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Figure 26. Brine convection through a mushy layer. The bottom boundary is held at a fixed cold temperature, the 
top boundary at a fixed, warm temperature. The colors represent the log of permeability. The top layer is open fluid; 
the middle is porous crystalline mush; and the bottom is pure solid at temperatures below the eutectic. Black lines 
originating at black circles are fluid streamlines. Note how fluid sinks through the mush but rises through the 
chimneys. Buoyancy comes from solidification of NH4Cl into the mush, leaving a fresher, less dense fluid. 
 
In addition, we studied magmatic processes in the mantle beneath volcanoes. Mid-ocean ridges on the 
ocean floor are formed when tectonic plates diverge; the volcanic ridges that form extend linearly for 
thousands of miles. Observations suggest that magma produced tens of kilometers deep in the mantle is 
quickly focused to these ridges. Magma dynamics theory is used to describe the mechanical interactions 
between magma and the mantle, but the complexity and nonlinearity of the theory have made it difficult 
to create models that consider both the full physics of the problem and the large time and length scales 
involved.  
 
We are exploring a method that couples magma dynamics theory with an enthalpy method that treats 
freezing and melting as identical processes, avoiding the need to find parameterizations for melting rates 
and freezing rates. Our simulations show that freezing is critical to focusing magma toward the ridge axis:  
freezing of magma in the pores of the cold, sloping thermal boundary layer at the base of the divergent 
tectonic plates produces an impermeable barrier to flow and directs magma toward the ridge axis. Using 
simulations, we are exploring the parametric controls of this process to determine whether it can explain 
observations. In addition, we have developed a parallel Lagrangian particle-tracking method that helps to 
visualize the motion of fluid through the system. Particles are introduced by the application code and then 
tracked through the system, across processor boundaries, giving a picture of the time-integrated pattern of 
flow. The simulations strongly support the idea that magmatic focusing occurs along the base of the 
thermal boundary layer beneath the sea floor. The simulations also provide a context for testing other 
ideas about melt transport, for example, geochemical signals in lavas collected from the sea floor. 
 
Publications and Presentations: 
 
R. F. Katz, M. Knepley, B. Smith, M. Spiegelman, and E. Coon, “Numerical simulation of geodynamic 
processes with the Portable Extensible Toolkit for Scientific Computation,” Physics of the Earth and 
Planetary Interiors, 163(1-4):52-68,  2007. 
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High-Fidelity Numerical Simulation of Nuclear Reactor Cores 
PIs: Dinesh Kaushik and Andrew Siegel (Mathematics and Computer Science) 
 
Recent work at Argonne has been focused on the development of a new high-fidelity system of software 
tools (SHARP) that model the overall nuclear plant behavior. At present, several methods are used in 
reactor analysis and other more general transport applications (shielding, deep well logging) to solve the 
neutron transport equation. The most common are diffusion-based nodal methods, discrete ordinates 
structured and unstructured methods, finite element-based spherical harmonics, combinatorial geometry-
based collision probability, and characteristics. There exists substantial experience with all of these 
methods in the nuclear industry, and thus each individual method has well known advantages and 
disadvantages when compared with the other methods. As a consequence, these methods have been 
implemented such that they are best used for specific problems found in the nuclear industry (such as 
discrete ordinates for shielding and nodal methods for reactor physics analysis).  
 
One of the most popular methods is the diffusion approximation. This approximation is typically 
employed at the whole-core level using assembly level homogenized cross sections in a nodal framework. 
To reproduce this capability (i.e., be able to rapidly solve problems based on homogenized assemblies), 
we have focused the initial development in UNIC (unstructured neutronics investigation code) on a 
second-order spherical harmonics method. The spherical harmonics method implements a continuous set 
of orthogonal functions to approximate the angular variable in the neutron transport equation and is 
generally well known in the nuclear industry. It is typically posed in either a finite-element or finite-
difference spatial approximation, where both formulations lead to a large coupled system of equations for 
the angular approximation. Clearly for a large spatial domain and high-order angular approximation, the 
resulting matrix cannot be directly inverted because of the computational burden and storage expense. As 
a consequence, we have used the conjugate gradient solver available in the PETSc (Portable, Extensible 
Toolkit for Scientific Computing). 
 
One example of the benchmarks we ran this year is the fourth Takeda benchmark. This benchmark is used 
to check the general solution capability of transport methods since it requires a relatively low angular 
approximation and contains virtually no heterogeneity. The geometrical 1/6 symmetry representation is 
given in Figure 27 along with the mesh that displayed full spatial convergence on the control rod 
withdrawn problem. The cross sections were provided and reference solutions obtained by using the VIM 
Monte Carlo code in multigroup mode. In this benchmark, three configurations were specified where the 
control rod is inserted fully, half, or removed. Figure 28 shows the four group flux solutions for the half-
inserted control rod. The VIM Monte Carlo solution for the full-inserted control rod is 0.88001 ± 0.00038, 
for the half-inserted control rod is 0.9834 ± 0.00039, and for the withdrawn control rod is 1.09515 ± 
0.00040.  
 
This new coding initiative is focused on making immediate improvements to existing codes in addition to 
developing new methodologies that may not be immediately exploitable with current computing 
technology. The final tool will provide reactor analysts the ability to remove as many approximations as 
possible in their numerical modeling of nuclear reactors by performing a very high fidelity simulation of 
the system under study. The objective is to both reduce and resolve the bias in numerical simulation of 
nuclear reactor technology by combining the best available data, methods, and knowledge. 
 
 



 

  
 

47 

 
 

Figure 27. Fourth Takeda benchmark geometry and mesh 
 
The relatively large inaccuracy in these results limits verification of the new code. Thus, additional, 
comparative solutions were obtained by using the nodal spherical harmonics code VARIANT. All of the 
calculations were completed on the Jazz cluster using 16 to 64 processors. From our space-angle 
convergence analysis, we believe the solutions obtained with the PNFE component of UNIC and the 
VARIANT code are good, although additional spatial refinement may be necessary in both codes to get 
agreement. There is also some residual error in the Monte Carlo solutions likely due to insufficient fission 
source convergence.  
 

 
Figure 28. Fourth Takeda benchmark flux results for half-inserted control rod (first through fourth energy group 
fluxes are given left to right) 
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Publications and Presentations: 
 
G. Palmiotti, M. A. Smith, C. Rabiti, M. Leclere, and D. Kaushik, A. Siegel, B. Smith, E. E. Lewis, 
“UNÌC: Ultimate Neutronic Investigation Code,” Joint International Topical Meeting on Mathematics & 
Computation and Supercomputing in Nuclear Applications (M&C + SNA 2007), Monterey, California, 
April 15-19, 2007. 
 
A. Siegel, T. Tautges, A. Caceres, D. Kaushik, G. Palmiotti, and M. Smith, “Software Design of 
SHARP,” Joint International Topical Meeting on Mathematics & Computation and Supercomputing in 
Nuclear Applications (M&C + SNA 2007), Monterey, California, April 15-19, 2007. 
 
M. A. Smith, G. Palmiotti, C. Rabiti, D. Kaushik, A. Siegel, B. Smith, and E. E. Lewis, “PNFE 
Component of the UNÌC Code,” Joint International Topical Meeting on Mathematics & Computation and 
Supercomputing in Nuclear Applications (M&C + SNA 2007), Monterey, California, April 15-19, 2007. 
 
 
Monte Carlo Analyses of Accelerator-Driven Subcritical Facilities 
PI: Yousry Gohar (Nuclear Engineering) 

 
Accelerator-driven subcritical systems have been under development for different functions including 
medical isotope production, transmutation of transuranics and long-lived fission products, reactor physics 
experiments, and basic research with fast, thermal, and cold neutrons. We have been analyzing two 
different facilities. The first subcritical assembly has both fast and thermal neutron spectra in one 
configuration to achieve high neutron flux density as much as possible. This configuration, together with 
a high-neutron source, makes this facility interesting for performing kinetics research for accelerator-
driven systems. The configuration has keff < 0.98 and it is driven by an external neutron source, a 252Cf 
neutron source or a deuteron accelerator with deuterium or tritium target for producing neutrons. The 
subcritical assembly has a central fast neutron zone surrounded by a thermal neutron zone. The fast 
neutron zone multiplies the external neutrons through the fission reactions of highly enriched uranium and 
(n,xn) reactions of lead. The neutrons leak to the surrounding thermal zone. Between the two zones is an 
interface zone consisting of two layers. The inner layer has metallic natural uranium rods, and the outer 
layer has boron carbide rods that absorb thermal neutrons. Such a zone enables fast neutrons to penetrate 
into the thermal zone and prevents thermal neutrons from entering the fast zone from the thermal zone.  
The subcritical assembly is surrounded by a graphite reflector in the radial direction and borated 
polyethylene in the axial direction. The radial reflector and the backside of the thermal zone are covered 
by organic glass sheet. There are four axial experimental channels in the fast zone, three axial 
experimental channels in the thermal zone, and two axial experimental channels and one radial 
experimental channel in the reflector zone.   
 
The MONTE CARLO geometrical model of the subcritical assembly is shown in Figure 29.  The 
calculated performance parameters of the subcritical assembly were compared with the experimental 
measurements, and the comparison shows an excellent agreement. 
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X-Y Cross Section 

 

 
 

Y-Z Cross Section 
 

Figure 29. Monte Carlo geometrical model of the subcritical assembly with fast and thermal zones 
 
 

The second subcritical assembly is driven by an electron accelerator and uses low enriched uranium fuel.  
The assembly’s target uses tungsten or uranium for neutron production through photonuclear reactions 
from 100-KW electron beam. The neutron source intensity, spectrum, and spatial distribution have been 
studied as a function of the electron beam parameters to maximize the neutron yield and satisfy different 
engineering requirements. The subcritical assembly is designed to obtain the highest possible neutron flux 
intensity with a subcriticality of ~0.98. Different fuel materials, uranium enrichments, and reflector 
materials are considered for the subcritical assembly design. Analyses were performed to define the dose 
map around the facility during operation as a function of the heavy concrete shield thickness.  The facility 
is configured to produce medical isotopes, perform basic research with neutrons, and train young nuclear 
professionals. Figure 30 shows the subcritical assembly configuration and its main parameters.  
 
 

 

Natural uranium target, 36 fuel assemblies, 
Carbon Reflector, Water coolant, keff= 0.9840 

 

Target 
Material 

Electron 
energy, 
MeV 

Averaged 
Flux over 

target length, 
n/s cm3 

Total Energy 
deposition, 

kW 

100 2.660E+13 330.027 U 
200 2.798E+13 339.63  

 
Figure 30.  Monte Carlo geometrical model and main parameters of the electron-driven subcritical assembly 
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