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ABSTRACT 

The current state of reactor physics methods development at Westinghouse is discussed. 
The focus is on the methods that have been or are under development within the NEXUS 
project which was launched a few years ago. The aim of this project is to merge and 
modernize the methods employed in the PWR and BWR steady-state reactor physics codes of 
Westinghouse. 

1 INTRODUCTION 

A concerted effort to merge and modernize the methods employed in the PWR and 
BWR steady-state reactor physics codes of Westinghouse was launched a few years ago. The 
PWR methodology embedded in the ANC8 code shares some common ground with the BWR 
methods of the POLCA7 code but there are also some major differences. For instance, the two 
codes have comparable nodal diffusion solution and pin power reconstruction  methods while, 
as can be expected, the POLCA7 thermal-hydraulic model is much more sophisticated than 
that of ANC8 since POLCA7 caters for both BWR and PWR while ANC8 covers only PWR 
requirements. From the reactor physics perspective, the most important difference between 
the two codes is to be found in the nodal cross-section treatment. The ANC8 cross-section 
treatment requires cycle-specific lattice calculations to capture cycle history effects. The 
POLCA7 model adopts a different, more widely used approach, in that it attempts to capture 
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history effects on the fly and thus requires only once-in-a-lifetime lattice calculations per fuel 
type. The POLCA7 approach is known as a once-through method. Another important 
difference is the tracking of fuel isotopics by fuel type in ANC8 versus the node-wise tracking 
of fuel isotopics in POLCA7.  The potential to correct for axial variation in actinide (or 
fission-product and burnable absorber) content and other local history effects is limited in 
ANC8 and it is known that this may have an impact on axial offset predictions.  The POLCA7 
methodology is certainly more advanced in this respect but it has its own deficiencies in that 
its cross-section representation model is not fully capable of capturing all spectrum history 
phenomena that have proven to be important for BWR axial power distribution predictions. 
Also, the node-wise depletion tracking method of POLCA7 does not allow for depletion 
tracking on a finer axial mesh than the nodal neutronic mesh and therefore the method is 
considered to be inadequate for BWR applications where modern fuel assembly designs have 
severe axial heterogeneity. 

While the once-through methodology has always been (see e.g. [1][2]) the standard for 
BWR applications at Westinghouse Sweden (formerly ABB Atom), it was only during the 
late 1990’s that Westinghouse started working towards (see e.g. [3]) applying it in its 
mainstream PWR applications (i.e., in ANC). Early development of the method by 
Westinghouse in the USA predated the acquisition of ABB Atom by BNFL and as such the 
experience gained in the BWR field with this approach became available to the ANC methods 
developers only after the merger of the two companies in the year 2000. It was soon identified 
as one of the most important and meaningful areas of development cooperation that should be 
pursued by the USA and Swedish methods development groups. From this was born the 
NEXUS project which was kicked off in 2002. This project encompasses the entire scope of 
the cross-section methodology ranging from lattice physics calculations to construction of 
node-wise cross-sections during nodal diffusion calculations. 

The once-through cross-section methodology combined with a spatially detailed fuel 
history tracking capability for the core simulators lies at the core of the NEXUS effort and it 
is these aspects in particular that are addressed in this paper. 

2 THE NEXUS PROJECT 

The main goals of the NEXUS project and the principles of its physics models are 
summarized here. A short presentation of the various software components of NEXUS is also 
given.  

 
2.1 Goals 

• To develop a robust, once-through nuclear data system that utilizes one model 
for all core conditions for both PWRs and BWRs. 

• To make nuclear data generation more efficient for both PWR and BWR 
applications. 

• To replace all existing Westinghouse nuclear data generation systems with one 
common system to improve efficiency in development and maintenance. 

• To develop a nuclear data generation system based on sound physical principles. 
• To develop a robust and flexible depletion history tracking model capable of 

capturing axial depletion history effects in the core simulator. 
 

Proceedings of the International Conference Nuclear Energy for New Europe, Portorož, Slovenia, Sept. 10-13, 2007 



101.3 

2.2 Physics Models 

The physics models of NEXUS share some common features with the existing BWR 
models of the POLCA7 nodal code while in comparison to the models of ANC8 they might 
be considered as completely new. For instance, the explicit tracking of the most important 
actinides and of a large number of fission products in each neutronic node has been a standard 
feature of POLCA7 for nearly two decades now – the POLCA7 models were developed 
during the late 1980’s and early 1990’s (see [1][2]). In contrast, ANC8 tracks the actinides 
and fission products on a fuel type basis (so-called pseudo-burnup zones). Both codes 
compute fuel exposure (burnup) on a node-wise basis. 

Because of this common ground, some of the comments in the following are POLCA7-
specific with the intention of emphasizing the improvements over the existing POLCA7 
models lest it be misunderstood that the POLCA7 models already were considered adequate. 

 
2.2.1    NEXUS Nodal Cross-Section Representation 

• The NEXUS nodal cross-section representation is primarily a function of 
spectral index S, moderator temperature , fuel Doppler temperature , fuel 
exposure E and spectrum history . The introduction of spectrum history as an 
independent parameter is a significant improvement over the existing POLCA7 
model which has coolant density history 

mT fT

hS

hρ  (equivalently, void history) as 
history parameter. The POLCA7 model fails to adequately capture Doppler and 
other spectrum-induced history effects and this can adversely affect axial power 
shape predictions and burnup rates. Moderator temperature is also a new state 
parameter in comparison with the POLCA7 model and this in combination with 
the moderator density correction (see next point) provides the NEXUS model 
with the capacity to cover a very wide range of moderator temperature and 
pressure combinations. The POLCA7 model, on the other hand, uses coolant 
density ρ  alone to represent moderator properties and hence cannot 
satisfactorily represent all the expected moderator temperature and pressure 
combinations.  This limits the physical range of application of the POLCA7 
model to some extent. 

• In the NEXUS model, radial variations in moderator (water) density and soluble 
boron concentration are explicitly handled as on-the-fly spatial homogenization 
corrections to so-called feedback-free nodal macroscopic cross sections. This is 
an improvement over the existing POLCA7 model which allows only active 
coolant density as entry in the nodal cross-section tabulations (essentially 
assuming that inter- and intra-assembly bypass water regions have pre-fixed 
densities and temperatures).  

• Actinide, fission product and burnable absorber isotope contributions to the 
nodal macroscopic cross sections are handled explicitly as additive contributions 
to the feedback-free nodal macroscopic cross sections. These additive 
contributions are constructed from nuclide number densities and microscopic 
cross-sections. 

• In the NEXUS model, the nodal nuclear data (cross-sections, discontinuity 
factors, etc.) are represented in terms of mixed second-order polynomials in 
spectral index, moderator temperature, fuel Doppler temperature and spectrum 
history with the expansion coefficients tabulated as a function of fuel exposure. 
A standard least-squares regression method is used to determine the expansion 
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coefficients. A regression model is considered more appropriate than a straight-
forward multi-dimensional tabulation of the nodal nuclear data because a 
regression model can predict a response for a wide range of complicated 
combinations of state parameters whereas a tabulation method has limited 
prediction capacity by virtue of it being limited to interpolation in the available 
tabulation entries. The regression model represents an approximation method 
and the tabulation method represents an interpolation method. This is another 
important improvement over the POLCA7 tabulation methodology. 

 
In a rather simplified way the differences between the POLCA7 cross-section 

representation and the new representation can be summarized as: 
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The isotopic contribution is given by the summation term in each case. It is noted that 

POLCA7 employs three-dimensional tables of “base” macroscopic cross-sections that were 
generated at selected combinations of exposure, density history and instantaneous coolant 
density. These base tables inherently contain the base nuclide number densities  
as a function of exposure and density history and the isotopic term serves only as a correction 
to the base cross-sections. In other words, most of the history dependence is carried by the 
base cross-sections. In the NEXUS model, on the other hand, the history dependence is 
carried almost entirely by the isotopic term since the feedback-free cross section   has 
only nuclide number densities from a single reference history case encoded into it. The 
moderator density treatment is clearly also quite different between the two methods and, as 
already pointed out, the NEXUS model explicitly contains moderator temperature as a state 
parameter and it allows for radial variations in the moderator density. 

),( h
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i EN ρ
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2.2.2    Nodal Simulator Depletion History Tracking and Axial Homogenization 

• Depletion history tracking in the simulator is performed on component-specific 
exposure meshes that are quite independent of the nodal flux solution mesh (the 
neutronic nodes). Axial variations in depletion history (including fuel isotopics) 
can thus be modelled to any desired degree of detail and the impact of such 
variations on the assembly and core average axial power distributions may be 
directly modelled in the nodal simulator. The pseudo-burnup model of ANC8 is 
thus abandoned and the limitations of the nodal burnup model of POLCA7 are 
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eliminated. This is a significant improvement over the ANC8 method in 
particular. 

• Axial material heterogeneities within individual neutronic nodes that are caused 
by spacer grids, control rod motion, fuel enrichment and burnable absorber axial 
zoning, fuel and control rod depletion and by thermal-hydraulic conditions are 
explicitly handled by an on-the-fly axial homogenization procedure that 
produces nodal cross-sections, axial discontinuity factors and flux/power axial 
form functions. In this way the independence of the nodal neutronic and the 
depletion history tracking exposure meshes is assured while simultaneously 
allowing explicit representation of the spatial effects of spacer grids and control 
rods. An added advantage is the capability to handle axially mobile assemblies 
such as follower-type control rods without any difficulty. This method also 
eliminates the need for re-meshing when moving fuel assemblies between core 
models with different nodal meshing. 

 
It should be mentioned that although POLCA7 had an axial homogenization procedure 

available this procedure was not directly transferred to the corresponding NEXUS software 
component. There were several reasons for this but the two main ones were that the POLCA7 
axial homogenization procedure was not properly modularized since it was written in the 
Fortran 77 language (FORTRAN 95/2003 was adopted as the standard for the NEXUS 
project) and the POLCA7 axial homogenization procedure had exhibited severe iteration 
instability problems. As a result, a completely new modularized axial homogenization 
procedure based on the solution of the one-dimensional multi-group diffusion equation 
utilizing either an eigenvalue or a fixed-source approach was coded [4]. This procedure takes 
radial leakage effects into account and only neglects these when iteration difficulties are 
experienced – this is automated and in the worst case the method may switch to a simple 
volume weighting of cross-sections during some of the global solution feedback iterations. 

 
2.3 Software Components 

The software developed as part of the NEXUS project consists of three main 
components: 

1. NEXPre - Pre-processor code that generates lattice physics code input files. 
2. NEXLink - Link code that post-processes lattice physics code results files and 

produces “cell data” files for the nodal simulator in accordance with the nodal 
cross-section representation model. 

3. NEXCross - The nodal cross-section module of the simulator that encompasses 
reconstruction of axial “sub-node” microscopic and macroscopic cross-sections 
from the cell data and an axial homogenization procedure to produce exposure 
node microscopic cross-sections and neutronic node macroscopic cross-sections 
and axial discontinuity factors from the sub-node data. An intra-node 
homogeneous cross-section model to account for spectral interaction effects on 
nodal cross-sections is also available. 

These software components have all been implemented and taken into use. The 
NEXCross package has been integrated into the ANC9 code. Extensive validation of the 
methodology for PWR applications has been performed and a summary of the results were 
reported in [5]. Some results illustrating the impact on axial offset in particular are presented 
later in this paper. 
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3 CONTINUED DEVELOPMENT OF REACTOR PHYSICS METHODS 

The original scope of the NEXUS project covered all aspects related to nuclear data 
generation for use in Westinghouse’s nodal core simulators, ANC and POLCA.  Within this 
context even data related to pin power recovery models are included. In the first phase of the 
NEXUS project only well-defined physics models were considered for software 
implementation and in that sense the standard modulation method for pin power recovery was 
adopted to determine the  type of nuclear data that should be passed on to the simulator. The 
focus of the first phase was on the nodal cross-section model with the objective of 
establishing a solid basis for the nodal simulations prior to considering the replacement or 
further development of specific models of the simulators. Candidates for subsequent 
development were already identified at the start of the project and they include the nodal 
diffusion equation solver and the pin power recovery procedure. 

For the next phase of the NEXUS project the pin power recovery methodology has been 
selected as the most appropriate for immediate further development due to the short-comings 
of the standard modulation method for BWR and potentially also for AP1000 applications. 
The deficiencies referred to relate to the modelling of control rod history effects and the 
impact of such effects on the pin-power or pin-flux form factors that are employed in the 
modulation method. These control rod history effects originate from the operation of a reactor 
with control rods inserted into the core during long periods of operation. While this is a 
standard procedure in BWR operation, it is unusual in the case of the legacy Westinghouse 
PWRs. However, in the AP1000, operation with control rods inserted into the core is also 
standard procedure and the issue of developing models that adequately capture control rod 
history effects is thus quite topical also for PWR applications.  

The control rod history issue has haunted BWR physics methods developers for decades 
and not until quite recently was any real progress made on this front [6]. Westinghouse has 
also been actively pursuing a solution to the control rod history problem but wants to avoid 
the complexity and computational cost inherent in a recently reported method [6]. Therefore, 
instead of adopting a detailed “semi-heterogeneous” radial mesh structure that is super-
imposed onto the standard nodal mesh of the simulator which then performs expensive two-
dimensional diffusion calculations and history tracking on the refined mesh in each nodal 
plane of the core model (as in [6]), Westinghouse is working towards a method that retains 
the standard nodal solution approach while refining the local pin power reconstruction 
methodology itself. The thrust of the Westinghouse method is to find a way of correcting 
local pin fluxes and pin fission cross-sections for history effects without actually solving the 
pin-wise diffusion equation and without tracking individual pin histories. This work is 
ongoing and will be reported at a future opportunity. 

In addition to the pin power recovery model, a control rod depletion model is also under 
development. This model is based on an earlier model developed for BWR applications and it 
has two objectives: 

1. To track the depletion history of each individual control rod 
2. To determine the impact of control rod depletion on the reactivity worth of each 

individual control rod 
The control rod depletion model utilizes local nodal side fluxes (for BWR) or  local 

reconstructed pin-cell fluxes (for PWR) in conjunction with control rod depletion parameters  
generated during standard lattice calculations to both track control rod depletion and to correct 
the nodal cross-sections for the effects of control rod depletion. All the macroscopic nodal 
cross-sections and not just the absorption cross-sections are corrected. 

In addition to these pin-power and nodal cross-section related methods development, 
Westinghouse has started upgrading the PARAGON lattice code to include BWR 
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requirements so that a single lattice code for both PWR and BWR may be taken into 
production. The PHOENIX4 lattice code that is the current production code for BWR will 
thus eventually be replaced by PARAGON. 

4 ILLUSTRATIVE NUMERICAL RESULTS FOR AXIAL OFFSET 

Axial offset is one of the parameters that were expected to be most affected by the new 
cross-section methodology when compared to the ANC8 methodology. A comparison of axial 
offset for a 3-loop Westinghouse PWR as obtained with ANC8 (old methodology) and ANC9 
(NEXUS methodology) is presented in Figure 1 to verify that axial offset is indeed improved 
considerably with ANC9. This improvement is, more than anything else, a result of the nodal 
depletion history tracking methodology that was adopted in ANC9. 

Improvements have also been seen in at-power boron predictions, moderator and 
isothermal temperature coefficient predictions, and xenon transient modelling. Additional 
results are reported in [7][8][9]. 
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Figure 1: Axial offset comparison between ANC8 and ANC9 

5 CONCLUDING REMARKS 

At the current time all the cross-section related models that have been developed as part 
of the first phase of the NEXUS project have been adopted in the ANC9 (PWR) code series. 
The success of this is evidenced by the results obtained in PWR applications. The 
implementation of these models in the POLCA7 (BWR) code is still in a preliminary phase. 
That means that qualification of the new cross-section methodology for PWR applications has 
already progressed well while for BWR applications the implementation phase must still be 
completed. 
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In the mean time, other areas of development that are of considerable importance for 
both BWR and PWR applications are already being pursued. In this regard, a control rod 
depletion model and a pin power recovery methodology that captures control rod history 
effects on the fly during nodal diffusion calculations is currently under development. These 
new features are especially important for the proper modelling of the AP1000 reactor (or any 
other reactor) which operates with control banks inserted into the core. 
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