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ABSTRACT 
 
Best estimate codes are used to establish cycle operating limits to ensure that all NRC applicable 
requirements are met. Improved fuel thermal conductivity and the gap conductance models provide better 
prediction capability of fuel centerline temperatures, a licensing criterion in nuclear reactor safety and 
design analyses. Such models combine accuracy with efficiency, which will allow for the calculated 
margins or other limits to be less conservative than previously understood. The improved fuel temperature 
prediction results in improved evaluation of Doppler temperature used as a feedback parameter in coupled 
neutronics/thermal-hydraulic calculations. 
.  
The Modified Nuclear Fuel Industries (NFI) model for UO2 fuel rods and Duriez/Modified NFI Model for 
MOX fuel rods have been implemented in the coupled thermal-hydraulic/neutronics codeCTF/NEM. This 
implementation accounts for the burnup and the Gadolinium content based on FRAPCON 3.4 instead of 
the MATPRO-11. In addition, the dynamic gap conductance model was pre-calculated with a fuel 
performance code and implemented in CTF/NEM using tables. This paper presents comparative analyses 
investigating the impact of the improved models on predictions of the feedback fuel (Doppler) 
temperature, and subsequently on power spatial distributions and total power time evolution. 
 
The presented steady-state and transient analysis shows the effect of the thermal conductivity degradation 
(TCD) modeling on feedback effects in coupled thermal-hydraulic/neutronics calculations, specifically 
Doppler Temperature Coefficient (DTC) and eventually total core reactivity. The established OECD/NRC 
PWR MOX Rod Ejection Accident (REA) benchmark is utilized in the presented study. 
 
 

KEYWORDS 
Burnup and Gadolinium content, fuel-thermal-conductivity model, dynamic-gap- conductance model, 

feedback effects. 
 
1. INTRODUCTION 
 
In this paper, the study of the Rod Ejection Accident (REA), a design basis reactivity insertion accident 
for PWRs, is used to analyze the effect of improved fuel rod modeling in coupled  
thermal-hydraulics/neutronics code predictions. The improvements in fuel rod modeling are related to 
taking into account the fuel material (UOX vs. MOX), fuel burnup and presence of gadolinium burnable 
poisons in the fuel thermal conductivity and the gap conductance calculations. Improved fuel rod 
modeling results in improved prediction of fuel temperature and through feedback effects in improved 
prediction of power evolution and distributions.   
 
A reactivity-insertion accident (RIA) is a nuclear reactor accident that involves an unwanted increase in 
fission rate and reactor power. The power increase may damage the reactor core, and in severe cases, even 
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lead to release of radioactivity in the environment. For these reasons nuclear regulatory organizations 
have established acceptance criteria for RIA, based on, initially, un-irradiated or moderately irradiated 
fuel, and nowadays, extended to higher fuel burnup.  
 
The power excursion may lead to failure of the nuclear fuel rods and release of radioactive material into 
the primary reactor coolant. This material comprises gaseous fission products as well as fuel pellet solid 
fragments. In severe cases, the fuel rods may be shattered and large parts of the fuel pellet inventory 
dispersed into coolant. The expulsion of hot fuel into water has potential to cause rapid steam generation 
and pressure pulses, which could damage nearby fuel assemblies, other core components, and possibly 
also the reactor pressure vessel. These damage mechanisms are all related to high temperature, being the 
degree of fuel rod damage correlates well with the peak value of fuel pellet specific enthalpy. Regulatory 
acceptance criteria for RIA are traditionally formulated in terms of limits for the fuel radial average 
specific enthalpy, or the increment of this property during the RIA. 
 
Recently a revision towards stricter acceptance criteria [1, 2] was made since several high burnup PWR 
fuel rods failed at remarkably low fuel enthalpies under RIA, in experimental test facilities. This revision 
was based on the effects of fuel burnup and residence time in the reactor. The fuel pellet material of 
primary concern is UO2, but also is included (U,Pu)O2 mixed oxide fuel, gadolinium-bearing burnable 
absorber fuel and inert matrix fuel. These experimental observations indicated the importance of taking 
into account the fuel material and burnup in modeling and simulation for realistic prediction of accident 
consequences. The objective of this paper is to investigate the effect of such model improvements.  
 
2. ADDRESSED PHENOMENA 
 
The main safety concerns in reactivity-insertion accidents are loss of long-term core cool-ability and 
possible damage to the reactor pressure boundary and the core through pressure wave generation [3, 4, 5]. 
From RIA simulation experiments in power pulse reactors, it has been found that the fuel rod behavior 
under a reactivity-insertion accident is affected primarily by the: 
 
� Characteristics of the power pulse (amplitude and pulse width); 

� Core coolant conditions (coolant pressure, temperature and flow rate); 

� Burnup dependent state of the fuel rod. Among the most important properties are the pre-accident 
width of the pellet-clad-gap, the degree of cladding waterside corrosion, the internal gas overpressure 
in the fuel rod, and the distribution of gaseous fission products in the fuel pellets; 

� Fuel rod design. Parameters of particular importance are the internal fill gas pressure, clad tube wall 
thickness, fuel pellet composition (UO2/PuO2/Gd2O3, enrichment) and the fuel pellet geometrical 
design (solid/annular). 

These factors are important for the fuel rod behavior during an RIA, and they also control what kind of 
damage is inflicted to the fuel rod under the accident. Possible damage mechanisms are schematically 
presented in Fig.1.  
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Figure 1.  Possible mechanisms for fuel and cladding damage under an RIA [6] 

 
There are four potential modes for the fuel rod behavior under an RIA: 
 
� Low-temperature failures by Pellet-Cladding-Mechanical-Interaction (PCMI) under the early heat-up 

stage of the accident. This mode is relevant first and foremost to high burnup fuel rods with severely 
corroded cladding, which are subjected to a narrow power pulse, initiating from zero power 
conditions. 
 

� High-temperature failures by cladding ballooning and burst. The failures occur as a consequence of 
film boiling and significant rod internal overpressure. 

 
� Failures by disruption of the cladding upon quenching from high temperature. The failures occur as a 

as a consequence of oxygen-induced embrittlement due to high-temperature cladding oxidation under 
the film-boiling phase. 

 
� High-temperature failures by melting of the cladding and possibly also of the fuel pellets.  
 
For narrow power pulses, typical of PWR REAs, which initiate from zero power conditions, pulse reactor 
experiments show that the first of the above failure modes is usually the most restricting for high-burnup 
fuel rods, whereas either the second or the third failure is limiting for fresh and low-burnup fuel (the fuel 
design and coolant conditions decide whether clad ballooning or oxidation-induced embrittlement is most 
likely to cause the failure) [6]. All of these facts demonstrate that taking into account the fuel material and 
burnup not only in neutronics modeling (through cross-sections) but also in thermal-hydraulics 
calculations through the fuel rod model is very important for realistic estimation of accident 
consequences. 
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2.1. Fuel-Cladding Burnup Dependence 
 
The microstructure and chemistry of fuel and cladding changes gradually over the life of a nuclear fuel 
rod because of irradiation damage, high temperature, mechanical stresses and chemical reactions. 
Following are mentioned the most important mechanisms occurring in the fuel-cladding during high 
burnup operations: 
 
� Cladding degradation mechanisms:  

1. Uniform waterside corrosion which occurs on the outer surface of cladding. The zirconium in 
cladding chemically reacts with the water flowing around the cladding as coolant and developing 
a protective oxide on the surface of the cladding. In addition, crud deposition may happen. 

2. Hydriding which occurs when hydrogen generated by the corrosion reaction precipitates as 
zirconium hydride throughout the cladding thickness. 

3. Radiation damage that causes mechanical and geometrical properties of the material to change as 
a result of microstructural defects. 

� Fuel pellet degradation mechanisms: 

1. Rim formation which is micro-structural evolution at high burnup on the fuel pellet periphery 
which increase the porosity. 

2. Micro-cracking in which the as-fabricated grain boundaries become brittle from the precipitation 
of fission gas bubbles and solid fission products at high burnup operations. 

3. Pellet-cladding interaction which occurs when a metallurgical and chemical bond starts forms 
between the cladding and the fuel during high burnup operations. 

With increasing burnup, the above-described mechanisms cause changes to the macroscopic material 
properties, which are usually detrimental to the fuel behavior under RIAs. In order to perform an accurate 
fuel analysis, which reflects the above-described mechanisms, new capabilities are implemented in the 
CTF/NEM code [7] such as a thermal conductivity model that includes burnup and gadolinium content. 
The next paragraph explains the effects of thermal conductivity degradation. 
 
2.2. Thermal Conductivity Degradation During High Burnup 

 
Thermal conductivity of irradiated UO2 is affected by the following changes that take place in the fuel 
during irradiation: solid fission product build up, porosity and fission gas bubble formation, and radiation 
damage [3, 4, 5]. The solid fission products formed during irradiation change the fuel lattice structure. 
The dissolved fission products lower the thermal conductivity while the precipitated fission products 
increase the thermal conductivity. The radiation damage generates additional defects in the lattice, 
especially in the cold regions of the fuel. The radiation damage from neutrons, alpha decay and fission 
increases the number of lattice defects and reduces the thermal conductivity of the fuel. In high burnup 
fuel operations, microstructural evolution is developed at the fuel pellet periphery (rim structure). It 
increases the porosity resulting in a decrease the fuel thermal conductivity on the pellet periphery and 
increase in the fuel temperature. Impurities and additives (gadolinium) decrease thermal conductivity like 
fission products, and in addition it has an impact on phonon-phonon scattering characteristic due to the 
mass difference. 
 
In a summary, an important aspect of high burnup microstructure formation is the degradation of fuel 
thermal conductivity. The degradation is primarily caused by an increased resistance to phonon heat 
transport, as radiation damage and fission products accumulate in the crystal lattice. Theoretical models 
for thermal conductivity of solids, by which of porosity, grain size and lattice defects can be evaluated, 
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indicate that the thermal conductivity should decrease in the restructured fuel material as a consequence 
of grain subdivision and increased porosity. This degradation of fuel thermal conductivity with burnup is 
not being taken into account in the original fuel rod model of CTF/NEM. New thermal conductivity 
model has been implemented and tested in CTF/NEM and its effect on fuel temperature and power 
predictions during RIA is being studies in this paper.  
 
3. CTF/NEM COUPLED CODE 
 
The PSU/RDFMG version of COBRA-TF [8] (COolant Boiling in Rod Arrays-Two Fluid), CTF, is an 
advanced sub-channel code, which has the capability of three-field representation of two-phase flow 
model, which provides the thermal-hydraulic solution. The Nodal Expansion Method (NEM) code [9], is 
a few group, three dimensional (3-D) transient nodal core model, which provides the spatial kinetics 
solution.  
 
3.1. Coupling Methodology 
 
In order to provide solutions for accurate and efficient coupled calculations of operational transients and 
accidental scenarios, a coupling methodology [10] is required. Coupling methodologies are based on 
several basic criteria: coupling procedure, coupling implementation, appropriate spatial nodalization for 
the application, algorithms to exchange the time step in transient coupled calculations, numerical schemes 
of coupling between codes and schemes to control the convergence. 
 
According to these criteria, the coupled code CTF/NEM [7] employs the following coupling 
methodology. Serial processing is employed with CTF as master code and internal integration scheme is 
utilized with NEM as a subroutine of CTF.  The spatial nodalization schemes and mapping (overlays) are 
flexible and selected based on the computational cost and the accuracy of calculations. The temporal 
coupling between the codes is explicit. Fixed point iteration is utilized for steady state calculations. For 
transient calculations the time step size is determined by CTF an NEM can refine it based on its own 
time-step algorithm. CTF communicates with NEM by passing the spatial distributions of thermal 
hydraulic feedback variables such as fuel temperature (weighted using the temperature at the rod centers 
and surfaces in the radial and axial directions throughout the sub-channel node), moderator temperature 
and moderator density (averaged over all fluid phases present and weighted by void fraction), and boron 
concentration; and receiving the core power distribution, to be updated for the next CTF iteration/time-
step. The coupled code can perform a steady-state solution, an automated k-search, and a transient 
simulation. 

 
Fig 2. and Fig.3 show the steady-state and transient coupling schemes between CTF and NEM in coupled 
simulations. 
 

 
Figure 2.  Steady-State Coupling Scheme [11] 
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Figure 3.  Transient Coupling Scheme [11] 

 
Reactivity, , is defined as the fractional departure from core criticality. Under reactor operation, the 
reactivity can be controlled, by movements of control rods or by addition/removal of soluble neutron 
absorbers in the coolant or moderator. However, reactivity is also affected by changes in fuel and 
moderator temperature, and by changes in the moderator void content, 
 

                                                (1) 

 
Where is the reactivity rate of change induced by reactivity control systems,  and  are the rates of 
temperature change for fuel and moderator, and is the rate of change for the moderator void volume 
fraction. Of the partial derivatives on the right hand side of  the equation, the fuel temperature (Doppler) 
coefficient is always negative, which means that the fuel temperature increase accompanying a rise in 
reactivity always provides negative feedback, to the benefit of reactor stability. Moderator temperature 
and void coefficients can be either positive or negative depending on operating conditions. PWR 
generally operated with a negative moderator temperature coefficient, although the coefficient may turn 
positive in cases where the coolant is strongly borated and at low temperature; generally, reactivity can be 
inserted by a decrease in coolant temperature. 
 
Continuing with the study of thermal conductivity degradation during high burnup, the changes on this 
parameter, as it has been explained above, affect directly the thermal-hydraulic solution and indirectly, 
the neutronics solution. The thermal conductivity model has an effect on prediction of the Doppler 
temperature, which is a fundamental feedback parameter in coupled thermal-hydraulic/neutronics 
calculations, is used in in the multi-dimensional linear surface interpolation to select the cross sections. 
 
4. DEVELOPMENT OF BURNUP AND GADOLINIUM CONTENT DEPENDENT FUEL 

MODEL IN CTF/NEM 
 
Since accurate predictions of fuel rod behavior is strongly dependent on temperature, the calculation of 
fuel thermal conductivity is critical [12, 13]. 
 
4.1. CTF Fuel Thermal Conductivity Model: MATPRO-11 
 
CTF [8] uses MATPRO-11 correlation [14] to calculate the fuel thermal conductivity, which does not 
incorporate the impact of thermal conductivity degradation by burnup and gadolinium i.e. this model does 
not extend to high-burnup structure. 

913NURETH-16, Chicago, IL, August 30-September 4, 2015 913NURETH-16, Chicago, IL, August 30-September 4, 2015



   (2) 
 
where: 
 

= fuel thermal conductivity, W/m-°K 
temperature, K 

 
Thermal conductivity is adjusted for as fabricated fuel density,  (100% TD), W/m-°K 

 
        (3) 

where: 
 

 
fuel theoretical density, in fraction of TD 

 
4.2. FRAPCON 3.4 Fuel Thermal Conductivity Model: Modified NFI (UO2 fuels)  and 

Duriez/Modified NFI (MOX fuels) 
 
FRAPCON-3.4 [15] is a US-NRC fuel performance code which calculates the steady-state response of 
light-water reactor fuel rods during long term burnup conditions and also generates initial input conditions 
for transient fuel rod analysis code FRAPTRAN. The code computes the temperature, pressure, and 
deformation of a fuel rod as a function of time and includes the following models:  
 
� heat conduction through fuel and cladding to the coolant;  
� cladding elastic and plastic deformation; 
� fuel-cladding mechanical interaction;  
� fission gas release from the fuel and rod internal pressure;  
� cladding oxidation.  
 
The code also has material properties, water properties, and heat transfer correlations. FRAPCON-3.4 
code uses single-channel coolant enthalpy rise model for the fuel rod thermal response calculations. The 
code also uses a finite difference approach in heat conduction model and FRAPTRAN which use a 
variable mesh spacing to accommodate the power peaking at the pellet edge which occurs in high burnup 
fuel operations. 
 
FRAPCON-3.4 [15] has been validated for BWRs, PWRs, and heavy-water reactors [16]. The fuels that 
have been validated are uranium dioxide (UO2), mixed oxide fuel ((U,Pu)O2), uranium-gadolinium (UO2-
Gd2O3), and UO2 with zirconium diboride (ZrB2) coatings. The cladding types that have been validated 
are Zircolay-2, Zircaloy-4, M5, and ZIRLO. FRAPCON-3.4 [15] can predict fuel and cladding 
temperature, rod internal pressure, fission gas release, cladding axial and hoop strain, and cladding 
corrosion and hydriding.  
 
FRAPCON-3.4 uses Modified NFI [16] for UO2 fuels and Duriez/Modified NFI [16] for MOX fuels 
based on Ohira and Itagaki formulation [17] and extends to high-burnup structures: 
 
For UO2 fuels: 
 

          (4) 
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where: 
 

 = thermal-conductivity for 95% dense fuel, W/m-K 
 temperature, K 

 burnup, GWd/MTU 
 = effect of fission products in crystal matrix (solution) 
 = effect of irradiation defects. 

  = temperature dependence of annealing on irradiation defects. 

 K = temperature dependent parameter 
 m-K/W 
 constant 

 weight fraction of gadolinium 
 m-K/W/K 

 W-K/m 
 K 

 
The thermal conductivity adjusted, , for as fabricated fuel density , based on Lucuta’s correction [16], 
as fabricated 100% TD, ), W/m-°K 

       (5) 
where: 
 

fuel theoretical density, in fraction of TD 
  adjustment factor for conductivity at 100% TD 

  
For MOX fuels: 

         (6) 
 

where: 
 

 = thermal-conductivity for 95% dense fuel, W/m-K 
 temperature, K 

 burnup, GWd/MTU 
 = effect of fission products in crystal matrix (solution) 
 = effect of irradiation defects. 

  = temperature dependence of annealing on irradiation defects. 

 K = temperature dependent parameter 
 constant 

  O/M 
 m-K/W 

 m-K/W/K 
 weight fraction of gadolinium 

 W-K/m 
 K 

 
The thermal conductivity adjusted, , for as fabricated fuel density , based on Lucuta’s correction [16], 
as fabricated 100% TD, ), W/m-°K 

915NURETH-16, Chicago, IL, August 30-September 4, 2015 915NURETH-16, Chicago, IL, August 30-September 4, 2015



       (7) 
where: 
 

 fuel theoretical density, in fraction of TD 
 adjustment factor for conductivity at 100% TD 

 
Incorporating the Modified NFI Model into CTF [8, 13] provides a new capability where the thermal 
conductivity degradation is calculated as function of burnup and gadolinium, achieving a better prediction 
of fuel temperature distribution within subchannel analysis. 
 
5. COUPLED CODE BENCHMARKING AND VERIFICATION 
 
The modifications introduced in fuel rod model have been qualified through code-to-code and code-to-
data comparisons of standalone CTF in [13]. In this paper the effect of these modifications in coupled 
CTF/NEM analysis of the Purdue MOX/UO2 Core Benchmark [18] is studied by evaluation of two steady 
states (HZP and HFP) and one transient - Exercise IV, rod ejection accident beginning from HZP 
conditions. This RIA event is of particular concern for MOX fueled cores since the delayed neutron 
fraction in MOX fuel is significantly smaller than in UO2 cores. The rod ejection transient can result in 
significant, localized perturbations of the neutronics and thermal-hydraulic core parameters, which can be 
difficult for reactor core simulators to predict accurately, particularly in a heterogeneous MOX fueled 
core. 
 
5.1. Purdue PWR MOX/UO2 Core Model 
 
Purdue MOX/UO2 core benchmark [18] provides the framework to assess the capabilities of coupled 
codes to predict the transient response of a core partially loaded with MOX fuel. The core model is 
derived after a Westinghouse four-loop reactor core. It consists of 193 fuel assemblies which include 4.2 
wt% and 4.5 wt% standard UO2 assemblies as well as 4.0 wt% and 4.3 wt% MOX assemblies. The fuel 
assemblies consist of fresh, once-burned, and twice burned fuel assemblies with burn-up among the fuel 
assemblies ranging from 0.15 GWd/tHM to 37.5 GWd/tHM. The core is also enclosed by a single layer of 
neutron reflector assemblies in the radial and axial directions.  
 

 
Figure 4.  Radial Map used in NEM and CTF Models 
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The CTF model uses one sub-channel per fuel assembly for a total of 193 sub-channels. Although each 
fuel assembly contains 25 non-fuel rods in addition to the 264 fuel rods, only the fuel rods are modeled in 
CTF for each sub-channel by using the rod multiplier function. The non-fuel rods are neglected, but still 
accounted for in the sub-channel area and wetted perimeter. Finally, like the NEM model used, the CTF 
model divides the active fuel length into 26 axial nodes Fig. 4 gives the radial map used in the NEM and 
CTF discretization and spatial coupling overlays. 
 

 
Figure 5.  Material Compositions and Control Rod Bank Map 

 
The nodalization scheme of the Purdue MOX/UO2 core model used in NEM includes one node per fuel 
assembly in the radial directions for a total of 241 radial nodes. Axially, the core is divided into 28 layers, 
two of which are the top and bottom axial reflectors which are 21.42 cm thick. For the remaining 26 axial 
nodes, the active fuel length is divided into 26 equidistant axial nodes. The core is described by 17 fuel 
composition and an extra set for the reflector as shown in Fig. 5. 
 
Selected core data and thermal-hydraulic values are listed in Table I. 
 

Table I. Purdue MOX/UO2 Core Design Parameters 
 

Number of Fuel Assemblies 193 
Core Full Power Rating [MWthermal] 3565.0 
Nominal Inlet Pressure [MPa] 15.5 
Total Core Moderator Mass Flow Rate[kg/sec] 15849.4 
HFP Core Average Moderator Temperature [K] 580.0 
HFP Core Average Fuel Temperature[K] 900.0 
HZP Core Average Fuel Temperature[K] 560.0 
Fuel Lattice, Fuel Rods Per Assembly 17x17 Square,264 
Control Rod Guide Tubes Per UO2 Assembly 24 
Guide Tubes Per Assembly 1 
Active Fuel Length [cm] 365.76 
Assembly Pitch [cm] 21.42 
Pin Pitch [cm] 21.42 
Core Load [tHM] 81.6 
Shutdown Margin [% rD ] 1.3 
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The cross sections used are the same as those supplied by the benchmark specification, see Table I. They 
are two group multi-dimensional tabular cross section libraries, which are homogenized on the assembly 
level. A multi-dimensional linear surface interpolation is used to calculate the appropriate cross section 
based on the thermal hydraulic conditions supplied to NEM. The tabulated feedback parameters of the 
cross sections are moderator density, fuel temperature, and boron concentration. The only exception is the 
reflector nodes, which relies on boron concentration only for this particular cross section library.  
 

Table II. Tabulated Cross Section Thermal-Hydraulic Range Purdue MOX/UO2 Core 
 

T-H Parameter Minimum Mid-Range Maximum 
Fuel Temperature [K] 560.0 900.0 1320.0 
Moderator Density [g/cm3] 0.66114 0.71187 0.75206 
Boron Concentration [ppm] 0.0 1000.0 2000.0 

 
5.1.1. Steady-state benchmark simulations: HFP (ARO) and HZP (ARI) 
 
HFP (hot full power) conditions correspond to the core power of 100.0 % rated power (3565 MW), inlet 
coolant temperature of 560 K, inlet pressure of 15.5 MPa, with all rods out (ARO). 
 
HZP conditions correspond to the core power of 10-4 % rated power, inlet coolant temperature of 560 K, 
inlet pressure of 15.5 MPa, with all rods in (ARI, all control banks in and all shutdown banks out) 
 
Without actual operating and measured data available, the benchmark reference solutions for Part II 
(steady-state HFP conditions) and Part III (steady-state HZP conditions) were based on the results of the 
Purdue Advanced Reactor Core Simulator (PARCS) code using two energy (2G) groups. 
 
5.1.2. Transient benchmark simulation: rod ejection accident (HZP conditions) 
 
The highest worth rod is assumed to be fully ejected in 0.1 seconds after which no reactor scram is 
considered. The control rod ejection is to be performed from HZP (all control banks in, all shutdown 
banks out), and critical boron concentration. During the entire calculation the boron concentration and the 
position of the other control rods are assumed to be constant. The transient is to be calculated for 1.0 sec. 
 
5.2. Coupled Code Verification 
 
The strategy employed to verify the new capability of CTF/NEM coupled code starts with benchmarking 
against the Purdue MOX/UO2 Core benchmark at steady-state and transient conditions. The reference in 
this study will be PARCS 2G neutronics code. PARCS uses its own simplified one-dimensional PWR 
thermal-hydraulic feedback model and for this benchmark utilizes the provided in benchmark 
specifications simplified thermal conductivity properties for UO2 and MOX fuels: 
 

              (5) 
 

              (6) 
 
In order to quantify the effect of the addition of the new thermal conductivity fuel rod model (Modified 
NFI), the results of the CTF/NEM are also compared to the MATPRO-11 fuel rod model (CTF model).  
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5.2.1. Steady-state calculation: HFP (ARO) and HZP (ARI) 
 

Table III. HFP Steady-State Summary 
 

 

Critical 
Boron 

Concent. 
[ppm] 

Assembly Power Error Core Average T/H Properties 

%PWE %EWE 
Doppler  

Temperature 
[K] 

Moderator 
Density 
[kg/m3] 

Moderator 
Temperature 

[K] 
PARCS 2G (Ref.) 1679.30 - - 836.00 706.10 581.10 
CTF/NEM (MATPRO-11) 1669.01 0.60414 0.82493 848.78 703.08 580.76 
CTF/NEM (Modified NFI) 1649.24 0.60233 0.94843 873.24 703.99 580.39 

 
As shown in Table III for the HFP case, both versions of the CTF/NEM, with MATPRO-11 and Modified 
NFI model, agree with the critical boron concentration of the benchmark solution with a difference of 
0.62% and 1.79 % respectively. For both cases, the power-weighted error and error-weighted error are 
similar and less than 1%. The moderator density and temperature have values with a positive low 
difference with respect the reference (0.42% and 0.29%, for moderator density, MATPRO-11 and 
Modified NFI model respectively; and 0.05% and 0.12%, for moderator temperature, MATPRO-11 and 
Modified NFI model respectively). The Modified NFI model introduces a higher difference in the 
Doppler temperature respect the reference (37.24 K, or 4.26% more) than the MATPRO-11 model (12.78 
K, or 1.23%). Fig. 6a represents the axial power distribution for the three cases, and Fig. 6b gives the 
quarter core radial power distribution results.  
 

 
 

Figure 6.  a) Radially Averaged Core HFP Axial Power Distributions; b) Axially Averaged Core 
HFP Radial Power Distributions (1/4 Core) 

 
The analysis of the HZP case shows smaller differences between the two versions of CTF/NEM caused 
by a lower power level and thus a lower importance of the fuel rod model and any modifications in it. A 
lower difference is found between the reference and CTF/NEM about critical boron concentration, 0.33%, 
as it is shown in Table IV. 
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Table IV. HZP Steady-State Summary 
 

 

Critical 
Boron 

Concent. 
[ppm] 

Assembly Power 
Error Core Average T/H Properties 

%PWE %EWE 
Doppler  

Temperature 
[K] 

Moderator 
Density 
[kg/m3] 

Moderator 
Temperature 

[K] 
PARCS 2G(Ref.) 1340.71 - - 560.00 752.00 560.00 
CTF/NEM (MATPRO-11) 1345.16 0.61140 0.95183 559.16 752.81 559.16 
CTF/NEM (Modified NFI) 1345.16 0.61140 0.95183 559.16 752.81 559.16 
 
The results given in Fig. 7a and Fig. 7b for the axial and radial power distribution confirm that the effect 
of the new thermal conductivity fuel rod model implemented in CTF/NEM is not as pronounced at HZP 
conditions as at HFP conditions (see Fig. 6a and Fig. 6b) 

 

 
 

Figure 7.  a) Radially Averaged Core HZP Axial Power Distributions; b) Axially Averaged Core 
HZP Radial Power Distributions (1/4 Core) 

 
5.2.2. Transient calculation: rod ejection accident (HZP conditions) 
 

Table V. Comparison of Peak Time, Peak Power and Peak Thermal Properties 
 

 
Peak  
Time  
[sec] 

Peak 
 Power  

[%] 

Peak 
Reactivity 

[$] 

Peak  
Doppler 

Temperature  
[K] 

Peak  
Moderator 

Density  
[kg/m3] 

Peak 
Moderator 

Temperature 
[K] 

PARCS 2G(Ref.) 0.335 142.00 1.120 566.80 752.21 560.06 
CTF/NEM (MATPRO-11) 0.335 192.95 1.127 567.80 752.77 559.18 
CTF/NEM (Modified NFI) 0.340 193.93 1.128 567.76 752.76 559.18 
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A comparison of peak time, peak power, peak reactivity and peak thermal-hydraulic properties (Doppler 
temperature, moderator density and moderator temperature) is shown in Table V. 
 
The difference between the peak power predicted by PARCS and CTF/NEM (both versions) respectively, 
is explained with the differences in the coupling methods and feedback models.  CTF/NEM is a coupled 
code and PARCS is a neutronics code with internal simplified 1-D PWR thermal-hydraulic model. The 
rod ejection occurs from 0.0 sec to 0.1 sec and results in a large and narrow pulse. Small differences in 
the models result in changes of peak reactivity.   
 
The following figures show the time evolution of the core power (Fig. 8) and feedback parameters 
(Doppler temperature, Fig. 9; moderator density, Fig. 10; and moderator temperature, Fig. 11). 
 

 
Figure 8.  Core Power (%) Time Evolution 

 

  
Figure 9.  Moderator Density Time Evolution 
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Figure 10.  Moderator Temperature Time Evolution 

 

 
Figure 11.  Doppler Temperature Time Evolution 

 
The feedback parameter that is directly affected by the modification of the thermal conductivity 
correlation in the fuel rod model is the Doppler temperature. The change in prediction of this parameter 
causes changes in power. For that reason Doppler temperature and the core power have been analyzed for 
both models (MATPRO-11 and Modified NFI model) at the peak time. Moderator properties are similar 
in the three cases. Fig. 12 shows the axial power factor distribution and axial Doppler temperature 
distribution at peak time. 
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Figure 12.  a) Radially Averaged Core Axial Power Distributions at Peak Time; b) Radially 
Averaged Doppler Temperature Axial Power Distributions at Peak Time 

 
Fig. 13 and Fig. 14 show, respectively, the axially average differences of core radial power distributions 
and the axially averaged differences of Doppler temperature distributions at peak time, between 
MATPRO-11 and Modified NFI models, using MATPRO-11 as reference. 
 

 
Figure 13.  Axially Averaged Differences of Relative Core Radial Power Distribution [in %] at Peak 

Time between MATPRO-11 and Modified NFI models (MAPRO-11 as reference) 
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Figure 14.  Axially Averaged Difference of Doppler Temperature Radial Power Distribution [in K] 

at Peak Time between MATPRO-11 and Modified NFI models (MAPRO-11 as reference) 
 

The maximum difference in the radially averaged relative core power at peak time is -0.05% and the 
maximum difference in the radially average Doppler temperature at peak time is 0.48 K. The fact that 
small differences are being observed between the two different fuel rod models during the rod ejection 
transient could be explained with the HZP initial state. The power level is very low (almost negligible) 
and changes in fuel rod modeling do not play an important role.   
 
6. CONCLUSIONS 
 
The new capability implemented in the CTF/NEM coupled code, which is based on the Modified NFI 
model for thermal conductivity calculation, allows to obtain accurate results taking into account the real 
fuel behavior corresponding to its burnup and feed material composition. The analysis presented in this 
paper investigates the effect of considering thermal conductivity degradation with burnup on predictions 
of HZP and HFP steady states and Rod Ejection transient starting from a HZP state. The effect of taking 
into account the thermal conductivity degradation of high-burnup fuel is more pronounced at HFP steady 
state and less important for HZP steady state and Rod Ejection transient starting from HZP state. As a 
future work analysis of a Rod Ejection transient starting from a HFP state is planned combined with a 
sensitivity studies on the other important sub-model of the fuel rod model – gap-gas conductance model.  
 
The obtained results indicate that the effect of thermal conductivity degradation with increasing fuel 
burnup reduces the safety margin of a nuclear power plant. It is necessary to improve the safety analysis 
methods using coupled codes with improved fuel conductivity models. Applying the improved coupled 
code CTF/NEM to the Purdue MOX/UO2 core benchmark helps to quantify the effect of the newly 
implemented improved models on the results of safety analysis and contributes to further enhancing of 
best-estimate coupled tools leading to predictions of more realistic safety margins. 
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