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ABSTRACT

The VARIANT-K and DIF3D-K nodal spatial kinetics computer codes have been coupled to the
SAS4A and SASSYS-1 liquid metal reactor accident and systems analysis codes. SAS4A and
SASSYS-1 have been extended with the addition of heavy liquid metal (Pb and Pb-Bi)
therrnophysical properties, heat transfer correlations, and fluid dynamics correlations. The
coupling methodology and heavy liquid metal modeling additions are described. The new
computer code suite has been applied to analysis of neutron source and thermal-hydraulics
transients in a model of an accelerator-driven minor actinide burner design proposed in an
OECD/NEA/NSC benchmark specification. Modeling assumptions and input data generation
procedures are described. Results of transient analyses are reported, with emphasis on
comparison of P 1 and P3 variational nodal transport theory results with nodal diffusion theory
results, and on significance of spatial kinetics effects.
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1. INTRODUCTION

Recent international interest in using accelerator-driven subcritical systems to fission long-lived,
transuranic isotopes produced during irradiation of nuclear power reactor fuel has prompted the
evaluation of engineered desi=m features of such concepts ‘. This paper presents the results of a
study contributing to this evaluation process, a study focusing on identification of computational
methods required for accurate analysis of coupled spatial neutron kinetics and thermal-hydraulics
effects in heavy-liquid-metal-cooled (HLMC), fast spectrum, subcritical reactors.

During the study, both a nodal transport theory spatial kinetics code and a nodal diffusion theory
spatial kinetics code were coupled to a liquid-metal-coolant reactor analysis computer code
system to provide the primary evaluation tools. The newly-coupled codes were applied to ~
analyses of neutron source and coolant hydraulics transients in a prototypic conceptual design.
Following descriptions of the spatial kinetics and thermal hydraulics codes, this paper provides
a summary description of the accelerator-driven subcritical reactor design, and the methods
employed for preparation of cross section and neutron source data. Transient analysis results are
presented that characterize the impact of spatial kinetics and higher-order transport effects in
~oupled neutronicshherrnal-hydraulics analyses.

2. COUPLED SPATIAL KINETICS AND

2.1 V~T-K

THERMAL HYDRAULICS CODES

The VARIANT2 computer code solves the equilibrium multigroup neutron difision and transport
equations in two- and three-dimensional Cartesian and hexagonal geometries using variational
nodal methods. The transport approximations involve complete spherical harmonic expansions
up to order P5. Eigenvalue, adjoint, f~ed source, gamma heating, and criticali~ (concentration)
search problems are permitted. Anisotropic scattering is treated, and although primarily designed
for fast reactor problems, upscattering options are also included.

The multigroup neutron transport equations are solved using a variational nodal method>b with
one mesh cell (node) per hexagonal subassembly and Cartesian geometry node sizes specified
by the user. The nodal equations are derived from a functional incorporating nodal balance, and
reflective and vacuum boundary conditions through Lagrange multipliers. Expansion of the
functional in orthogonal spatial and angular (spherical harmonics) polynomials leads to a set of
response matrix equations relating partial current moments to flux and source moments. Flux
and source spatial expansions of up to sixth order are allowed. Partial current spatial expansions
up to second order are allowed. Angular and scattering expansions up to P5 are allowed. The
equations are solved by fission source iteration in conjunction with a coarse mesh rebalance
acceleration scheme. The inner iterations are accelerated by a partitioned matrix scheme
equivalent to a synthetic diffusion acceleration method.

Variational nodal methods incorporate a number of attractive features. These include a standard
hierarchy of space-angle approximation, well behaved small mesh limits, and the absence of both
ray effects and artificial diagonal streaming depressions. Dimensionless parts of the response
matrices involving integrals in space and angle are pre-computed once and for all using
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MATHEMATICA for each geometry option. The results are stored in FORTRAN data
statements and used at the time of execution to generate response matrix sets for unique nodes
(defined by cross section and dimension data) prior to fission source iteration. VARIANT
achieves near Monte Carlo accuracy at a fraction of the cost. VARIANT is implemented as a
computational module in the DIF3D7 code system at Argonne National Laboratory.

The variational nodal method employed in VARIANT was recently extended to solve the time-
dependent neutron transport equation by Rineiski8 and Doriath at Centre d’Etude de Cadarache.
In this work, two formulations were implemented, the direct method and the space-time
factorization method. In the direct method, the time-dependent problem is simulated with an
implicit first-order finite-difference scheme. In the factorization method, the neutron flux is
factored into a rapidly-varying amplitude function depending only on time and a slowly-varying
shape fimction depending on space, angle, and time. The factorization forrnulationg, when
implemented as in the improved quasistatic computational method *O,reduces to point kinetics
with the reactivi~ calculated according to the rigorous formulation, the adiabatic approximation,
or in the limit to fust order perturbation theory, depending on the frequency of flux shape
recalculation. Both the direct and factorization methods reduce the time-dependent problem to
a sequence of “f~ed source” problems, which may be computed with repeated executions of an
existing equilibrium flux solution algorithm. In these flux solutions, the external source and
some of the group constants are modified to include time-dependent contributions. The spatial
kinetics module constructed by Rineiski and Doriath has been implemented at Agonne National
Laboratory in connection with VARIANT to produce the transport theory spatial kinetics
capability called VARIANT-K1l.

2.2 DIF3D-K

The DIF3D-K*2-17computer code solves the multigroup time-dependent neutron diffusion
equations (with or without an external neutron source) in two- and three-dimensional hexagonal
and Cartesian geometries. All steady-state calculational options of the base time-independent
DIF3D7 are retained.

The time-dependent multigroup neutron diffusion equations are discretized in both space and
time. A nodal method13 employing one radial node per hexagonal subassembly and one or more
radial nodes per subassembly in Cartesian geometry is used for spatial discretization. The nodal
equations are derived using polynomial approximations to the spatial dependence of the flux
within each node. The resulting equations are the time-dependent nodal equations for the
neutron flux and precursor concentration moments, and the response matrix equations which
relate the flux moments to the surface-averaged partial currents across nodal interfaces. The
time-dependent nodal equations are solved with one of two major time discretization schemes:
the theta method or the space-time factorization method. The theta method is a variable time
integration scheme which permits the resulting difference equations to range from fully explicit
to fully implicit. For a given value of the variable parameter theta, the solution of the time-
dependent nodal equations reduces to a sequence of “fixed source” problems in which the fixed
source term is composed of quantities computed from the solution of the previous time point.
In each fixed source problem, the unknown flux moments and interface partial currents are
computed using a conventional fission source iteration accelerated by coarse-mesh rebalance and
asymptotic source extrapolation. At each ,fission source iteration, the interface partial currents
for each neutron energy group are determined from the response matrix equations with a known
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group source term. The factorization method allows the use of the improved quasistatic ‘0,
adiabatic, or conventional point kinetics option for treatment of the time dependence. In the
improved quasistatic option, the same algorithm used for the fully implicit theta scheme is
employed with large time-step sizes to determine the flux shapes. In the adiabatic option a series
of time-independent eigenvalue problems are employed to obtain the flux shapes. In the
conventional point kinetics scheme, the initial steady-state shape is used for the duration of the
transient problem. In all these factorization options, the flux amplitude is obtained from the
solution of the point kinetics equations employing time-dependent kinetics parameters evaluated
by the code.

2.3 SAS4MSASSYS-1 $

The physical models in the SAS4A and SASSYS-1 computer codes 18.19are highly detailed
mathematical representations of the reactor and coolant loops behavior in transient and accident I

conditions based on extensive laboratory and test reactor results. The models were originally
specialized to liquid sodium cooled fast reactors with oxide or metallic fuel clad with stainless

I

steel.

The SAS4A computer code is designed to perform deterministic analysis of severe accidents in
liquid metal cooled reactors (LMRs). Detailed, mechanistic models of steady-state and transient
thermal, hydraulic, neutronic, and mechanical phenomena are employed to describe the response
of the reactor core and its coolant, fuel elements, and structural members to accident conditions
caused by loss of coolant flow, loss of heat rejection, or reactivi~ insertion. The initiating phase
of the accident is modeled, including coolant heating and boiling, fuel cladding failure, and fuel
melting and relocation. SAS4A analysis is terminated upon loss of subassembly hexcan integrity.
The objective of SAS4A analysis is to quantify severe accident consequences as measured by the
generation of energetic sufficient to challenge reactor vessel integri~, leading possibly to public
health and safety risk.

The SASSYS-1 computer code is designed to perform deterministic analysis of design basis and
beyond-design basis accidents in liquid metal cooled reactor (LMR) plants. Detailed, mechanistic
models of steady-state and transient thermal, hydraulic, neutronic, and mechanical phenomena
are employed to describe the response of the reactor core, the reactor primary and secondary
coolant loops, the reactor control and protection systems, and the balance-of-plant to accidents
caused by loss of coolant flow, loss of heat rejection, or reactivity insertion. The consequences
of single and double-fault accidents are modeled, including fuel and coolant heating, fuel and
cladding mechanical behavior, core reactivity feedbacks, coolant loops performance including
natural circulation, and decay heat removal. SASSYS-1 analysis is terminated upon
demonstration of reactor and plant shutdown to permanently coolable conditions, or upon
violation of design basis margins. The objective of SASSYS- 1 analysis is to quanti~ accident
consequences as measured by the transient behavior of system performance parameters, such as
fhel and cladding temperatures, reactivity, and cladding strain.

In space, each SAS4AEASSYS-1 channel models a fuel pin and its associated coolant. A
channel represents one or more fuel pins in a single or multiple pin model of a subassembly.
In a single pin model, a channel represents all of the pins in a subassembly, and possibly all the
pins in a group of subassemblies. In a multiple pin model, many channels are employed to
represent a subassembly. In either case, many channels are usually employed for a whole-core
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representation. Heat transfer in each pin is modeled with a two-dimensional (r/z) heat conduction
equation. Single and two-phase coolant thermal-hydraulics are simulated with a unique,
one-dimensional (axial) multiple-bubble liquid metal boiling model. The transient fuel and
cladding mechanical behavior model, integrated with fission product production, release, and
transport models, provides prediction of fuel element dimensional changes, margins to cladding
failure, and cladding failure time and location. In SAS4A, fiel and cladding melting and
subsequent relocation are described with multiple-component fluid dynamics models, with
material motions driven by gravity and pressures from coolant vaporization, fission gas liberation,
and fuel and cladding vaporization. Thermal-hydraulic modek of the reactor and intermediate
coolant loops analyze heat removal from both forced and natural circulation, with transient
performance of loop components including pumps, heat exchangers, valves; and plena. The
balance-of-plant thermal-hydraulic model performs transient simulation of the feedwater/steam
system. Both the coolant loop model and the balance-of-plant model are integrated with the plant
protection and control system model, which is used to simulate the performance of reactor scram
systems, as well as controllers on pumps, valves, and decay heat removal systems. Reactivity
feedbacks from fuel heating (axial expansion and Doppler), coolant heating and boiling, and fuel
and cladding relocation are tracked. Reactivity effects from reactor structural temperature changes
yielding radial core expansion are modeled. Numerical solution methods used in the code
modules range from semi-implicit to explicit. The coupling of all thermalhydraulics modules
in time is semi-explicit within a multiple-level time step framework.

2.4 SPATIAL KINETICS COUPLING WITH THERMAL HYDRAULICS

The coupling of VARIANT -K and DIF3D-K with SAS4AKASSYS-1 was accomplished with the
construction of an interface module that performs data communications between the
thermallhydraulic module (SAS4A/SASSYS-1) and the spatial kinetics module (VARIANT-K or
DIF3D-K). Modular architecture was chosen to ease implementation at the expense of some
additional computational overhead during execution. Each module retains its original data
management and computational flow logic. Transfer of information among modules is
accomplished via standard interface data files, including some as defi.ied by the Committee on
Computer Code Coordination*” and others newly defined for this work.

The interface module retrieves material mass and temperature data from the thermalihydraulics
model, transfers the data from the thermal/hydraulics spatial grid to the spatial kinetics grid, and
prepares cross section data for the spatial kinetics module. Following the subsequent flux
computation, the interface module transfers the newly-calculated power distribution to the
thermalhydraulics spatial grid where it is used to calculate new mass and temperature
distributions, closing the computational cycle. At the initial, steady state condition, this
computational cycle is repeated until convergence is obtained. In the transient, each
computational cycle represents one time step, advancing the transient simulation time.

The coupling techniques employed here are an extension of the techniques used successfully in
prior analysesz*22of thermal reactor systems. Their implementation here was verified by testing
~hat included numerical checks
eigenvalue calculation results to

of mass and energy
stand-alone methods,
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2.5 EXTENSIONS OF SAS4A/SASSYS- 1 FOR HEAVY LIQUID METAL COOLANTS

The SAS4A and SASS YS- 1 computer codes contain programmed correlations for coolant
therrnophysical properties, heat transfer correlations, and fluid dynamics pressure drop
correlations. For this work, the experimental database on such information for lead (Pb) and
lead-bismuth eutectic (Pb-Bi) was evaluated. The best available data was employed in a
numerical fit to the correlations forms programmed in SAS4A and SASSYS- 1. The new
correlations were verified by comparisons to the original experimental basis, demonstrating that
all fitting errors are well within the original experimental uncertainties. With these new
properties and correlations, all of the SAS4A and SASSYS-1 single phase coolant heat transfer
and coolant dynamics models are appropriate and accurate in heavy liquid metal applications.

3. APPLICATIONS MODEL AND INPUT DATA

3.1 MINOR ACTINIDE BURNER DESIGN

Example problem geometry and material compositions were
benchmark s~ecification for an accelerator-driven, minor

taken from a recent OECD/NEA
actinide burner design23. The

benchmark s&ves as a computational reference for evaluation of calculational methods for
systems used for transmutation of spent light water reactor fuel. The benchmark design was
based on the Advanced Liquid Metal Reactor (ALMR) design, which in its original concept was
a 471 MWt sodium-cooled, metallic-fueled fast reactor. For the benchmark exercise, the design
was converted to a subcritical assembly driven by a proton accelerator producing neutrons by
spallation in a centrally-located, liquid lead-bismuth (Pb-Bi) target. The sodium coolant was
replaced with liquid Pb-Bi, and the fuel material was replaced with zirconium containing minor
actinides and plutonium in the form of mononitrides. The original ALMR hexagonal
subassembly design was retained, with a pitch of 0.1596 m (6.282 in.). The number of fuel pins
in each subassembly was reduced from 271 to 217 to increase the coolant volume fraction and
reduce the heavy liquid metal coolant pumping power requirement. In the benchmark
specification, the initial reactor power was estimated to be 377 MWt based solely on the
reduction in the number of fuel pins, and the corresponding neutron source in the target region
was specified.

For this work, the two-dimensional r/z geometry specified in the benchmark was converted to
three-dimensional hexagonal-z geometry, assuming the original ALMR subassembly pitch, hexcan
dimensions, and cladding diameter and thickness. In the three-dimensional model, the r/z
geometry fieled region volume was matched as closely as possible (difference less than 0.8%)
by adjusting the number of subassemblies, and the benchmark fuel material masses were matched
exactly by a corresponding adjustment of the isotopic densities. A plan view (l/6-core sector)
of the resulting reactor design is shown in Fig. 1, which indicates the central target region, the
fueled region, and the reflector region. In all the calculations reported here, liquid coolant was
assumed to’fill the entire axial extent of the target region, in contrast to the voided upper axial
reflector region specified in the benchmark, in order to permit application of diffusion theory.
A single thermalhydraulic (pin) channel was used to represent all the pins in each unique fueled
subassembly as shown in Fig. 1, yielding a 1/12 core symmetry in the spatial kinetics model.
The subassembly numbering scheme in Fig. 1 is shown for future reference in the presentation
of results.
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3.2 GROUP CONSTANTS AND NEUTRON SOURCE GENERATION

For the kinetics analysis, region-dependent 9-group cross sections were generated based on
ENDF/B-VI data. Using the MC2-2 code24,homogeneous ultra-fine-group flux calculations were
performed for individual materials of given nuclide densities and temperatures. The consistent
P1 method was used with a group-independent buckling search for the fundamental mode
spectrum calculations performed with 2082 groups. From these ultra-fine-group MC2-2
calculations, 230-group cross sections were determined for individual materials of given nuclide
densities and temperatures. Using these 230-group material-dependent cross sections,
region-dependent 9-group isotopic cross sections were generated from the 230-group fill-core
TWODANTX calculations. In this 9-group cross section generation, the fuel was divided into
three radial regions and the reflector was divided into top, bottom, and radial reflectors. The
target was treated as a single region.

In the benchmark specification, the external spallation neutron source produced with the NMTC
code for a 1 GeV proton beam was provided. This spallation source was provided in terms of the
spatial distribution and the spectrum given in fine group structure. In this study, the external
source distribution was produced by collapsing the fine-group spectrum into nine groups and by
converting the spatial distribution given in r-z geometry to one in hexagonal-z geometry. Finally,
the source intensity was scaled such that the total power of a selected case was 377 MWt.

4. APPLICATIONS IUMULTS

4.1 INITIAL STEADY STATE

For the application reported here, nodal diffusion theory results were obtained with DIF3D-K,
and nodal P1 and P3 transport theory results were obtained with VARIANT-K. Integral results
from eigenvalue (i.e. without source) and fixed source calculations at the steady state are given
in Table I. All fixed source results were obtained using the same scaled source. Steady state
powers for the eigenvalue calculations were taken from the corresponding fixed source
calculation. The results labeled “Cold” in Table I were obtained on the fxst of the steady state
iterations, when the fuel temperature is taken to be the base cross section temperature (707C) and
the coolant density is uniform at the value corresponding to the reactor inlet temperature. The
results labeled “Hot” in Table I are the converged steady state results. Table I shows that the
DIF3D-K converged steady state power is very close to the benchmark value of 377 MW, and
the VARL4NT-K P1 power is close to the DIF3D-K result. The VARIANT-K P3 power is about
3% higher than the diffhsion theory and PI powers. The VARIANT-K P3 kc~~is about 0.2%
higher than the diffusion theory and P1 values.

The results presented in Table I show very close agreement between the nodal diffusion and the
PI and P3 nodal transport solutions. The diffusion and transport calculations used the same cross
section data fde containing transport-corrected cross sections and isotropic scattering data. These
results show that for this minor actinide burner core configuration, the spatial transport effects
are less pronounced than those observed in other fast reactor core designs. This trend is
attributed to the large dimensions of the core and the core composition, which make the fractional
core leakage smaller than in earlier designs. Additionally the current design also has no control-
rod zones and a uniform fuel concentration, and therefore has a comparatively reduced number

7

—.—...= ~,-, ,, ,, ,,. ,.--y ,. -.,~~7;--;, , -. ..., ,, , ,4. + .L. ..+,y f,.- , , .,<, ,’

__. . . . . . . ~,__

,, . . . .. . .-.:.--,,,’. . . . . ... . . . ,., .,.,R, T.,< ,. .. ,,. =.



,. !.

of material interfaces, which in turn minimizes spatial transport effects. The application of
transport-comected cross sections and isotropic scattering data in the current calculations resulted
from the temporary absence of a coupled code module to process higher scattering moments into
a format that could be used in the VARIANT transport module, which is capable of explicit
anisotropic scattering if appropriate data are supplied. The effect of the higher scattering
moments on the difference between the nodal diffusion solution and the transport solution (using
P3 flux approximation and linearly anisotropic scattering) was studied using ancillary standalone
DIF3D and VARIANT calculations. The results from the study indicated that the differences

, between the calculations are similar to those reported above, provided appropriately-determined
transport-comected cross sections are employed in the diffusion calculation. - It was found that
the Bell-Hansen-Sandmeie#G correction of the total cross section provides good accuracy for the
current core configuration and energy group structure.

Subassembly powers (MW) at the converged steady state are shown in Fig. 2, and the
subassembly linear powers (kW/m) at the midplane are shown in Fig. 3. These results indicate
that the principal difference among the three calculations is the total power, and that the
normalized distribution of subassembly powers (or midplane Iinem powers) is nearly the same
for all three calculations. For example, the peak-to-average subassembly powers calculated from
the data in Fig. 2 are 1.854, 1.859, and 1.843 for DIF3D-K, VAIUANT-K Pl, and VARIANT-K
P3, giving a variation of less than 1% between the DIF3D-K and VARIANT-K P1 results on the
one hand and the VARIANT -K P3 resuIt on the other.

4.2 NEUTRON SOURCE TIU4NSIENT

The fNst transient considered here simulates the spatial kinetics impact of a short-term, temporary
interruption of the neutron source, such as might be caused by a accelerator beam drop and
recovery. The thermal, hydraulic, and structural impacts of such a transient have been analyzed
and reported in reference 1. This transient was assumed to be driven by a one-second long
reduction of the steady-state neutron source to zero, followed by recovery to full strength.
Results from analyses of this transient are given in Figs. 4 and 5.

Figure 4 shows the calculated reactor power (MW) as computed by DIF3D-K, VARIANT-K PI,
and VARIANT-K P3. The plot indicates the difference in the initial power among the three
calculations, and the immediate drop in the power in response to beam loss at 1 s. In all
calculations, the power drops to decay heat with the loss of the neutron source, and then returns
to near full power once the neutron source is restored. The effect of delayed neutron precursors
decay following the source drop, although small, is evident in the slight slope of the power traces
after 1 second.

Figure 5 shows’ plots of the transient, normalized power ratio between the highest (subassembly
3 in Fig. 1) and lowest (subassembly 23 in Fig. 1) power subassemblies. This normalized power
ratio, or tilt, is a measure of the spatial kinetics effects during the transient. The results in Fig.
5 indicate that the only discemable difference among the DIF3D-K and VARIANT-K transient
power shapes is during the time when the prompt neutron source is absent, and local power
depends on decay heating and fissions due to delayed neutrons. During this time, the DF3D-K
and VARIANT P 1 tilts are identical, and only slightly different from the VARIANT P3 tilt.



4.3 COOLANT FLOW AND TEMPERATURE TRANSIENT

The second transient considered here simulates failure of the coolant pumps power supply
without termination of the neutron source. In the ALMR reactor design, this transient would be
called an unprotected loss-of-flow (ULOF) sequence, a very low probabili~ double-fault accident.
The original ALMR design featured electro-magnetic (EM) pumps, equipped with an auxiliary
flow-coastdown systems to provide a smoothed transition to natural circulation coolant flow. For
the analysis reported here, the effect of this auxiliq system have been neglected. Results from
analysis of this transient are given in Figs. 6 and 7.

Figure 6 shows normalized total and decay power histories and normalized coolant flow results
for the hottest (channel 1) and coldest (channel 13) subassemblies in Fig. 1. The plotted results
are taken from the coupled DIF3D-K calculation, but the normalized VARIANT-K PI and P3
results are indistinguishable on the scale shown. The results show that in the first few seconds,
the coolant flow decays rapidly while the power remains nearly constant. This power-to-flow
mismatch results in a rise of the coolant temperature, and subsequently the fuel temperature. The
positive fuel temperature reactivity coefficient of this design yields a slight increase in the reactor
power as the flow decay ceases with the establishment of natural circulation. In the transition
to a new equilibrium state, the coolant flow in the hottest subassembly remains positive, but the
coolant flow in the coldest subassembly stagnates and becomes slightly negative for a time as
the parallel flow system self-regulates to an equal pressure drop.

Figure 7 gives transient plots of the peak fuel, cladding, and coolant temperatures in comparison
to the reactor inlet and coolant boiling temperatures. The plotted results are taken from the
coupled DIF3D-K calculation, but the VARIANT-K PI and P3 temperatures are similar with
temperature differences of only a few degrees Celsius compared to the results shown due to the
differences in the initial subassembly powers given in Fig. 2. The results show that the transient
coolant temperatures stay well below the boiling point, which is elevated above the normal
boiling point due to the weight of the heavy liquid metal coolant above the core. The cladding
in channel 1, the hottest subassembly, is predicted to melt at around 7 s, indicating that beyond
this point, cladding (and fuel) would begin to relocate in the heavier, upward flowing coolant.
The reactivi~ effect of this cladding motion is not accounted for in the current analysis, because
the core disruption models in SAS4A do not permit treatment of molten cladding in liquid
coolant. However, the stainless steel cladding is a neutron absorber in the fast spectrum, and its
removal from the core would be a positive reactivity effect. On the other hand, removal of fbel
from the core is a strongly negative reactivi~ effect, and would thus act to reduce the reactor
power to a final, equilibrium level.

CONCLUSIONS

The VARIANT-K nodal transport theory and DIF3D-K nodal diffusion theory spatial kinetics
codes have been coupled with the SAS4AJSASSYS-1 liquid metal coolant analysis codes. The
coupled codes have been used to analyze neutron source and coolant flow transients in a
computational benchmark design proposed for a minor actinide-burning, subcritical reactor cooled
by heavy liquid metal (Pb-Bi eutectic), and driven by a proton accelerator. The analyses focused
on the impact of neutron transport and spatial kinetics effects by comparing the DIF3D-K nodal
diffusion theory results with VARIANT-K P 1 and P3 nodal transport theory results. All
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calculations assumed isotropic scattering with transport-corrected total cross sections.

The principal differences among the three computational methods was found to be in the steady-
state reactor power, which varied by about 3%. The relatively good agreement among the three
methods can be attributed to the size and configuration of the benchmark design, and to the
effectiveness of the transport correction to the total cross section for this application.

The good agreement among the three methods was also evident in results from transient source
analyses, in which spatial kinetics effects were observed to be highly correlated to the presence
(or absence) of the neutron source. For the system analyzed, it appears that a single power shape
could be used very effectively during the time when the source is present. When the source is
absent, the decay heat power shape appears to provide adequate accuracy. These conclusions
would likely not be relevant for a design with moveable control rods, or with multiple,
independent neutron sources.

Results from analyses of a coolant flow transient did not indicate significant spatial kinetics or
transient transport effects. However, the analyses did indicate the possibility of thermally-
induced phenomena (e.g. cladding and fiel melting and relocation) which were not dynamically
modeled but which could have significant transient reactivity and local neutronics effects.
Depending on the reactivity trends (positive or negative) and magnitudes, these effects may
require spatial kinetics and transport analysis methods.
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Table I. Steady State Results.

Total Power (NW) kff

(Fixed source calculation) (Eigenvalue calculation)

Colda Hotb Colda .Hotb

DIF3D-K 375.2 377.9 0.9557 0.9559

VARIANT-K PI 371.9 374.2 0.9551 0.9553

VARIANT-K P3 387.0 389.7 0.9574 0.9576

‘Coolant density at inlet temperature and fiel cross sections at 707C.
bCoolant densities and fiel cross sections at operating conditions.
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