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ABSTRACT 
 

This paper presents an approach that is being developed and implemented at PSI to enhance the  
Verification and Validation (V&V) procedure of 3-D static core simulations for the Swiss LWR 
reactors. The principle is to study in greater details the deviations between calculations and 
measurements and to assess on that basis if distinct trends of the accuracy can be observed. The 
presence of such trends could then be a useful indicator of eventual limitations/weaknesses in the 
applied lattice/core analysis methodology and could thereby serve as guidance for method/model 
enhancements. Such a trend analysis is illustrated here for a Swiss PWR core model using as 
basis, the state-of-the-art industrial CASMO/SIMULATE codes. The accuracy of the core-follow 
models to reproduce the periodic in-core neutron flux measurements is studied for a total of 21 
operating cycles. The error is analyzed with respect to different physics parameters with a ranking 
of the individual assemblies/nodes contribution to the total RMS error and trends are analyzed by 
performing partial correlation analysis. The highest errors appear at the core axial peripheries 
(top/bottom nodes) where a mean C/E-1 error of 10% is observed for the top nodes and -5% for 
the bottom nodes and the maximum C/E-1 error reaches almost 20%. Partial correlation analysis 
shows significant correlation of error to distance from core mid-plane and only less significant 
correlations to other variables. Overall, it appears that the primary areas that could benefit from 
further method/modeling improvements are: axial reflectors, MOX treatment and control rod 
cusping. 
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1.  INTRODUCTION 
 
At PSI, the state-of-the-art industrial CASMO/SIMULATE codes [1], [2] are currently used as 
basis for 3-D LWR core steady-state analyses of the Swiss operating reactors. These analyses are 
performed within the CMSYS platform [3] that was established for the development and 
validation of reference lattice/core models for all Swiss cores and all completed cycles. In that 
framework, Root-Mean-Square (RMS) values of the differences between calculated vs. 
experimental reaction rates (obtained from periodic in-core flux measurements carried out 
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mainly at hot full-power normal operating conditions) are computed and used as principal 
“performance metrics” for the Verification and Validation (V&V) procedure. For the PWR 
model used as basis for this work, a high level of accuracy can be considered as having been 
achieved since the nodal RMS values are, on average, well below 4%. Nevertheless, these 
metrics do neither provide information regarding the presence of much larger errors at the local 
level (since such become “masked” by the RMS statistical-averaging procedure) nor reveal 
patterns in the local errors. Similarly, although RMS variations might be observed (e.g. small 
increase/decrease of the RMS as function of cycle exposure) the underlying causes for these 
variations can also not be easily assessed. Finally, introducing different/new models/methods 
might not necessarily result in distinct RMS changes making it thus difficult to quantify the true 
performance of a new approach and/or if it is benefiting from other types of compensating 
effects. That is, despite the high level of accuracy already achieved with current state-of-the-art 
LWR core analysis methodologies, the conventional V&V procedure applied for such 
methodologies might still not always take full benefit of potentially valuable information 
“hidden” in the core analysis results. Addressing these types of questions is the objective of the 
trend analysis methodology developed for the CMSYS core analyses of the Swiss reactors and 
presented in this paper. 
 

2.  METHODOLOGY 
 
The methodology established to address the limitations of the conventional V&V procedure 
mentioned in the previous section is outlined in Fig. 1 and is described in greater details in the 
next sections. 
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Figure 1. Components and Flow of CMSYS PWR Trend Analysis Methodology 
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This methodology will be applied in Sections 3 and 4 for the above mentioned PWR reactor on 
the basis the CMSYS core analysis results obtained from all available measurements for a total 
of 21 operating cycles. The CMSYS results used in that framework are based on the CASMO-4E 
2-D lattice transport code, using the 70-group ENDF-B/IV based library and the SIMULATE-3 
2-group nodal diffusion code with the Semi Analytical Nodal Method (SANM) and including the 
so-called MOX models ([4], [5]). Regarding the plant measurements, these are carried out by the 
insertion/withdrawal of instrumentation thimbles (IT) containing detectors with 235U fission 
chambers through the active core. For simplicity, these will in this paper be referred to as TIP 
measurements. Moreover, the detector 235U fission rates are measured only at the IT guide tube 
location within an assembly as a function of axial elevation. A comparison between calculations 
and measurements therefore truly reflects the agreement obtained at the pin-level within a given 
computational mesh (volume). Nevertheless, the differences at the pin-level will for simplicity be 
hereinafter referred to as the “nodal” errors. 

2.1.  CMSYS ‘c2m’ Model 

 
The starting point is the CMSYS ‘c2m’ cycle-specific model (where ‘c2m’ is an internal 
convention for ‘comparison to measurement’) which aims at calculating for one or several TIP 
measurements made during the given cycle, the local 3-D fission rates at the IT locations:  
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where the convention   is used for calculated quantities while  applies to 

extrapolated/interpolated values; i, j, and k corresponds to the row, column, and axial position of 
a 3-D computational node; h denotes the 2-group energy structure in the 3-D core simulator with 

h
ijkIT , being the intra-nodal flux at the IT location (from pin power reconstruction);

h

ijk
FR is a 

detector form factor and 
h

ijkDet ,
 , the microscopic fission cross section for the 235U fission 

detector, both extrapolated from energy-weighted values obtained from the 2-D lattice transport 
calculations as function of local nodal operating conditions ijkp


 (e.g. burnup, coolant 

temperature, boron); m,n corresponds to the “within-assembly” row/column locations of the pin-

cell (Cell) containing the micro-region for the detector material (Det) and  g mnCell , being the cell 

flux in the g-structure obtained in the 2-D lattice transport calculation. 
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2.2.  S3CORE Code and Modification 

 
Within the Studsvik CMS suite of codes, comparisons between 3-D calculations (e.g. Eq. 1) with 
measured data are performed with the S3CORE code for PWR reactors. This code is in its 
standard production version, tailor-sewed to produce the conventional RMS metrics. The basic 
concept is to normalize and interpolate the raw TIP-measured fission rates to produce a 
normalized reaction rate in each computational node for direct comparison with the normalized 
3-D calculation results. The normalization is performed in such a way that the average nodal 
measurement is 1: 
 

1
1
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 (2) 

 
where Nij and Nk are the number of assembly locations with measurements and axial nodes 
respectively (noting that Nij is not equal to the number of assemblies in the core but the number 
of assemblies with measurements) and RRijk indicates either a calculated reaction rate, Cijk, or a 
measured reaction rate, Eijk. With the standard S3CORE version, information on axial (planar-
averaged) and radial (assembly-averaged) reaction rates defined in Eq. 3 and 4 respectively as 
well as RMS of the errors as illustrated with the nodal RMS in Eq. 5 below: 
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To retrieve more detailed information than provided by Eq. 3-5, the S3CORE code used in 
CMSYS was modified such as to add the interpolated 3D TIP measurements Eijk. as well as the 
detailed full core 3-D calculation results Cijk as part of the standard output in order to allow 
retrieving the detailed spatial distribution of errors.  

2.3.  SIMER Module for Data Consolidation 

 
A data consolidation is next performed with the <SIMER> module developed for the specific 
purpose to combine the (new) S3CORE local 3D reaction rate maps, Cijk and Eijk, with the local 
node-averaged quantities from the ‘c2m’ model, noting that any quantity of interest and within 
the range of the SIMULATE-3 input/output capabilities can be used. The module produces for 
each cycle, a “megatable” which includes a column for each variable and a row for each 



International Conference on Mathematics and Computational Methods Applied to Nuclear Science and Engineering (M&C 2011) 
Rio de Janeiro, RJ, Brazil, May 8-12, 2011, on CD-ROM, Latin American Section (LAS) / American Nuclear Society (ANS) 
ISBN 978-85-63688-00-2 

computational node and each measurement, such format being considered as optimal for the 
types of statistical analyses described next. 

2.4.  CMSYSTIP Toolbox for Data Analysis  

 
Once the “megatable” files have been created, the data is loaded into MATLAB to perform data 
processing using the CMSYSTIP toolbox developed for this purpose. The toolbox has currently 
two main components described next. 
 
2.4.1. Trend analysis 
 
The first purpose of the toolbox is to allow, using the new local reaction rate maps produced with 
the SIMER module, to study the 3D nodal distribution of errors as functions of selected 
parameters and to identify on that basis eventual trends. To start, this includes complementing 
the conventional nodal accuracy metrics (defined previously in Eq. 5) with the maximum 
absolute and relative errors given below by Eq. 6 and 7 respectively. 
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Also, the analysis aims at addressing what fraction of the RMS (a global measure of error) is due 
to each assembly/node by calculating the so-called “Mean-Square” error fraction: 
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To study all error metrics (Eq. 3 to 8) as function of location (axial/radial), cycle exposure, 
operating conditions or any other given 3-D parameter, special functions were added to the 
CMSYSTIP toolbox to e.g. generate indices, filter data, generate colorized scatter plots and 
calculate statistics.  
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2.4.2. Correlation Analysis  
 
As second and complementary component of the toolbox, “Correlation Analysis” functions are 
integrated in order to allow assessing eventual causes/reasons for errors if significant differences 
and trends between calculations and measurements are identified.  
 
Partial Correlation, Explanation and Suppression  
 
In uncertainty analysis methods based on statistically sampling uncertain inputs (e.g. [6], [7], 
[8]), a rank correlation of various outputs to various inputs is usually provided. Here, correlation 
may also be used to investigate the relation between high error (C/E-1) and some particular local 
condition in the core (e.g. fuel temperature, moderator density). However, the primary difficulty 
with such correlation analysis is the possibility for so-called “spurious correlation”. For example, 
a strong correlation of y(x) could be due to a third “hidden” variable z, where x=x(z).  This type 
of spurious correlation is mitigated by using the partial correlation coefficient: 
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  (9) 

 
where X,Y is the set of values of x,y and Z is some set of variables to hold constant (control) to 
eliminate the effect of potential hidden variables z.  
 
In the CMSYSTIP toolbox, the Spearman’s rank correlation coefficient ρ is used for Eq. 9 since 
it is a non-parametric correlation coefficient i.e. it does not require an assumption about the 
distribution (e.g. normal) in order to be valid. It is customary to call simple correlation ‘0th order 
correlation’ and the partial correlation which holds n variables constant, ‘nth order correlation’. 
For the three variables in Eq. 9, comparing the ρ0 and ρ1 correlations could yield valuable 
information about the relationships. 

 If ρ1(X,Y,Z) is closer to 0 than ρ0(X,Y), then Z partially explains the correlation of X and Y. 
If holding Z constant reduces ρ1 to 0, then Z fully explains the correlation. 

 If ρ1(X,Y,Z) is further from 0 than ρ0(X,Y), then Z suppresses the correlation of X and Y. 

 If ρ1(X,Y,Z) and ρ0(X,Y) are nearly identical, then Z has no effect on the correlation of X 
and Y.  

In the studies presented next, only the 0th and 1st order correlations (holding 0 and 1 variable z 
constant in the set of variables Z) will be considered. 
 
Indices of Control Variables  
 
For Eq. 9, a control variable Z which has discrete values, such as the axial node index k (which 
ranges from 1 to 20 for the model studied here), is easy to hold constant as it can only take on 
e.g. 20 different values. However, for continuum variables, like fuel temperatures, a given 
temperature may only exist for a single node and using this variable directly as a control is thus 
not possible. To control for continuum variables, an “indexing scheme” is therefore introduced to 
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map real numbers in [-∞,∞] to integers in [1,N], where N is some maximum index. Two schemes 
to construct such indices are used: 1) dividing data into N bins and 2) classifying data by fixed-
width intervals. For the studies presented here, the first option with N=20 bins will be used for 
most variables.   
 
Confidence in Correlations with P-Values 
 
An additional important aspect to mention relates to the confidence of the particular correlation 
coefficients.  For this, a “p-value” that ranges from 0 to 1 is used and represents the “probability 
that the correlation observed is due purely to inadequacy of the random sampling”. Because of 
the largeness of the data sets considered in this work, the p-value for 0th order correlations was 
found to always be less than 0.001 (and usually 0 to machine double precision for a single cycle 
of data). For 1st order correlations, it was verified that the p-values are of the same order as for 
the 0th order correlations as long as the indexing scheme does not produce too sparsely-populated 
bins. In practice, this corresponds to a number of bins varying between N=20 to N=100 i.e. 
within this range, the 1st order correlations were indeed found to change little and the associated 
p-values were not above 0.01. It should also be noted that as the true correlation ρ approaches 0, 
the p-value will increase but will nevertheless (in most cases) remain smaller than 0.01. 
 
Data Filtering 
 
For correlation analyses, measurements corresponding to off-nominal conditions are filtered out, 
such that the data considered corresponds to full-power, nominal conditions. Specifically, BOC 
cases with reactor power less than 90% and cycle burnup less than 1 GWD/MTU are not taken 
into account due to eventual non-stationary conditions during the measurements (e.g. from 
Xenon build-up).  
 
Remarks on Validity 
 
Note that in the uncertainty analysis presented in e.g. ([7], [8]), the partial rank correlation 
coefficient was used to analyze samples of outputs for correlation to samples of inputs. As 
opposed to these previous studies, the data set investigated here does not consist of completely 
independent observations. For example, in a single measurement, the observed error at axial 
node k is not independent from the error at nodes k-1 and k+1. However, it is assumed that when 
considering all measurements over all cycles, enough independence is introduced into the data 
such as to allow using correlation analysis. 
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3. TREND ANALYSIS 

3.1.  Global Error Analysis 

 
To start, a global error analysis is made by comparing the maximum errors (Eq. 6-7) versus the 
RMS values (Eq. 5). The results are illustrated in Fig. 2 for three recent cycles, all including 
UO2/MOX and Enriched Reprocessed Uranium (ERU) fuel designs and noting that the x-axis is 
simply an indexing scheme for the different measurements.  
 
 

21 3  

Figure 2. Global Error Measures for 3 PWR Cycles 

 
As can be seen in Fig. 2, the previously available nodal RMS error (Eq. 5) is on average around 
3% for all three cycles. How uniform this error is distributed throughout the core is partially 
shown by the maximum absolute MAX|C-E|1.and relative MAX |C/E-1| errors. These are here 
found to be about 11% and 17% respectively, indicating thus a rather large non-uniformity of the 
code spatial accuracy. For the first cycle in Fig. 2, it is also observed that despite a decreasing 
RMS trend between BOC and MOC measurements, the maximum errors increase, reflecting 
thereby the introduction of compensating effects in the global measure of accuracy. 

3.2.  Trends upon Local Conditions and Contributions to Global Errors 

 
To understand the occurrence of large maximum errors, trend analysis is performed by studying 
the dependencies between error and local nodal conditions in the assemblies where 
measurements are made. The results for all investigated cycles and measurements are illustrated 

                                                 
1 Note that because of the normalization in Eq. (4), the absolute error MAX |C-E| can also be interpreted as relative.   
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in Fig. 3 with regards to e.g. local burnup (left) and axial node (right). For the former, the results 
are clustered along the axial nodes and in both cases, the CMSYSTIP derived statistics (mean 
plus/minus 1-sigma standard deviation) are shown. 
 

 

Figure 3. Local Error Analysis as function of Node Exposure (Left) and Axial Node (Right) 
for all Cycles and Measurements 

 
From the left-hand side of Fig. 3, one can see that there is no evident trend between error and 
local (nodal) burnup. Although there are fewer data points at high burnups, mainly because of 
the relatively fewer measured highly burned assemblies in modern low-leakage in-core 
management schemes, the mean plus/minus 1-sigma standard deviation (labeled “statistics”) 
remains in the entire range within  5%. For all burnups, it is on the other hand seen that the 
higher up in the core, the larger and more positive the error becomes. This is confirmed when the 
dependency upon axial location is considered (see right hand side of Fig. 3). Indeed, in that 
figure, a clear trend of the error versus axial elevation can be distinguished. More precisely, 
although the error remains typically within  3% in most of the active zone, increasingly positive 
errors are seen towards the top axial core zone. For the last node, the error is strictly positive 
even when considering 1-sigma uncertainty, suggesting thus a clear over-prediction bias. 
Conversely, negative errors are obtained at the lower axial periphery where instead, a tendency 
for negative bias is observed. Now it must be here mentioned that in fact, this axial dependency 
was the most distinct trend seen from all considered parameters. And in that context, the radial 
assembly location was for instance not found to give any particular trend i.e. similar types of 
errors would be obtained for peripheral and for more centrally located assemblies.  
 
Now in addition, the MS error fraction (Eq. 9) was introduced to also assess what fraction of the 
RMS is due to each assembly and/or node. As illustration for a given cycle, the relative errors for 
the assembly identified through the MS fraction ranking as contributing most to the “cycle-
average” nodal RMS error, are shown as function of measurements on the top part of Fig. 4. One 
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can clearly see that the opposite errors at the top vs. bottom regions in this assembly will lead to 
compensating effects in the global RMS values.  
 
 

 

Figure 4. MS Fraction of Selected Assembly to Nodal RMS (Top) and MS Ratio for all 
Assemblies (Bottom) – Results for a Selected Cycle  

 
To further illustrate the magnitude of the axial periphery effect on the RMS, a so-called “MS 
ratio” is calculated by radially collapsing the MS fractions of Eq. 9 (i.e. summed over all (i,j) to 
yield a purely axial distribution) and then by normalizing to the average MS fraction. An MS 
ratio of 1 correspond hence to axial nodes that have exactly the “average contribution” to the 
RMS error while less (greater) than 1 reflects nodes which contribute less (more).The MS ratios 
obtained such manner are shown as function of measurement cases (for the selected cycle) on the 
bottom part of Fig. 4 for the top and bottom nodes. It is thus interesting to note that the bottom 
axial nodes k=1,2 have 4 times the average contribution to the RMS at BOC and decrease slowly 
to below 1, while the top nodes k=19-20 initially have the average contribution of 1 and then 
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increase with burnup to a ratio of approximately 4. That is, the core modeling error is initially at 
BOC more significant in the lower core zone while as cycle depletion occurs the error gradually 
becomes larger in the top of the core. 
 

3.3.  Additional Trend Analyses 

 
For the considered PWR and most of the cycles, UO2 as well as MOX fuel designs are for 
employed. It is well known that nodal methods might have difficulties to treat the steep flux 
gradients and anisotropy effects at UO2/MOX interfaces. Also, spectral mismatches not 
considered in the 2-D lattice transport calculations might induce biases in the few-group 
homogenized nodal (neutronic) data. Although SIMULATE -3 employs the SANM model with 
hyperbolic thermal flux expansions [4] and despite that in addition, “MOX models” (e.g. [5]) 
were introduced to improve the mixed UO2/MOX core analysis accuracy, it was considered 
appropriative to study these aspects here. So in order to investigate the relationship between error 
and spectral environment around the measured assemblies, i.e. the impact of strongly unlike 
neighbors, the concept of a “supercell” is first introduced here and defined as a node plus its 8 
radial surrounding neighbor nodes. The “supercell ratio” is defined as the ratio of a cell (node) 
quantity to a supercell quantity. A deviation from 1 indicates thus that in terms of a given 
quantity, the node is different from its neighbors. The results are shown for one of the 
investigated cycles in Fig. 5 with regards to the environment burnup and spectral hardness 
(spectral ratio i.e. fast-to-thermal flux). 
 
 

Node Burnup >
Environment Burnup

Node Burnup < 
Environment Burnup

Assembly Spectrum “harder”
than Environment Spectrum

Assembly Spectrum “softer”
than Environment Spectrum

 

Figure 5. Scatter Plot of Relative Errors versus Supercell Ratios for a Selected Cycle  
Burnup (Left) and Spectrum Hardness (right) 
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From the right-hand side of Fig. 5, no major trend upon spectral hardness can be seen noting 
however that this parameter exhibits 4 “clusters” of different supercell ratios at about 0.6, 0.7, 
1.0, and 1.6. The exposure supercell ratio (left-hand side of Fig. 5) takes on a more uniform 
range of values and here, a minor trend can be observed, namely that the error tends to be smaller 
(higher) for node burnups significantly smaller (larger) than the neighboring nodes exposure. 
This minor trend is however here also dominated by the axial effect i.e. an underprediction is 
seen for bottom nodes and overprediction for top nodes. Thus, no distinct trend upon assembly 
environment and burnup/spectral heterogeneities can be observed. Nevertheless, when 
considering the assembly (fuel) types with data points outside of the 1-sigma error band (derived 
as about -4% to + 2% from all measurement points, see Fig. 3),  a certain trend can be observed 
as illustrated in Fig. 6. There, for a given cycle and for each fuel type, the fractions of assemblies 
(relative to the total number of measured assemblies of that type) yielding under- vs. 
overprediction of the assembly-averaged reaction rates are shown. Basically, an overprediction 
of the reaction rates is predominantly obtained for UO2 fuel while MOX assemblies will tend to 
be underpredicted. 
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Figure 6. Underpredition vs. Overprediction (Results for one Cycle) 

 
Finally, as the axial elevation remains after all additional investigations, the only parameter for 
which a major distinct trend is observed, another important modeling aspect to consider relates to 
the control rods (CR). For the given plant and for all measurements, the last upper node of a Rod 
Cluster Control Rod Assembly (RCCA) is either fully or partially controlled (CR tip section). 
The node just below is consequently either partially controlled or completely uncontrolled. Now 
the difficulty is that for the considered plant, only one RCCA is included in the set of assemblies 
where neutron flux measurements are conducted. This does hence not allow obtaining a large set 
of data points to investigate the CR influence. Nevertheless, the results for this RCCA and for 
one given cycle are shown in Fig. 7. 
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Figure 7: Scatter Plot of Relative Error for RCCA (Results for one Cycle) 

 
As can be seen, the peak error is found in node k=19 and this might reflect a certain effect from 
the Control Rod Cusping (CSP) model. In that context, it must however be noted that most of the 
time, this node is fully uncontrolled so it is probably not so much the CSP model performance 
for partially controlled nodes that is reflected here but rather the CSP model and treatment of the 
CR influence at interfaces between fully controlled/uncontrolled axial meshes. But it is also 
observed that this assembly does in fact not indicate any particularly higher errors compared to 
the other assemblies (compare with right hand side of Fig. 3). On the opposite, the maximum 
error at the top axial nodes of this RCCA assembly is ~5% which is much lower than the average 
error. Hence, the presence of CRs might in fact have a compensating effect i.e. counteract the 
loss of accuracy usually obtained in the top axial nodes. 

4. CORRELATION ANALYSIS 

  
As mentioned in Section 2.4.2, the objective of correlation analysis is to attempt to answer the 
question to what may the observed errors be attributed if significant differences between 
calculations and measurements are identified. Such correlation analysis is presented here, based 
on all available data and applying the filtering rules discussed in Sec. 2.4.2. 

4.1.  Zero Order Correlations 

 
To start, Fig. 8 shows the 0th order Spearman rank coefficient of the absolute relative error 
correlation to various selected parameters, all defined and described in the same figure. Note that 
the “dcos” label is assigned to the two parameters aimed at describing “unlike neighbors”, 
namely spectrum hardness hardness and burnup. The “dcos” label stands for “deviation from 
unity for the cell over supercell ratio”. By simple averaging, a quantity for a supercell is obtained 
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from 9 cell quantities and the ratio of cell to supercell becomes then an indicator of the 
difference between a cell and its neighbors. Here thus, a cos=1 means the node and its neighbors 
are identical, in the simple average sense.  So in order to have a parameter which increases 
uniformly with increasing “unlikeness” of neighbors, the variable dcos=|1-cos| is applied. 
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Figure 8: Zero Order Spearman Rank Coefficients for Selected Parameters (All Cycles) 

 
The strongest 0th order correlations are obtained for the distances from core centre (rzdist) and 
core mid-plane (zdist), both yielding a coefficient of ρ0=0.4, which for zdist confirms the main 
trend analysis observation of highest errors at the axial periphery. Moderate anti-correlation to 
error of about ρ0=-0.3 is shown for reaction rate measurements (tip_mrr3) and calculations 
(tip_srr3). Possible explanations are: 1) the relative error is by definition larger for numbers of 
small magnitude 2) the underlying error has a component which is related to the magnitude---e.g. 
absolute precision, or 3) low reaction rate measurements are highly correlated to a third “hidden” 
variable which better explains the high error (e.g. axial periphery). The exposure (exp3) shows a 
similar anti-correlation of ρ0=-0.3 which could indicate that fuel with higher burnup has lower 
error, but the spectrum hardness (fot3) shows on the other hand, a minor correlation of ρ0=0.2, 
which could be an indicator of higher error in highly-burnt or for MOX fuel. Surprisingly, nodal 
power fraction (rpf3) and fuel temperature (tfu3) show no strong correlation and the same 
applies to the supercell measures of unlike neighbors (dcos_fot3 and dcos_exp3). Finally, a 
certain anti-correlation of error to nodal moderator density (den3) is observed. 

4.2.  First Order Correlations 

 
A partial correlation analysis holding one variable constant is now pursued in order to investigate 
better the underlying relationships of parameters to relative error, |C/E-1|. Fig. 9 presents the 1st 
order (partial) Spearman rank correlation coefficients holding the most important variable 
according to the 0th order correlation analysis constant, namely the distance from core mid-plane 
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zdist2,3. (zdist). On the plot, the 0th order correlation coefficients are shown for comparison 
purposes. 
 
 

 

Figure 9. Zero and First Order Correlation Coefficients holding zdist Constant  
(All Cycles) 

 
Bearing in mind the concepts of partial explanation and suppression from Section 2.4.2, the 
following observations are made from Fig. 10. 
1. Because the correlation of error to tip_mrr3, tip_srr3, exp3, and distance from the core 

center (rzdist) gets closer to zero when zdist is held constant, the correlations of error to 
those parameters is partially explained by the zdist parameter.   
o For rzdist, this is no surprise, as zdist is one of its components.   
o For tip_mrr3, tip_srr3, and exp3, a fairly large fraction of the original anti-

correlation still exists. In fact, in studies not shown here, holding every other variable 
constant does not lead to a considerable change in tip_mrr3 or tip_srr3.   

o With exp3, the 1st order anti-correlation of ρ1=-0.25 indicates still that as the exposure 
increases, the error decreases. 

2. The nodal power fraction (rpf3) and fuel temperature (tfu3) correlations experience a sign 
change when holding zdist constant. Thus the large effect of zdist is suppressing the much 
smaller effect of power and temperature. By considering groups of nodes with the same 
distance from the core mid-plane (i.e. holding zdist constant), the higher-powered and 
higher-temperature assemblies are shown to correlate slightly with error.  When 

                                                 
2 More precisely, holding an index based on the zdist constant, as discussed in Sec. 2.4.2.2 with N=20 bins.   
3 Numerous representations of axial location can be chosen to investigate the correlation, the two most reasonable 

being the axial node index, k, and the distance from core mid-plane zdist. The latter is here selected because 

relatively high errors are observed at both the top and bottom of the core, prompting the need to assess if some other 

centrally-peaked or peripherally-peaked parameter could partially explains this error (e.g. low fuel burnup, power). 
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considering all nodes together (0th order correlation), the axial periphery effect dominates 
and one cannot detect this smaller effect. 

 
Lastly, the effect of holding the axial node (k) constant is instead investigated and the results are, 
shown in Fig. 11. In this case, the difference between 0th and 1st order correlations is not strong 
except in the case of moderator density (den3), which has an obvious anti-correlation to axial 
node due to the physics of the reactor. When the axial node is held constant, it is thus apparent 
that the axial node error is suppressing the density-related error, noting that this is not due to a 
radial periphery effect as the correlation of error to the radial distance (rdist) is always small.   
 
 

 
Figure 10: Correlation Coefficients holding k Constant 

 

4.3.  Discussion on Reflector Methodology 

 
Given the large errors observed at the axial periphery, a brief discussion of the reflector 
methodology is warranted. As described in Section 2, the CMSYS results analyzed here come 
from the 2-group nodal 3-D diffusion code SIMULATE-3, which utilizes the 2-D lattice 
transport code CASMO-4E for preparing the homogenized 2-group nodal data, including cross-
sections and assembly discontinuity factors (ADFs). For the 3-D core analyses, explicit radial 
and axial reflectors are assigned at the core periphery and below/above the active core 
respectively. For these, the homogenized 2-group nodal data are also prepared through 2-D 
lattice transport calculations including branch calculations for a limited set of conditions (e.g. 
boron and coolant temperatures). The modeling principle is similar for all types of reflectors and 
consists in a 2-D representation that includes a neutron source (i.e. a nuclear fuel segment) 
adjacent to a reflector region which comprises one or severable slices of various thicknesses and 
with homogenized smeared structural materials. The total thickness of a reflector region is 
recommended to be at minimum 25 cm, noting that a non-reentrant (or black) boundary 
condition is applied at the outer reflector boundary. However, for the 3-D core analysis, the 
length of axial reflector nodes is independent of the 2-D lattice reflector thickness i.e. it is 
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usually assumed to be identical to the node height in the active core zone. Also, the width of 
radial reflector nodes is assumed to be the same as the assembly mesh size. To ensure flux 
continuity between the axial/radial reflector nodes and the active core, SIMULATE-3 uses the 
ADFs obtained from the 2-D axial/radial reflector calculations.  
 
Now a question that arises from the results obtained here is if this modeling approach is 
sufficiently adequate to ensure validity of a diffusion-based solution at the core outer boundaries. 
It is indeed well-known that diffusion is not valid at strong material interfaces or at boundaries of 
the problem domain and therefore, to partially limit these theoretical shortcomings, diffusion 
codes such as SIMULATE-3 are usually complemented by additional models e.g. re-
homogenized cross-sections, transport corrections, ADFs and/or special continuity conditions 
(corner point fluxes for pin power reconstruction). However, these might not resolve all 
shortcomings as indicated here by the rather large errors observed at the axial core periphery. 
The magnitude, as well as the systematic pattern, of the errors suggests indeed that for diffusion 
codes, the methodology for axial reflector modeling as employed here might require further 
enhancements. On the other hand, relatively lower errors are observed at the radial periphery 
reflecting thereby a weaker sensitivity of the diffusion-based 3-D accuracy upon the 
methodology for radial reflector modeling. This could be due to several reasons including: 1) the 
comparison is made at the center of the assembly and thus in this case, the radial periphery is 
farther from the core boundary (insulated by half an assembly) compared to the axial periphery, 
2) the low-leakage core loading pattern used in most cycles has highly-burned (less reactive) fuel 
on radial periphery, and 3) the reflector methods were primarily validated for the radial reflector 
 

5. CONCLUSIONS 

 
A study has been conducted to investigate the capability of the CMSYS core models to 
reproduce in-core neutron flux measurements of a Swiss mixed UO2/MOX PWR core for a total 
of 21 cycles. This study was made possible, first by the modification of the S3CORE code to 
output detailed local 3D measured fission rates interpolated to the nodal mesh of the 3-D core 
simulator core and second, by the development of the CMSYSTIP toolbox a) to allow for 
investigations of trends with respect to different variables (e.g. fuel temperature), b) to determine 
the assemblies/nodes with highest contribution to the total RMS error, and c) to calculate 
correlation between errors and local/core parameters.  
 
Using this methodology, it has been found that the highest errors appear at the axial peripheries 
of the core where a mean C/E-1 error of 10% is observed for the top nodes and -5% for the 
bottom nodes, noting moreover that the maximum C/E-1 error reaches almost 20%. Compared to 
the conventional RMS of |C-E| of about 2-4% typically reported for V&V purposes, the 
maximum error is thus found to be 2 to 6 times greater than the RMS values. Taking into account 
the experimental uncertainty of about 0.5%, which although not shown here was estimated based 
on available data, these local errors can be considered as being quite significant.  
Finally, Spearman partial rank correlations of |C/E-1| confirm that the large relative errors at the 
axial periphery cannot be explained by other variables (e.g. low moderator density). 
Additionally, weak correlations of the error to nodal exposure or to nodal spectrum hardness are 
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observed although for these parameters, no strong correlation to supercell measures for “unlike 
neighbors” is seen.  
 
On the basis of these trend and associated correlation analyses, the main areas suggested for 
enhancements of the CMSYS modeling capability for the given PWR reactor are: top and bottom 
axial reflectors, MOX assemblies and control rods.  
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