of 58% and a cycle length of 286 EFPD. By increasing the core
power to 800 MWt and the power density to 6.2 MW/m?, it was possible to increase the TRU
consumption to 60%, although the cycle length decreased by ~64 days. The higher TRU
consumption (burnup) is due to the reduction of the in-core decay of fissile Pu-241 to Am-241
relative to fission, arising from the higher power density (specific power), which made the fuel
more reactivity over time. It was also found that the TRU consumption can be improved by

utilizing axial fuel shuffling or by operating with lower material temperatures (colder core).

Results also showed that the transmutation performance of the one-pass deep-burn concept is

sensitive to the initial TRU vector, primarily because longer cooling time reduces the fissile



content (Pu-241 specifically.) With a cooling time of 5 years, the TRU consumption increases to

67%, while conversely, with 20-year cooling the TRU consumption is about 58%.

For the two-pass DB-MHR (TRU recycling option), a fuel packing fraction of about 30% is
required in the second pass (the recycled TRU). It was found that using a heterogeneous core
(homogeneous fuel element) concept, the TRU consumption is dependent on the cooling interval
before the 2" pass, again due to Pu-241 decay during the time lag between the first pass fuel
discharge and the second pass fuel charge. With a cooling interval of 7 years (5 and 2 years
before and after reprocessing) a TRU consumption of 55% is obtained. With an assumed “no
cooling” interval, the TRU consumption is 63%. By using a cylindrical core to reduce neutron
leakage, TRU consumption of the case with 7-year cooling interval increases to 58%. For a two-
pass concept using a heterogeneous fuel element (and homogeneous core) with first and second

pass volume ratio of 2:1, the TRU consumption is 62.4%.

Finally, the repository loading benefits arising from the deep-burn and Inert Matrix Fuel (IMF)
concepts were estimated and compared, for the same initial TRU vector. The DB-MHR concept
resulted in slightly higher TRU consumption and repository loading benefit compared to the IMF
concept (58.1% versus 55.1% for TRU consumption and 2.0 versus 1.6 for estimated repository
loading benefit).



1. INTRODUCTION

Worldwide economic growth is leading to rapid growth in energy demand, straining
international energy supplies. Expanding worldwide energy supplies with today’s technology
mix will exacerbate competition for declining resources while increasing adverse environmental
impacts and potential long-term consequences from global climate change. Today, the dominant
clean, secure source of energy production is nuclear-generated electricity. Several key
developing nations plan aggressive and large-scale implementation of nuclear power. However,
accumulation of spent nuclear fuel is a potential impediment to expanded application of nuclear
energy. A business-as-usual continuation of current fuel cycle practices could lead to substantial
increases in the number of geologic repository sites. For example, a new repository with equal
capacity to the Yucca mountain repository would be needed about every 20 or 30 years. [1]
Because of their technical, economic, and political challenges, geologic repositories are a scarce

resource that could limit the use of nuclear energy.

Technically, the repository capacity is determined by decay heat and regulatory limits for the
released dose. Removing transuranics (TRU) and some fission products from the disposed
material can provide significant benefits. When the principal heat producers are eliminated from
the waste, a typical geologic repository can hold the waste products resulting from at least fifty
times more power generation while also reducing long-term radiotoxicity. Additionally,
elimination of fissile plutonium isotopes from the waste would remove the potential mining of
weapons grade plutonium from the repository. Note that the radiological barrier of fission
products will disappear about 100 years, and the plutonium quality will approach that of
weapons-grade in 10,000 years because of the much shorter half-life of the Pu-240 than
Pu-239. [2] Thus, the use of recycling technology will ease environmental burdens, better use

permanent disposal space, and enhance the proliferation resistance.

For the purpose of incinerating plutonium, neptunium, and americium nuclides, Deep-
Burn, Modular Helium-cooled Reactor (DB-MHR) concept has been proposed by General
Atomics (GA), based on the technologies of the graphite moderated Gas-Turbine, Modular
Helium-cooled Reactor (GT-MHR). [3] The essential feature of this transmutation concept is the

use of the coated fuel particles (TRISO) that are considered strong and highly resistant to



irradiation. The TRU fuel formed into TRISO particles can be irradiated for a long time in a
thermal system, and thereby a very high TRU consumption (in particular fissile nuclides) is
expected. The objective of this study is to investigate the feasibility of this deep-burn
transmutation concept by confirming the expected high TRU consumption. Two different
approaches proposed by GA have been examined: one-pass and two-pass concepts. For both
concepts, Pu, Np, and Am isotopes of LWR spent fuel are fed into DB-MHR, and Cm isotopes
are sent to the repository or interim storage. In the one-pass concept, all the TRU nuclides
discharged from DB-MHR are directly sent to the repository, but in the two-pass concept, the Pu,
Np, and Am isotopes discharged from the first pass are recycled into the second pass and only
Cm isotopes are sent to the repository.

A series of parametric and sensitivity studies has been performed to investigate the
potential TRU consumption in the deep-burn concepts. These studies include 1) determination of
optimum fuel design parameters to maximize the TRU consumption, 2) performance evaluations
of the one-pass and two-pass concepts, 3) estimation of the impacts of various design parameters
and fuel management scheme such as feed TRU vector, operating temperature, power level, axial
shuffling, etc. In addition, alternative deep-burn concepts are introduced in this study. The
performance of the DB-MHR concepts were evaluated with whole-core equilibrium cycle
analyses carried out by WIMS8/REBUS-3 coupled calculations; burnup-dependent microscopic
cross sections were generated from WIMSS8 assembly calculations and provided for whole-core
REBUS-3 calculations. Prior to main analyses, to test the performance of the WIMS8/REBUS-3
coupled calculation procedure, Monte Carlo depletion calculations were also performed using the
MONTEBURNS code.

In Section 2, the deep-burn concepts are briefly summarized. The computational methods
are discussed in Section 3. The estimated performance parameters and sensitivity calculation
results for the one-pass concept are presented in Section 4. The results for the two-pass deep-
burn concept are discussed in Sections 5. Alternative two pass loading strategies and core
configurations are explored. The performance of the deep-burn concept is compared to
conventional LWR system employing non-uranium inert matrix (IMF) fuel forms in Section 6.

[4] Conclusions of this study are provided in Section 7.



2. OVERVIEW OF DEEP-BURN CONCEPTS

The DB-MHR concept utilizes thermal neutrons and ceramic coated (TRISO) fuel
particles to incinerate the TRU discharged from LWRs. The TRISO fuel particle is considered
strong and highly resistant to irradiation; thereby it allows an extensive destruction level of TRU
fissile isotopes with thermal neutrons by residing in the core for a long irradiation time. The
deep-burn concept has been developed by combining the primary design features of the Gas-
Turbine, Modular Helium-Cooled Reactor (GT-MHR) with the requirement for the thermal
transmutation of the transuranics (TRU). It is noted that the GT-MHR is a graphite-moderated,
helium-cooled thermal reactor designed for high efficiency operation due to its high coolant
temperature, and for passive safety due to the ceramic properties of coated fuel particles and
graphite moderator, and due to the annular layout of the core. Figure 2.1 shows the core layout of
the GT-MHR core. It consists of hexagonal fuel and reflector elements, and reactivity control
materials. The core is designed for a power level of 600 MWt and a low power density
(~6.6 W/cm®).
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Figure 2.1. Core Layout of Gas-Turbine, Modular Helium Reactor



The annular core layout is employed for passive decay heat removal. The active core has
102 fuel columns that are located in rings 6, 7, and 8. Ten fuel elements comprise a fuel column.
The height of the active core is 7.93 m and the effective inner and outer core diameters are
2.96 m and 4.83 m, respectively. Each fuel element contains holes for fuel and burnable poison
compacts, and full-length channels for helium coolant flow. The principal fuel element structural
material is H-451 graphite in the form of a right hexagonal prism, with a flat-to-flat width of
36.0 cm. The fuel is contained in fuel compacts that are loaded into the fuel holes. Each compact
has a diameter of 1.245 cm and a height of 4.93 cm. TRISO fuel particles are dispersed in the
compact graphite medium. The fuel element has 216 fuel compact holes including those for six
lumped burnable poison rods and 108 coolant holes. The pitch of the coolant hole or fuel
compact is 1.8796 cm and the radii of the fuel compact and fuel holes are 0.6223 and 0.6350 cm,
respectively. There are 102 large coolant holes with 0.794 cm radius and 6 small coolant holes
with 0.635 cm radius.

The core design of the DB-MHR borrows from the GT-MHR design. The geometry of
the fuel element (i.e., graphite fuel block) and the core height are identical to those of the
GT-MHR, and the annular core layout is also proposed for the DB-MHR. However, the core
configuration, fuel management scheme, and fuel kernel size were changed to enhance the TRU
consumption (destruction). These changes include a four-batch fuel management scheme with
144 fuel columns and a smaller kernel diameter relative to GT-MHR. The increased number of
batches increases the fuel residence time in the core for a fixed cycle length, and the small kernel
size increases the resonance absorption of TRU nuclides by reducing the resonance self-shielding

effect.

Figure 2.2 provides the DB-MHR core layout. The gray hexagons denote the inner and
outer graphite reflectors, and the other hexagons denote the active core regions. The different
colors denote the different batch zones. The 144 fuel columns are grouped into four batches. The
design parameters of the DB-MHR core are compared with those of the helium-cooled, graphite-
moderated Very High Temperature Reactor (VHTR) [5] in Table 1. The VHTR is also being
developed based on the GT-MHR, and it is a leading candidate for the Next Generation Nuclear
Plant (NGNP). The design parameters of the DB-MHR and the VHTR are generally similar, but



several key parameters such as the power density, the specific power density, number of fuel
columns, kernel size, packing fractions, and fuel composition are different. The power density of
the DB-MHR is about 30% smaller than that of the VHTR (NGNP) because of the increased
number of fuel columns under the same thermal power. The specific power density of the
DB-MHR is however increased due to the use of non-uranium fuel (lower mass) and smaller

kernel size and packing fraction relative to the NGNP.

In the proposed deep-burn concept, only Pu, Np, and Am isotopes of the TRU recovered
from LWR spent fuel are used as DB-MHR fuel, and Cm isotopes are sent to the repository or
interim storage. Curium is excluded because it makes fuel fabrication difficult due to its high
spontaneous fission rate and decay heat. Two different fuel cycle concepts were proposed by
GA: one-pass and two-pass concepts. Figures 2.3 and 2.4 illustrate the one-pass and two-pass
concepts, respectively. In the one-pass concept, the fuel resides in the core for four cycles
according to the four-batch fuel management scheme, and then the spent nuclear fuel is sent to
the repository. In the two-pass concept, however, the Pu, Np, and Am isotopes discharged from
the first pass are recycled into the second pass and only Cm isotopes are sent to the repository. In
this approach, the total core volume is divided into four zones, and three-fourth are allocated for
the first pass (fresh TRU recovered from LWR spent fuel) and one-fourth is allocated for the
second pass (recycled TRU from DB-MHR discharge). The two-pass concept utilizes three-batch
scheme, and thus the fuel resides in the core for six cycles.



Table 2.1. Comparison of Design Parameters between DB-MHR and VHTR

Design parameter Unit DB-MHR VHTR
Thermal Power MWt 600 600
Power density wi/cm? 4.7 6.6
Specific power density Wi/g 250 - 1700 ~100
Number of columns - 144 102
Number of blocks per column - 10 10
Core Fuel form - (TRU)O, 7 UCy5015
Number of batch - 4 2
Number of columns per batch - 36 51
Coolant inlet/outlet temperature C 490/850 | 490/850-1000
Boron impurity in graphite ppm 1.5 ?
Column pitch cm 36.0985 36
Width of column cm 35.9969 35.9969
Fuel Number of fuel pins - 210 210
Column Number of lumped BP - 6 6
Number of coolant holes - 108 108
Height cm 79.3 79.3
Pitch of fuel cell cm 1.8796 1.8796
Radius of fuel hole cm 0.635 0.635
Fuel Cell Radius of fuel compact cm 0.6223 0.6225
Radius of coolant hole cm 0.79375 0.79375
Packing fraction % 15-30 25
Kernel diameter pm 150 - 300 425
Buffer thickness pum 150 100
Particle size | |PC thickness pm 35 35
SiC thickness um 35 35
OPC thickness um 40 40
Kernel 10.36 10.50
Buffer 1.00 1.00
IPC 1.87 1.90
Density SiC glem® 3.20 3.20
OPC 1.87 1.87
Fuel compact 1.74 1.20
Graphite block 1.74 1.74
Np-237 45941
Pu-238 1.3340
Pu-239 50.9975
Pu-240 20.7970
Heavy Pu-241 7.5689
metal vector Pu-242 % 4.9457
Am-241 8.2207
Am-242m 0.0304
Am-243 15118
U-235 14.0
U-238 86.0
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Figure 2.4. Two-Pass Deep-Burn Concept



3. COMPUTATIONAL METHODS

The double heterogeneity of DB-MHR fuel elements caused by the use of coated fuel
particles is one of the most distinct characteristics that have to be properly treated in neutronics
analysis. The choice of an annular core layout makes the neutron leakage into the inner and outer
reflectors more important than in traditional light water reactors. To treat the neutron leakage
effects properly, whole-core calculations need to be performed. In previous studies, the
applicability of existing computational to the neutronics design and analysis of VHTR was
assessed. [6,7] Two deterministic lattice codes WIMS8 [8] and DRAGON [9] were identified to
have the capability to model the double heterogeneity effects, and their prediction accuracies
were verified against the MCNP4C [10] Monte Carlo code. Furthermore, a whole-core fuel cycle
analysis procedure was developed by coupling WIMS8 and REBUS-3 [11] codes, and applied
successfully to the NGNP fuel design studies. [5] This WIMS8/REBUS-3 coupled computational
procedure was predominantly used in this study for the DB-MHR whole-core fuel cycle analyses.
Prior to main analyses, to check the performance of this WIMS8/REBUS-3 coupled calculation
procedure, Monte Carlo depletion calculations were also performed using the MONTEBURNS

code.
3.1 Monte Carlo Reference Calculations

The MCNP4C code was selected for reference whole-core calculations. The MCNP4C
code has been extensively used for pebble-bed and prismatic gas-cooled reactor analyses [12-15].
For modeling simplicity and computational efficiency, these analyses approximated the random
distribution of coated fuel particles in graphite matrix by regular lattice distributions using the
lattice geometry option of MCNP4C. The errors introduced by this approximation were
estimated in a previous study [7] by performing pin cell and assembly calculations. It was
observed that the MCNP4C eigenvalues obtained with regular lattice distributions are
consistently smaller than those obtained with random distributions. Although the regular lattice
and random distribution models resulted in statistically meaningful eigenvalue differences, their
magnitudes were generally small (< 400 pcm Ap). Since the random distribution model is not
practical for whole-core calculations, the regular lattice distribution model was utilized in this
study.

10



3.1.1 Number of Neutron Histories in Monte Carlo Calculations

A whole-core Monte Carlo depletion calculation for DB-MHR requires an excessive
amount of computation time because of the large problem size and the complexity of geometry.
Thus, prior to whole-core depletion calculations, sensitivity calculations were performed to
determine the reasonable number of neutron histories in the MCNP calculations. Note that the
accuracy and computation time of the MCNP calculations are dependent on the number of
neutron histories: a small number of neutron histories reduces the computation time but increases

the uncertainties of calculated quantities.

Sensitivity calculations were performed using an R-Z core model and a simple cubic (SC)
lattice distribution of coated fuel particles. In R-Z core model, the active core was divided by 40
burn-zones (4 radial rings and 10 axial nodes) to make each burn-zone size similar to a fuel
element of the DB-MHR. The radial and axial reflectors were modeled as shown in Figure 3.1.
The kernel size and packing fractions were assumed to be 300 um and 24%, respectively. No-

return-current boundary condition was imposed on all external surfaces.

Figure 3.2 shows the eigenvalue changes during the Monte Carlo calculations using
different version of MCNP codes (i.e., MCNP4C and MCNP5) and the eigenvalues are provided
in Table 3.1. In Figure 3.2 and Table 3.1, 50K and 100K denotes 50,000 and 100,000 neutron
histories. The reference solution was obtained using the one-million neutron histories and results
with 50K and 100K histories were obtained by skipping 10 and 50 cycles before beginning tally
accumulations. The histories per cycle in the reference calculation are 10,000 while 1,000

histories in 50K and 100K history cases.

The results of MCNP4C and MCNP5 calculations are close to each other for the
reference case, while they are different for the cases of smaller numbers of neutron histories: this
implies that the eigenvalues were not fully converged for these cases. Even though the
uncertainties of 100K history cases are comparable to those of 50K history cases, the eigenvalues
(in particular, MCNP5 calculation) are closer to the reference values. Figure 3.2 shows that the
eigenvalue fluctuates significantly during first 40 - 50 cycles and then converges to the reference
value. This fluctuation implies that the fission source distribution has not been converged. To

11



avoid the influence of un-converged fission source distribution, a sufficient number of inactive
cycles needs to be used. The results suggest that at least 40 cycles need to be skipped before

accumulating the tallies.

Region 1

R 343.88 cm

R 241.32 cm

R 213.01 cm +
R 180.31 cm 1
R 140.18 cm
R 82.39 cmH

Figure 3.1. R-Z Core Model

Table 3.1. Comparison of MCNP Whole-Core Calculations

Number of | Free gas S(a,

histories tempgrature (K) Tfamg?erature (K) MCNP4C MCNPS

1 Million @ 900 800 1.03444 +0.00077 | 1.03410 +0.00074
50 K? 900 800 1.04274 +0.00289 | 1.03643 + 0.00360
100K 9 900 800 1.03198 +£0.00325 | 1.03441 +0.00313

a) 10,000 histories per cycle and first 10 cycle was ignored
b) 1,000 histories per cycle and first 10 cycle was ignored
¢) 1,000 histories per cycle and first 50 cycle was ignored

12




1.065

1.060 - —&—50K-MCNP4C

—=— 100K-MCNP4C
—e—50K-MCNP5
—e— 100K-MCNP5

1.055 +

1.050 -

1.045 A 1 o W

1.040 1 f reference value

Eigenvalue

1.035 | o ¥
1.030
1.025

1.020 -

1.015 : : : ‘
0 20 40 60 80 100
Cycle number

Figure 3.2. Eigenvalue Convergence in MCNP Calculations

3.1.2 Temperature Defect of DB-MHR Core

In order to estimate the temperature defect in the DB-MHR core, a series of MCNP4C
whole-core calculations was performed. The fuel particle, graphite block, and coolant
temperatures at operating condition were assumed to be 1273, 1073 and 943 K, respectively. The
S(a,) data of graphite is currently available in the temperature range of 300 - 2000 K, but the
exported version of the MCNP library includes only the data at 294K. Thus, the temperature
defect from the cold state to the operating condition could not be obtained directly. The Doppler
effect, free gas temperature effect, and S(a.,3) temperature effect of graphite were estimated
indirectly, and the results are illustrated in Figure 3.3. The Doppler effect from 294 K to 900 K
was evaluated using the KAERI’s MCNP libraries [17] while other effects were determined
using the MCNP libraries obtained from the RSICC code center along with the MCNP4C code.
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Figure 3.3. Temperature Defect in DB-MHR Core

The temperature effect corresponding to the free gas temperature change from 294 K to
900 K and the graphite temperature change from 294 K to 800 K is -1.99 %AKk. The Doppler
effect due to the heavy metal nuclide temperature change from 294 K to 900 K is -1.56 %Ak.
From these results, the temperature defect of the DB-MHR from the cold state to the operating
condition was estimated to be about -5.1 %Ak; Doppler effect is -2.5%, and free gas and S(a,p)
effect is -2.6%.

3.1.3 Whole-Core Depletion Calculation with Monte Carlo Code

Using the MONTEBURNS [18] code, whole-core Monte Carlo depletion calculations
were performed. This code is an interface program that couples the Monte Carlo transport code
MCNP and the radioactive decay and burnup code ORIGEN2. The MCNP code determines one-
group cross sections of individual burn regions by solving the transport equation and provides
the cross section and flux data to the ORIGEN2 code. Using these one-group cross sections and
flux data and a specified time step, the ORIGEN2 code determines the nuclide densities at the
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end of time step by solving the system of depletion equations for each burn region. The
calculated number densities are provided to the MCNP code for the subsequent flux calculation.

MONTEBURNS calculations were performed with the R-Z core model discussed in
Section 3.1.1. The cycle length was assumed 540 days, and a four-batch fuel management
scheme was utilized. When the active regions are numbered from 1 to 4, starting from the
innermost region, as shown in Figure 3.1, the fresh fuel is loaded into the region 3, and
sequentially moved into the region 4, 2, and 1 in the subsequent cycles. Axial shuffling was done
by interchanging the 1 and 5", 6" and 10", 2" and 4™, and 7" and 9™ axial fuel blocks.

Figure 3.4 compares the time evolutions of the DB-MHR core k-effective determined by
three organizations: GA, ANL, and BNL [Todosow et al]. At ANL, the MONTEBURNS
calculations were run on a PC (Pentium-4 processor, 2.0 GHz, 256 MB RAM) for total 7 cycles
and the MCNP5 code was used as the Monte Carlo code. Each cycle was divided into three time
steps (i.e., 180-day time interval), and the predict-and-corrector method was employed. It took
about ~40 hours per time step for 50,000 neutron histories and ~100 hours per time step for
100,000 histories.

The k-effective has its maximum value at time zero because the whole-core is loaded
with fresh TRU, and decreases with increasing burnup. The k-effective shows a jump increase
every 540 days, because burnt fuels are replaced with fresh fuels. The initial values of k-effective
determined by three organizations are similar, but the time evolutions are different. This result
indicates that the coupled neutron and nuclide fields determined by MCNP and ORIGEN2
calculations have not been fully converged because of the small number of histories and the large

time interval.
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Figure 3.4. Whole Core Depletion with MONTEBURNS Code

3.2 Deterministic Whole-Core Depletion Calculations
3.2.1 Deterministic Lattice Codes and Models

The WIMS8 code provides an extensive software package for neutronics calculations.
The code employs an open structure that permits the linking of various methods to create a
calculation scheme for a given thermal reactor design. These could range from simple
homogeneous cells to complex whole-core calculations. Most generally, however, the lattice
capabilities of the code are used for reactor analysis. Geometries are available for analyzing
PWR, BWR, VVER, AGR, RBMK, CANDU, other reactor core designs, storage pools, and

experiments.

Methods for the neutron flux solution in WIMS8 include collision probability (1-D or
2-D), method of characteristics, S, method (1-D or 2-D), diffusion theory, and hybrid methods.
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The code also provides an integrated Monte Carlo method (MONK) for the purpose of internal
validation. WIMSS8 is supplied with 69- and 172-group libraries based on the validated JEF2.2
nuclear data. It is noted that the WIMS8 code has the PROCOL module that provides a
capability for calculating the collision probabilities of particulate fuel in an annular geometry

that could be used in flux solvers to model the double heterogeneity effect of that fuel form.

The WIMSS code does not provide the particulate-fuel double heterogeneity treatment at
the assembly level even though the code can treat the double heterogeneity effect in the fuel pin
cell level. A two-step scheme is therefore utilized in the WIMS8 calculation. In the first step, the
PROCOL module is used for detailed treatment of the double heterogeneity at the pin-cell level,
other items, such as Doppler and resonance treatments are considered. A super-cell calculation is
performed at this stage. The super-cell model is prepared by converting the hexagonal unit pin-
cell to an equivalent annular cell and introducing an extra region representing a fraction of the
graphite block outside the fuel cells. The fraction is determined such that the graphite volume in
the super-cell is equal to the ratio of the graphite block volume to the number of fuel cells. The
result of the pin-cell calculation is homogenized fuel pin-cell cross sections. These cross sections
are then used in the second step, which embodies the full-assembly calculation. Besides the
homogenized geometry of the fuel pin-cell, the detailed geometries of the other cells are retained
in the assembly calculation. The full-assembly calculation is performed using the CACTUS
module of the WIMS8 code. A schematic of the two-step procedure is provided in Figure 3.5.

In the previous study [7], the performance of the WIMS8 code was evaluated, and its
applicability to the lattice calculations for VHTR design analyses was confirmed against the
reference solutions generated by the MCNP4C Monte Carlo code. However, since the previous
study indicates that the double heterogeneity effect is more significant in the TRU fuel, an
additional assessment of the accuracy of the WIMSS8 code has been performed in this study. In
this calculation, a two-dimensional fuel element model with 24% packing fraction and 300 pm
kernel diameter was selected as a benchmark problem (other data are provided in Table 2.1). The
reference solution was obtained from the MCNPA4C calculations. The eigenvalues obtained from
the WIMS8 calculations are compared with the reference solution. The WIMS8 code

underestimated the eigenvalues by about 270 pcm. This magnitude is acceptable since the
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primary function of the lattice code is to generate multi-group cross sections for use in whole-
core calculations. Other WIMSS results showed similar trends as in the previous study. [7] In the

WIMSS calculations, the temperature defect was estimated to be about -5.5 %AK.

Table 3.2. Lattice Code Performance in 2D Fuel Block Calculation

Code Conditions Temperature (K) k-infinity Difference, pcm Ak
MCNP4C 1-M histories 294 1.01882 + 0.00078 Reference

23 group 294 1.01609 - 273
WIMS8 172 group 294 1.01608 - 274

23 group Core average ¥ 0.96125

a) Core average temperature (fuel/graphite/coolant) = 1273/1073/973K

Assignmentof XSto
each location

PROCOL
generate
resonance XS

CACTUS or PERSEUS
solve transport equation

Figure 3.5. WIMSS8 Procedure for Lattice Calculations
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3.2.2  Whole-Core Depletion Calculation with Deterministic Method

As aforementioned, whole-core fuel cycle analyses were performed using the
WIMS8/REBUS-3 coupled calculations. Burnup-dependent, multi-group cross sections are
generated from the WIMSS calculations using the fuel block geometry and a reflective boundary
condition. These cross sections are converted to the ISOTXS format and then provided to the
REBUS-3 code. The REBUS-3 code solves the multi-group diffusion equation and the depletion
equations. Various geometry options are available in the REBUS-3 calculations with different
flux solvers. In this study, the R-Z core model with finite difference method or Hexagonal-Z

(Hex-Z) core model with nodal expansion method were used.

The actinides from U-233 to Cm-245 were modeled in the REBUS-3 depletion
calculations. About 100 fission products are traced in the WIMSS lattice calculations, and they
can be modeled explicitly in the REBUS-3 calculations. However, this model is time-consuming
because of the large size of the transmutation matrix. A sensitivity study indicated that a
simplified fission product model with a few nuclides (Xe-135, 1-135, Sm-149, Pm-149 and
parent-dependent lumped fission products) does not degrade the solution accuracy significantly
but reduces the computation time substantially.[5] Thus, a simplified lumped fission product
(LFP) model was predominately used in sensitivity calculations, but the explicit fission product
model with about 100 fission products was occasionally used to confirm the accuracy of the
lumped fission product model. Thermal feedback was not considered in this study, since this

capability is not available in the current version of the REBUS-3 code.

In order to confirm the applicability of the WIMS8/REBUS-3 coupling calculations to the
DB-MHR whole-core depletion calculations, the interpolation scheme for burnup-dependent
cross sections and the depletion chain data such as decay constants and fission product yields
were examined. For this purpose, a homogeneous unit assembly (fuel element) problem with a
reflective boundary condition was prepared, and the reference solution was obtained from a
WIMSS calculation. For this problem, the REBUS-3 code should reproduce the WIMS reference
solution, because the cross sections and depletion data of the WIMS8 calculations are used in the
REBUS-3 calculation. Figure 3.6 compares the time evolutions of k-infinity determined by

WIMS8 and REBUS-3 calculations. Over the entire depletion period, the k-infinity evaluated by
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the WIMS8/REBUS-3 coupled calculation is very close to the reference WIMSS8 solution. This
result indicates that the burn-dependent cross sections prepared by WIMS8 calculations are

correctly interpolated in the coupling procedure.
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Figure 3.6. Benchmarking of Coupled WIMS8/REBUS-3 Calculation

Additionally, the over-all accuracy of the whole-core depletion analyses performed with
the WIMS8/REBUS-3 coupled calculations has been evaluated. The R-Z core model used in the
Monte Carlo whole-core-depletion calculations (see Figure 3.1) was selected as a benchmark
problem. Before the whole-core depletion calculations, the static core calculations were first
performed at cold temperature. The reference solution was obtained from the MCNP calculations.
The WIMS8/REBUS-3 coupled calculations solved 23-group (15 fast groups and 8 thermal
groups) diffusion equations. The core k-effective values at the initial state are compared in Table
3.3.

Table 3.3. Eigenvalue of Initial DB-MHR Core at Cold State

Code Conditions Temperature (K) k-effective Difference, pcm (Ak)
MCNP5 100 K histories 294 % 1.05428 + 0.004

MCNP4C 1M histories 294 1.05493 £ 0.004 | +65

WIMS8/ 23G 294 1.04583 - 845

REBUS-3 23G Core average ” 0.99929

a) All temperature (fuel, graphite, coolant) of core is 294 K
b) Core average temperature (fuel/graphite/coolant) = 1273/1073/973K
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The WIMS8/REBUS-3 coupled calculation underestimated the core initial k-effective
value by 845 pcm (AK). While this accuracy is considered sufficient for this study, it is planned
to improve it in future work (e.g., using extended calculations for cross section generation and
higher fidelity nodal solutions offered by DIF3D/VARIANT). The temperature defect
determined by WIMS8/REBUS-3 coupled calculation was -4.7%, whose magnitude is smaller

than the value (-5.1%) deduced from several MCNP calculations.

The time evolutions of core k-effective are compared in Figure 3.7. The curves labeled as
REBUS-cold and REBUS-hot denote the whole-core depletion results obtained from the
WIMSS8/REBUS-3 coupled calculations at the cold and operating conditions. For the whole-core
depletion calculation with the MONTEBURNS code, the cross sections at 294 K were used, but
the temperatures for free gas and S(a.,[3) models were 900 K and 800 K, respectively. Thus, the
MONTEBURNS calculation was not performed at the exact cold state, and thereby the results
should be between the results of the cold and operating conditions. In the MONTEBURNS
calculations, 100,000 neutron histories were used for the flux calculation at a time point, the

neutron tallies were started after skipping first 50 cycles (1,000 histories per cycle).
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Figure 3.7. Whole-Core Depletions with Monte Carlo and Deterministic Methods
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The results of the WIMS8/REBUS-3 coupled calculations show that the initial k-effective
of the cold state is higher than that of the operating condition due to the temperature feedback
effect. In the MONTEBURNS calculations, the fluctuation of k-effective is observed due to the
small number of neutron histories and large time intervals. This implies that a refinement of the
Monte Carlo depletion calculation is necessary. Despite this fact, the MONTEBURNS results are
in between the WIMS8/REBUS-3 results for the cold and hot conditions, as expected. This result
indicates that the WIMS8/REBUS-3 coupling procedure is applicable to the DB-MHR core

analysis.
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4. ONE-PASS DEEP-BURN TRANSMUTATION
4.1 Fuel Shuffling in One-Pass DB-MHR

Figure 4.1 shows the radial shuffling scheme of the one-pass deep-burn concept. For the
NGNP core composed of 102 fuel columns, a two-batch fuel management scheme was proposed
to meet the targeted cycle length and discharge burnup simultaneously. [5] For the one-pass
DB-MHR concept, a four-batch fuel management scheme with an increased number of fuel
columns to 144 was proposed to increase the discharge burnup (or TRU consumption). In Figure
4.1, the gray hexagons denote the inner and outer reflectors, and the active core is represented by

colored hexagons.

Fuel in - fresh TRU
TRISO from LWR

e
‘e -
980, o050

QK

Fuel out - spent TRU
TRISO to Repository

Figure 4.1. Radial Shuffling Scheme of One-Pass Deep-Burn Concept

The active core is divided into four regions, each of which is composed of 36 fuel
columns. Fresh TRU fuel is loaded into the dark green region (denoted by 3 in Figure 4.1), and
moved sequentially into the green (4), yellow (2), and light-green (1) regions in the subsequent
cycles. In this fuel management scheme, loading of fresh fuel near the inner and outer reflectors
is avoided, to prevent excessive power peaking at the interface between the graphite reflectors
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and fuel blocks. An axial shuffling was additionally proposed to deplete TRU more effectively
by achieving a flatter discharge burnup distribution. At each shuffling time, the fuel blocks
located at the middle of the core are shuffled with those at the top and bottom of the core. Based
on this axial shuffling strategy, the 5" and 6t" axial fuel blocks are interchanged with the 1% and
10" axial fuel blocks, respectively, and the 4" and 7" axial fuel blocks are interchanged with the
2" and 9™ axial fuel blocks, respectively. The 3" and 8" axial fuel blocks are not moved.

4.2 Sensitivity Calculations for One-Pass DB-MHR
4.2.1 Characteristics of DB-MHR Fuel

Assembly depletion calculations can be used for the scoping fuel cycle study, if an
assembly spectrum is representative of the core spectrum. However, the thermal spectrum of the
DB-MHR core is noticeably different from that of a fuel block as shown in Figure 4.2, which
compares the spectrum of the DB-MHR core with the spectra of DB-MHR fuel block and typical
PWR assembly. In this comparison, the kernel size and packing fraction of the DB-MHR fuel are

200 um and 20%, respectively.

The primary cause for the different spectrum between the core and unit fuel block of
DB-MHR is the inner reflector. Since the absorption cross section of graphite is practically zero,
the fast neutrons leaking out of the core into the inner reflector are slowed down and return to the
active core as thermal neutrons. Thus, the thermal neutron flux of the DB-MHR core is higher
than that of the unit fuel block. This difference in spectrum results in different time-evolutions of

nuclide densities between the core and unit fuel block.

For three representative cases of fuel-to-moderator ratios, the time-evolutions of the core
k-effective and fuel block k-infinity are compared in Figure 4.3 in two units of time (burnup and
effective full power days (EFPD)). These cases, which are labeled by the fuel kernel diameter in
Figure 4.3, represent two bounding points and one middle point in the potential range of fuel-to-
moderator ratio of the DB-MHR fuel. The cases of 150 um and 300 pum kernel diameters

correspond to the smallest and the largest fuel-to-moderator ratio, respectively, and the 200 um
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k-infinity

case represents a middle value. The corresponding packing fractions of the 150, 200, and 300 um

cases are 15%, 20% and 24%, respectively.
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Figure 4.2. Comparison DB-MHR Core and Assembly Spectra
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Figure 4.3. Depletion Calculations of DB-MHR Whole-Core and Unit Assembly

As the fuel-to-moderator ratio decreases, the initial k-effective and k-infinity increase
because the resonance escape probability increases. Typically, it is expected that for the same

composition, the fuel block k-infinity is greater than the core k-effective because of the neutron
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leakages at the core boundary. In the 150 um case, the initial k-infinity is greater than the initial
k-effective, and thus this expectation is met. As the fuel-to-moderator ratio increases, however,
the k-infinity becomes smaller than the k-effective. The thermal neutrons returned from the inner

reflector increase the k-effective significantly for the high TRU loading case (see 300 um case).

The cycle length decreases with decreasing fuel-to-moderator ratio, because of the high
specific power density. The critical cycle lengths of the 150 and 200 um cases are about 210 and
610 days, respectively, and the corresponding critical burnups are 360 and 410 GWd/t. These
results suggest that the high fuel-to-moderator ratio is favorable to increase the cycle length and
discharge burnup. However, since the initial k-effective decreases with increasing fuel-to-
moderator ratio, the high fuel-to-moderator ratio can make the k-effective smaller than unity.
Note that the 300 um case could not maintain the critical state; the initial k-effective is smaller
than one. In this study, the optimum fuel-to-moderator ratio was determined from a series of

parametric studies discussed in Section 4.2.5.
4.2.2 Comparison of Equilibrium Core and Transitional Core

Equilibrium cycle is a more valid basis than some arbitrary sequence of startup cycles to
access the relative core performance. Thus, it is desirable to evaluate the TRU consumption of
the DB-MHR concept based on the equilibrium cycle performance. The equilibrium cycle
implies a reactor condition that is invariant for successive operating cycles for a fixed fuel
management scheme and specific operating requirements. In other words, it is the limiting cycle
achieved after an infinite number of burn cycles. The REBUS-3 code has a unique capability that
provides estimates of the burn cycle time, control requirements, fuel enrichments, and general
system performance characteristics of the equilibrium cycle at a lower overall computational cost
than the explicit calculation of a number of start-up burn cycles. Thus, the performance of the
DB-MHR concept was evaluated using the equilibrium cycle analysis capability of the REBUS-3

code.

The REUBS-3 code allows several search options: 1) cycle length to achieve a specified
discharge burnup, 2) fuel enrichment to achieve a specified multiplication factor at a specified

burnup point, 3) control poison material to maintain a specified multipl