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ABSTRACT 
 
Nowadays the demand from nuclear research centers for safety, regulation and better-estimated 

predictions provided with confidence bounds has been increasing. On that way, studies have pointed out 

that present uncertainties in the nuclear data should be significantly reduced, to get the full benefit from 

the advanced modeling and simulation initiatives. The major outcome of NEA/OECD (UAM) workshop 

took place Italy on 2006, was the preparation of a benchmark work program with steps (exercises) that 

would be needed to define the uncertainty and modeling tasks. On that direction, this work was performed 

within the framework of UAM Exercise 1 (I-1) “Cell Physics” to validate the study, and to be able 

estimated the accuracies of the model. The objectives of this study were to make a preliminary analysis of 

criticality values of TMI-1 PWR and the biases of the results from two different nuclear codes 

multiplication factor. The range of the bias was obtained using the deterministic codes: NEWT (New 

ESC-based Weighting Transport code), the two-dimensional transport module that uses AMPX-formatted 

cross-sections processed by other SCALE; and WIMSD5 (Winfrith Improved Multi-Group Scheme) 

code. The WIMSD5 system  consists of  a simplified geometric representation of heterogeneous space 

zones that are coupled with each other and with the boundaries, while the properties of each spacing 

element are obtained from Carlson DSN method or Collision Probability method . 

 

 

 

1. INTRODUCTION 

The goal was to study the effect of the numerical discretization error and the 

manufacturing tolerances on fuel pin of Phase I (Neutronics Phase) Exercise 1 (I-1) 

“Cell Physics” from a typical fuel rod from TMI-1 PWR, 15x15 assembly. The study 

will be checked and validated with available benchmark and experimental data of the 

Exercise 1 (I-1), using NEWT and WIMSD5 codes. The idea was to obtain preliminary 

values of effective neutron multiplication factor (keff), and the uncertainty presented in 

terms of Δk/k. It will allow guiding future works to obtain nuclear data as neutron flux, 

depleted fuel isotopic composition and to generate homogenized and collapsed cross-

sections libraries by a few neutron energy groups to be satisfactorily used by neutronic 

codes. The advantages using a deterministic neutronic code are clear: simple geometry, 

accuracy, faster calculations, and the possibility of coupling with other nuclear codes. 

In this direction, we have used two deterministic lattice codes to perform the analysis of 

the exercise I-1. The first one, SCALE6 [1] running the NEWT module [2] is based on 

the Extended Step Characteristic approach for spatial discretization in an arbitrary mesh 

structure. The second code is a Deterministic Multigroup Reactor Lattice Calculations 

WIMSD5 code [3]. 

The OECD/NEA has initiated an international Uncertainty Analysis in Modeling 

(UAM) benchmark focused on uncertainties in modeling of Light Water Reactor 

http://scholar.google.com.br/scholar_url?url=http://www.sciencedirect.com/science/article/pii/0273122396001916&hl=pt-BR&sa=X&scisig=AAGBfm0hTtG69OiffT9l22QT0S9VBRrpYw&nossl=1&oi=scholarr&ved=0CCMQgAMoADAAahUKEwinseWxheDGAhXBjJAKHazsAug
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(LWR). The general frame of the UAM benchmark consists of three phases with 

different exercises for each phase, as below [4]. 

 

Phase I (Neutronics Phase) 

Exercise 1 (I-1): “Cell Physics” (used in this study) 

Exercise 2 (I-2): “Lattice Physics”  

Exercise 3 (I-3): “Core Physics”  

Phase II (Core Phase) 

Exercise II-1: Fuel thermal properties relevant for transient performance 

Exercise II-2: Neutron kinetics stand-alone performance  

Exercise II-3: Thermal-hydraulic fuel bundle performance 

 

Phase III (System Phase) 

Exercise III-1: Coupled neutronics/thermal-hydraulics core performance  

Exercise III-2: Thermal-hydraulics system performance 

Exercise III-3: Coupled neutronics kinetics thermal-hydraulic core/thermal-hydraulic  

 

The proposed “OECD UAM LWR Benchmark” sequence will address the need of 

expertise in reactor physics, thermal-hydraulics and reactor system modeling as well as 

uncertainty and sensitivity analysis, and will contribute to the development and 

assessment of advanced/optimized uncertainty methods for use in best-estimate reactor 

simulations. The SCALE-6.0 library is the recommended source of the cross-section to 

propagate in the benchmark study. However, covariance data becoming from other 

source, together with evaluated nuclear data files, can be used without any 

inconvenience.  

The ENDF7 library [5] was used to obtain criticality values, on the SCALE 6.0 and 

WIMSD5 code. The uncertainty value of the effective neutron multiplication factor 

(keff), will be obtained using the NEWT module of TSUNAMI sequence from SCALE 

6.0 package. 

The “Tools for Sensitivity and Uncertainty Analysis Methodology Implementation” 

(TSUNAMI) uses first order perturbation theory to calculate explicit or complete 

sensitivity coefficients [6]. The sequence of TSUNAMI validation techniques is based 

on the fact that computational biases are primarily caused by errors in the cross-section 

data, which are quantified and bounded by the cross section covariance data. This 

validation is accomplished by making use of eigenvalue sensitivity coefficients for an 

extensive number of criticality safety applications, such as quantifying data-induced 

uncertainty in the eigenvalue of critical systems, assessing the neutronic similarity 

between different critical systems, and guiding nuclear data adjustment studies. The 

SCALE 6 has three different TSUNAMI sequence: The TSUNAMI-3D that uses Monte 

Carlo code KENO module; TSUNAMI-2D that uses NEWT two-dimensional transport 

module and TSUNAMI-1D, which uses XSDRNPM one-dimensional discrete ordinates 

module [7]. 

 

2. METHODOLOGY 

The information for TMI-1 PWR single assembly geometry and material specifications 

are shown in Figure 1 and the PWR unit cell (fuel pin) data used for Exercise 1 (I-1) is 

given in Figure 2. In the real reactor assembly, there are four gadolinia pins containing 

integral Gd burnable poisons. The actual mixture of gadolinia pin is Gd2O3+UO2 with 

fuel density of 10.144 g/cm3. Fuel enrichment is 4.12 w/o, and Gd2O3 concentration is 

2 wt.%, that will be used for benchmark simulation. 
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Figure 1: TMI-1 assembly design and data Source: K. Ivanov et al., 2013 

 

 

Figure 2: Exercise I-1 unit cell configuration Source: K. Ivanov et al., 2013 

 

For this work, keff was requested for each test problem, as well as its associated 

uncertainties based on the multi-group covariance matrices available. The uncertainty in 

keff will be presented in terms of %Δk/k. Also, the top contributors to the uncertainty in 

keff are also presented in order to identify neutron-nuclide reactions that contribute to the 

most of uncertainties. The analysis for PWR pin-cell model should be done at Hot Full 

Power conditions (HFP) as well as Hot Zero Power (HZP) conditions, as shown in 

Table 1. 

 

Table 1: Exercise I-1 PWR, full and zero power operating conditions [8] 

Reactor parameter HZP HFP 

Fuel temperature, (K) 551.0 900.0 

Cladding temperature, (K) 551.0 600.0 

Moderator (coolant) temperature, (K) 551.0 562.0 

Moderator (coolant) density, (kg/m3) 766.0 748.0 

Power (MWt) 2,772.0 2,772.0 
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The description of validation methodology of criticality calculations is very subjective, 

and all “reference” sources are, in principle, acceptable. However, it is necessary to 

know that those sources include error, accuracy and precision over. Those sources error 

lead to biases and uncertainties that need to be estimated. A bias is a measure of 

accuracy while an uncertainty is a measure of precision. Validation methodology may 

be based on the evaluation of a single benchmark and agreement between expected 

results, sometimes referred as “true value”. So, obtained results during the use of the 

computational code are used as a verification process that supports the validation. 

Benchmarks are weighted according to uncertainty (quality), the similarity of 

calculation-to-experiment comparison and correlations between benchmarks.  

Correlations between benchmarks have always been considered in the evaluation of the 

overall uncertainty. Sensitivities to significant parameters have also been estimated and 

have influenced the results. Acceptable uncertainties can be as large as one percent in 

keff. OECD attempts were made to obtain values as accurate and precise as possible but 

showed that the specified uncertainties in benchmarks often appear not to be very 

reliable. However, using tools like TSUNAMI from SCALE-6 library, the reliability of 

validation procedures will increase. It should present more accurate bias corrections and 

smaller margins of uncertainties (OECD, 2013). It give high fidelity covariance data (hi-

fi uncertainty <10% SD) of each isotope or showing low-fidelity (lo-fi uncertainty 

>10% SD) covariance for several nuclides. TSUNAMI is the only (sensitivity/ 

uncertainty) code system that provides complete sensitivities rather than just the explicit 

component [9]. 

 

3. RESULTS 

The study was made in three phases, all of them considering fuel enrichment of 4.85 

wt% (U235) and the Exercise I-1 unit cell parameter that is shown in Table-1.  

Phase I made use of the SAMS module of SCALE running ENDF7-238g to obtain keff 

of the model to compare to the reference value. The inaccuracy was only of 0.909% 

over the reference value, pointing to next step.  

The goal of phase II is to evaluate the neutronic behavior of keff, obtained with two 

determinist codes: NEWT module of SCALE6 (ENDF7-238g) and with PERSEUS 

transport routine of WIMSD5 (ENDF7-69g). The reference value of multiplication 

factor keff for the benchmark [10], and the results of phases I and II are presented in 

Table 2 for HFP conditions and also on Table-3 for HZP parameter. 

 

Table 2: Results for multiplication factor ( keff ) on HFP conditions 

 

HFP, PWR Exercise I-1 

 k eff  k/k(a) inaccuracy 

(under Reference*) 

Scale (SAMS), reference value * 1.40424   0.489 0 % 

Scale (SAMS) 1.41700  0.448 0.909 % 

Scale (NEWT) 1.41525  0.784 % 

WIMSD5 1.39056  0.974 % 

* Mercatali, et al.  

(a) Associated uncertainties related to S/U codes. 
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Table 3: Results for multiplication factor ( keff ) on HZP conditions 

HZP, PWR Exercise I-1 

 k eff  k/k(a) inaccuracy 

(under Reference*) 

Scale (SAMS), reference value * 1.42290  0.482 0 % 

Scale (SAMS) 1.43171  0.446 0.619 % 

Scale (NEWT) 1.43248  0.673 % 

WIMSD5 1.40587  1.196 % 

* Mercatali, et al. 

(a) Associated uncertainties related, to S/U codes. 

 

Bias and inaccuracy are often used synonymously. However, making a distinction 

between these terms is necessary. Inaccuracy relates how closely a single measurement 

agrees with the true value, whereas bias is related to how an average of a series of 

measurements agrees with the true value [11]. Since simulations did not use a stochastic 

method but a deterministic method to obtain the keff, we have an inaccuracy value of 

how far the two simulated values are, instead of a bias value [12]. 

In phase III, we did a study of sensitivity and uncertainty analysis of the used model, 

using TSUNAMI sequence of SCALE 6 code. TSUNAMI sequences calculate the 

sensitivity of keff value of a system to vary the nuclear data used in the keff calculation 

[13]. Sensitivities are calculated as a function of nuclide, nuclear reaction, and neutron 

energy group using first-order linear perturbation. This theory utilizes the angular and 

energy dependent neutron flux solutions from forward and adjoint transport calculations 

[14]. To Criticality Uncertainty Safety Analysis, TSUNAMI makes use of the term 

“explicitly” to predicted the sensitivity coefficients in the fractional change in keff due to 

dependent on nuclear data value (e.g. cross-sections, nu-bar, …) and the “implicity” 

term dependent on the number densities characteristic of the system to calculate 

sensitivity coefficients for isotopes, making use of the predicted uncertainties in the step 

before [15]. The mathematical representation of the uncertainties (k/k) based on 

sensitivity coefficients (k/k / N/N) are shown in Equation 1. 

 

(1) 

 

Table 4 presents the value of keff sensitivity due to the total reactions for each nuclide on 

the fuel at HFP and, the simulation at HZP is presented in Table 6. Figures 3 and 4 

illustrate three different sensitivity integral values for 
235

U nuclide at HFP and HZP 

parameter respectively. 

 

Table 4: Sensitivity coefficients for keff due the total reactions for each nuclide 

of fuel at HFP. 

Nuclide Sensitivity Total Reactions, HFP 
234

U 0.0018 
235

U 0.1938 
238

U 0.1121 
16

O 0.0251 
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Figure 3: Sensitivity coefficients for total, fission and capture reactions 

for 
235

U at HFP parameters. 

 

Table 5: Top nuclide-reaction contributions to uncertainty in keff 

(Total 0.4485% k/k, explicitly) of the fuel at HFP. 

 
235

U nuclide - HFP keff (% k/k) 
235

U n.gamma 
235

U n.gamma 0.1814 
235

U fission 
235

U fission 0.1099 
235

U fission 
235

U n.gamma 0.1267 
235

U nubar 
235

U nubar 0.2968 

 

 

The SCALE multi-group covariance data file is composed of a combination of high and 

low fidelity nuclear data uncertainties. This data is in the form of variance and 

covariance information, where covariance is the degree to which different data and their 

uncertainties are related to each other. Sensitivity data are in units of S ≡ 

[(Δk/k)/(Δσ/σ)], and can be used to translate nuclear data in the model of keff value 

uncertainties, which is in units of Δk/k or Δσ/σ.  

When bias and bias uncertainty is calculated for a particular model, there is a significant 

source of common or systematic error because each applicable critical experiment uses 

the same nuclear data set. The impact of systematic errors on the experiment is best 

quantified using the average or trended bias. The variability around average bias reflects 

the variability in the simulated critical systems and does not reflect the ability of the 

computational method to calculate accurately keff for an analysis model [14]. 

The SCALE TSUNAMI-ID module was used to combine keff sensitivity data with the 

nuclear data uncertainty information in the SCALE cross-section covariance data file to 

translate nuclear data uncertainties into detailed keff uncertainty. The uncertainty 

calculation incorporates correlations in uncertainties between energy groups, between 

reactions, and, in some cases, between nuclides. The keff uncertainty results for Full 

Power (HFP), as well as Hot Zero Power (HZP) of exercise I-1 from simulations, are 

presented in Table 5 and Table 7, in units of Δk/k for 
235

U reactions. 
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Table 6: Sensitivity coefficients for keff due total reactions for each nuclide 

of the fuel at HZP. 

Nuclide Sensitivity Total Reactions, HZP 
234

U 0.0018 
235

U 0.1914 
238

U 0.1102 
16

O 0.0212 

 

 

 

 
Figure 4: Sensitivity coefficients for total, fission and capture reactions 

for 
235

U at HZP parameters. 

 

Table 7: Top nuclide-reaction contributions to uncertainty for keff 

(total 0.4462% k/k, explicitly) of the fuel at HZP. 
235

U nuclide - HZP keff (% k/k) 
235

U n.gamma 
235

U n.gamma 0.1816 
235

U fission 
235

U fission 0.1090 
235

U fission 
235

U n.gamma 0.1254 
235

U nubar 
235

U nubar 0.2969 

 

 

4. CONCLUSIONS 

The results for Exercise (I-1)1 PWR unit cell showed very good agreement towards the 

reference value for the benchmark in the simulation made with the two modules of 

SCALE code, NEWT and SAMS sequence, and WIMSD5 code.  

This study also shows that uncertainty in keff due to nuclear data uncertainties could be 

used to estimate conservatively biases associated with the two nuclear data using the 

SCALE6 sensibility capability. 

Hence, validation of the major and most important actinide shows to be necessary for 

nuclear safety analysis, and the next highest contributor to the overall uncertainty is the 

parameter of fuel at BOL, and structural materials and depletion analyses over the burn-

up [16]. 
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