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ABSTRACT 

Core design calculations, with thermal-hydraulic feedback, for the first cycle of the 
IRIS reactor were performed using the modified CORD-2 code package. WIMSD-5B code is 
applied for cell and cluster calculations with two different 69-group data libraries (ENDF/B-
VI rev. 5 and JEF-2.2), while the nodal code GNOMER is used for diffusion calculations. The 
objective of the calculation was to address basic core design problems for innovative reactors 
with long fuel cycle. The results were compared to our results obtained with CORD-2 before 
the modification and to preliminary results obtained with CASMO code for a similar problem 
without thermal-hydraulic feedback.  

1 INTRODUCTION 

IRIS reactor [1,2,3,4,5] (an acronym for International Reactor Innovative and Secure) is 
a modular, integral, light water cooled, small to medium power (335 MWe/module) reactor, 
which addresses the requirements defined by the United States Department of Energy for 
Generation IV nuclear energy systems, i.e., proliferation resistance, enhanced safety, 
improved economics, and waste reduction. An international consortium led by 
Westinghouse/BNFL for development of IRIS reactor was created including universities, 
institutes, commercial companies, and utilities in year 1999. Faculty of Electrical Engineering 
and Computing, University of Zagreb, joined the consortium in year 2001 with the aim to take 
part in IRIS neutronics design and safety analyses of IRIS transients.  

This paper describes calculations of a core depletion benchmark with thermal-hydraulic 
feedback for the first cycle of IRIS reactor (hereafter ‘First Core Benchmark‘). The short 
description of First Core Benchmark is given in Section 2. Calculational model and 
modifications of CORD-2 are given in Section 3, while the results of the calculations and 
comparison with preliminary results obtained by CASMO code are presented in Section 4. 
Conclusion is given in Section 5. 
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2 FULL CORE BENCHMARK FOR IRIS REACTOR 

In the early phase of IRIS core design development it was important to evaluate 
capabilities of different code systems used by participants in the project. If the differences in 
the results predicted by different code systems (CASMO/SIMULATE, PHOENIX/ANC) are 
acceptable for a benchmark core configuration it is justified to examine core design issues in 
parallel or to provide more reliable results for the final configuration. Two benchmarks were 
prepared for initial 4-years IRIS core (option with integral fuel burnable absorbers (IFBA)). 
Both benchmarks are full core depletion benchmarks, whereas the first one takes into account 
full thermal-hydraulic (TH) feedback, and the second one, called Benchmark 44 [6,7] is 
defined for specified IRIS reactor operating conditions (representative fuel, cladding and 
moderator temperatures). The first benchmark will be used for illustration of IRIS core design 
calculation. The IRIS core consists of 89 fuel assemblies containing UO2 with enrichment of 
4.95 w/o 235U for central fuel assemblies and with a reduced enrichment of 2.6 w/o 235U for 
most of peripheral fuel assemblies. Enriched boron, inhomogenously distributed in axial 
direction, is used as an integral fuel burnable absorber (IFBA). IFBA is a thin layer of ZrB2 
coating fuel pellets. IFBA loading is expressed in mg 10B per cm of fuel rod. For fuel 
assemblies with IFBA, the fuel stack is axially composed of 1 foot of enriched uncoated fuel, 
12 feet of enriched coated fuel, and 1 foot of enriched uncoated fuel. The lower half (6 feet) 
of the coated part of fuel rod has 20% more 10B than the upper coated part. Fuel assemblies 
containing UO2 with enrichment of 4.95 w/o use axial blankets (6” long) with enrichment of 
2.60 w/o. The presence of axial blankets is, in addition to included thermal-hydraulic 
feedback, the only difference between First Core Benchmark and Benchmark 44. The radial 
and axial core configuration is depicted in Figure 1.  
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Figure 1: The radial and axial configuration of IRIS core 

 
Dimensions, materials, and temperatures for unit cell, fuel assembly, and reflector are 

specified in the Benchmark description document. Depletion analysis is to be performed with 
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assumptions of 1,000 MWt total reactor power, no xenon and no samarium at the beginning 
of life, and equilibrium xenon and equilibrium samarium for all other steps. It should be noted 
that the considered benchmark does not necessarily represent fully acceptable core 
configuration. Rather, it defines a problem suitable for evaluating and comparing different 
core physics codes and methods. 

3 CALCULATIONAL MODEL 

Calculations were performed using the modified CORD-2 code package [8]. The 
CORD-2 code package consists of WIMSD [9] and GNOMER [10] codes. WIMSD is a well-
known lattice spectrum calculation code, and we have used the recent WIMSD-5B version. 
GNOMER solves the neutron diffusion equation in three-dimensional Cartesian geometry by 
the Green’s function nodal method [11]. The CORD-2 code package also includes advanced 
features for cross section homogenization and a simple thermal-hydraulics module to take into 
account thermal feedbacks. The modifications of the package are mainly related to 
introduction of possibility to model axially non-uniform IFBA densities, explicit 10B 
depletion, possibility to model IFBA in the gap or smeared within cladding, addition of 
changes related to cell and fuel assembly homogenization in case of all fuel rod pins being 
IFBA pins, addition of Xe feedback related to core power (it was related to fuel temperature 
in the original version), and in removing limitations related to axial discretization. An 
automated calculational procedure is incorporated in CORD-2 code package for core 
depletion calculations. 

The automated depletion procedure is realized by following steps: 
1. WIMSD-5B in “cluster” calculational mode was used for fuel depletion at the cell level. A 

3×3 array of fuel cells was modeled. Central cell material number densities vs. burnup 
were used in further calculations. Non-fuel regions of outer cells were modified to be 
representative of fuel element average conditions (presence of additional water in water 
holes). The calculation is repeated for each different enrichment, different IFBA 10B 
concentration, and for the matrix of expected moderator densities and fuel/clad 
temperatures. In case of analyzed IRIS core, if the central fuel cell contains IFBA all 
surrounding fuel cells contain the same IFBA 10B concentration. The burnup calculation 
was performed using the constant nominal specific power density. For no feedback case 
one set of moderator density and fuel/clad temperature values was used. Xe feedback was 
taken into account by local change in specific power at specified burnup points.  

2. WIMS input was automatically prepared for each calculational step based on the core 
geometry, operational conditions and current cycle burnup. One quadrant of the core was 
analyzed (28 FAs). For each fuel element at least two WIMS inputs were produced for 
fuel/IFBA cell and guide tube cell, for each axial level; therefore, 28×28×2 is the 
minimum number of WIMS calculations. The homogenized cross section data for 
representative fuel and water cells for each fuel element were produced using the same 
3×3 cluster configuration as used in cell burnup calculation. In both cases 32-group DSN 
transport procedure was used. A 2D diffusion calculation at fuel element level was 
performed using the GNOMER code and homogenized cell cross sections in 10-group 
energy structure, hence requiring 28×28 GNOMER calculations. The fuel element 
homogenized 2-group cross sections were produced using the effective diffusion 
homogenization method [12]. 

3. Global core 3D calculation was performed using the GNOMER code to calculate power 
distribution and increment burnup values at fuel assembly level. Time advancement with 
correction was used. New burnup values and average thermal-hydraulic conditions during 
the burnup step were used to define the new core state required in step 2. Two 69-group 
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cross sections libraries from WIMS Library Update Project (WLUP), one based on 
ENDF/B-VI rev. 5 and another one based on JEF-2.2 data, were used in calculation.  

4 OVERVIEW OF INITIAL IRIS CORE DESIGN DATA 

Using the calculational model described in the previous section, basic core design 
characteristics were calculated up to the cycle burnup of 42000 MWD/MTU. Two sets of 
results have been obtained, one using the WIMS library based on ENDF/B-VI data (labeled 
NEW ENDFB 6.5), and the other using the WIMS library based on JEF-2.2 data (labeled 
NEW JEF 2.2). The results obtained using this calculational model were compared to our old 
results obtained with CORD-2 before modification (labeled OLD), and to corresponding 
preliminary results obtained with CASMO code for Benchmark 44 (labeled REF NO 
FEEDBACK).  

Comparison of values for the effective multiplication factor as a function of burnup is 
depicted in Figure 2. A constant over prediction of keff value for JEF-2.2 compared to 
ENDF/B library can be seen, but the trend of keff change was very similar in both cases and 
the difference is decreasing toward the end of the cycle. The origin of the difference is clearly 
in different nuclear data contained in both libraries, and that can be seen in Figure 3 where the 
infinite multiplication factor for WIMSD-5B super cell (cluster 3×3) calculation using WLUP 
ENDF/B and JEF libraries is shown (enrichment 4.95 w/o, without IFBA and for two extreme 
IFBA 10B concentrations located in fuel rod gap burned at 20.71 MW/tU). The multiplication 
factor calculated in the OLD model has a similar shape as the multiplication factor calculated 
in the NEW model. The numerical value is mainly somewhere between the ENDF/B and JEF 
predictions, and after B=30 GWD/MTU is almost the same as the ENDFB value.  

There are additional reasons for the differences between NEW and OLD keff values. First 
of all, different nuclear library (IJS1) and different WIMS version (WIMSD-4) were used in 
OLD calculation. Isotopic library in OLD calculation is based on depletion calculation for 
only one equivalent 10B concentration; while in NEW calculation one depletion calculation 
was used for each of eight different 10B linear densities (correct amount of 10B is used for 
cross section generation in both cases). In NEW calculation depletion of boron is explicitly 
calculated; in OLD calculation built-in exponential approximation of boron number density 
change during burnup was used. In NEW calculation boron is placed within fuel rod gap, in 
OLD calculation it is within fuel cladding. During WIMS super cell calculation IFBA cell is 
surrounded by normal fuel cells in OLD calculation, whereas in NEW calculation it is 
surrounded by the IFBA cells with the same linear boron density as in central one (described 
IRIS design assumes all IFBA rods across fuel assembly). OLD calculation uses reactivity 
coefficient library originally distributed with the code for all feedback calculations except for 
xenon reactivity effect. In NEW calculation explicit correction was performed using change in 
infinite multiplication factor from isotopic library (6 fuel temperatures, 7 moderator densities 
and 9 different power levels). NEW model uses 28 equal subdivisions for depletion 
calculation at core level, compared to 10 subdivisions of varying length in OLD model.  

At the end, for comparison purposes, CASMO calculated effective multiplication factor 
obtained in frame of Benchmark 44 was given. That is the value for core without axial blanket 
and calculation was performed for one representative fuel, cladding and moderator 
temperature for whole core (effectively without TH feedback, but with xenon included). This 
multiplication factor is always lower than all others. First part shows behavior characteristic 
for the case without feedback (keff is decreasing from the beginning), and later, rate of 
decrease is larger than in CORD-2 calculations. Even for the cases where all assumptions are 
the same, CORD-2 calculated keff values are always higher than the values predicted by 
CASMO/SIMULATE or PHOENIX/ANC codes. A part of the difference in keff is inherent to 
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WIMSD calculational procedure and used cross sections library. Another part could be due to 
inconsistency in assumptions or in a way how the cross section homogenization was 
performed, and need to be additionally analyzed. 

Comparison of values for nuclear peaking factor as a function of burnup is given in 
Figure 4. The values predicted by ENDFB and JEF calculations are almost the same. The 
results obtained in OLD calculation are almost the same as NEW results after B=24000 
MWD/MTU, and are in good agreement up to B=5000 MWD/MTU. The larger differences 
exist between these burnup values, probably due to different IFBA treatment. CASMO 
calculation without feedback, as expected, predicts larger power peaking factors than CORD-
2 cases with feedback, but position of maximum calculated value is almost the same as in 
NEW calculations. Calculated values of axial offset are shown in Figure 5. The values 
obtained in ENDFB and JEF calculations are again almost the same. The axial offset 
calculated in OLD model converges to correct value after B=26000 MWD/MTU. For lower 
burnups the differences are usually significant, both in value and sign of the axial offset. It is 
difficult to directly compare axial offset values for model without feedback. It is clear that in 
the beginning axial offset should be higher than in the case with feedback and that at the end 
zero axial offset is expected. The rest of the effects are predicted in a similar way in NEW 
cases and in CASMO calculation (change of axial offset sign, maximum of negative axial 
offset and final decrease and stabilization of axial offset behavior.). 

ENDFB and OLD core-average axial and radial relative power profiles for selected 
burnup steps are given in Figures 6 and 7. As shown before, ENDFB and JEF relative power 
distributions are almost the same. The case without feedback is not shown because rather 
large peaking factors were expected. Axial power profiles predicted by OLD and NEW 
models are different. Usually, high power is predicted in different half of the core in OLD and 
in NEW calculation. That is mainly due to IFBA model used in OLD calculation. At the end 
of the calculation axial power shapes are almost the same (some differences are due to 
different axial subdivisions).  

The differences in radial distribution are smaller and are mainly related to central part of 
the core (the region where IFBAs with highest boron linear density were used). Radial burnup 
distribution for cycle burnup 18000 MWD/MTU is given in Figure 8. The influence of the 
initial IFBA distribution (smaller amount of energy produced in central part of the core) is 
still visible in burnup distribution. Due to higher power production in the middle of the core 
after about B=12000 MWD/MTU the difference in radial distribution of burnup decreases 
resulting in almost flat radial burnup distribution toward the end of the cycle. Corresponding 
relative radial power distribution for cycle burnup 42000 MWD/MTU is shown in Figure 9. 

5 CONCLUSION 

Modeling of a benchmark core configuration for the first IRIS reactor core has been 
successfully performed using the modified CORD-2 code package. Some of the problems 
associated with novel core designs (intensive usage of IFBA absorbers with different and 
axially nonuniform 10B densities, long duration of burnup cycle) were addressed during 
analysis of the First Core depletion benchmark. The results obtained using our calculational 
model for two cross section libraries were compared to results previously obtained using the 
original CORD-2 package, as well as to preliminary CASMO results for the same problem 
but with prescribed fixed thermal-hydraulic values (moderator density, fuel and clad 
temperatures). The comparison showed that code and modeling modifications lead to 
improvements compared to old calculational model, but that discrepancies between our results 
and results of other participants still exist, especially in calculated effective multiplication 
factor. These differences are mainly caused by the WIMSD calculational method and used 
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cross sections library. Possible inconsistencies in calculational procedure or in a way how the 
cross section homogenization was performed need to be further analyzed. 
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Figure 2: Effective multiplication factor as a function of burnup 
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Figure 3: Infinite multiplication factor for WIMSD-5B super cell (cluster 3×3) calculation  
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Figure 4: Nuclear peaking factor as a function of burnup 
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Figure 5: Axial offset as a function of burnup 
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Figure 6: Axial relative power profiles for selected burnup steps  
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Figure 7: Relative radial power profiles for selected burnup steps  
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Figure 8: Radial burnup distribution for cycle burnup 18000 MWD/MTU 

 
 

 
Figure 9: Relative radial power distribution for B=42000 MWD/MTU 
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