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List of Acronyms 

  
AGR Advanced Gas-cooled Reactor 
ASEA-ATOM Swedish company, currently known as Westinghouse  
BWR Boiling Water Reactor 
CASMO Lattice physics code 
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E110 Russian cladding type 
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FGR Fission Gas Release  
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MLI Mean Linear Intercept 
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PCI Pellet-Cladding Interaction 
PCMI Pellet-Cladding Mechanical Interaction 
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PWR Pressurized Water Reactor 
RAD99 Rating Depression Analysis Routine 1999 version 
RADAR Rating Depression Analysis Routine 
RIA Reactivity Initiated Accident 
SAFIR2010 Safety of Finnish Reactors 2010, a national research programme 
SCANAIR RIA fuel behaviour code 
UK United Kingdom 
VTT Technical Research Centre of Finland 
VVER Voda-Vodyanoi Energetichesky Reaktor (Russian: Pressurized Water 

Reactor) 
Zirc-2/4 Zirconium alloy cladding types 
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1 Introduction 

International Atomic Energy Agency IAEA has initiated a string of Coordinated Research 
Programmes (CRPs) to enhance co-operation between fuel modellers. One of these CRPs, 
FUMEX-III, was ongoing during 2008 – 2011 and has provided material and incentive for 
assessment of the fuel codes.  
This report presents the Finnish FUMEX-III simulations performed with the VTT-modified 
ENIGMA v5.9b [1]. The work has been done as a part of SAFIR2010 (SAfety of FInnish 
Reactors 2010) project POKEVA (years 2008 to 2010) and SAFIR2014 project PALAMA 
(year 2011).  
VTT Technical Research Centre of Finland received ENIGMA v5.9b from Nuclear Electric 
plc of the UK in 1992. Internal development has been on-going since then. “ENIGMA v5.9b 
with VTT modifications” (from now on, “ENIGMA” for short) is a separate and different 
program  from  British  Energy’s  ENIGMA  5.14  and  UK  National  Nuclear  Laboratory’s  
ENIGMA-B.  

The FUMEX-III work has been performed in tandem of VTT’s internal review work 
attempting to catalogue the changes done since 1992 and to assess the current state of the 
code. Several individual internal reports detail the changes made and the individual model 
assessments done during the years [2 – 15]. 

1.1 Contents and Ordering 

The chapters of this report are ordered as follows. Section 1 is the introduction, detailing the 
gist of the report and the work it is based on. Section 2 describes the changes made to original 
ENIGMA at  VTT.  Section  3  describes  the  simulated  fuel  experiments,  and  their  simulation  
with  ENIGMA and the  performance  of  simulation  results  is  in  Section  4.  VTT’s  ENIGMA 
performance is analysed in Section 5. Finally, conclusions are drawn and the results 
summarized in Chapter 6. 
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2 Changes to ENIGMA v5.9b at VTT 

The main modifications of the ENIGMA code made at VTT are shortly described here. There 
might be other more or less important changes that have not been reported. Some of the 
modifications in the code only bear a cryptic remark in the source code. 

2.1 Cladding Material Properties 

Specific E110 and M5 material properties have been incorporated in the ENIGMA code at 
VTT, among these are the cladding creep and irradiation growth [12]. Some modifications to 
the Zr1%Nb creep correlation have been done at 2006 [4] yet these rely on the correct values 
in the input file and are not represented in the code. 

2.2 Radial Power Deposition 

The calculation  of  radial  power  and  burnup profile  of  the  fuel  has  been  updated  at  VTT by  
introducing a new RAD99 routine replacing the original RADAR (Rating Depression 
Analysis Routine) model [13]. This model takes into account isotopes heavier than 239Pu, 
which produces a steeper burnup gradient towards the pellet edge. This corresponds to the 
formation of the high burnup structure by means of decreased thermal conductivity and 
increased fission gas generation. 

None of the parametric power deposition models can describe early-in-life strong power 
depression in gadolinium doped fuel and its rapid change during the gadolinium depletion. As 
it is, a new option for radial power input was introduced in 2009 [10]. The radial powers can 
be calculated with various lattice physics codes, such as CASMO. 

2.3 Fission Gas Release 

The standard fission gas release model in the ENIGMA code includes only a slight 
enhancement of gas diffusion with burnup. The model is not validated to burnups above 50 
MWd/kgU. Suggested by experimental evidence of fission gas release occurring at 
temperatures lower than expected, a greater value of diffusion coefficient has been introduced 
beyond a certain threshold burnup. Therefore an extra term depending on fuel rating and 
burnup has been added in the effective fission gas diffusion coefficient of ENIGMA [14]. 

Another recent attempt to improve the FGR modelling at high burnups was to introduce a new 
high-temperature term in the original ENIGMA diffusion equation. Also the other three terms 
in the effective diffusion coefficient were modified by applying a burnup-dependent scaling 
factor on each of them. The value for the scaling factor was defined by fitting against 
experimental data. In some high-burnup cases this modification seems to give significantly 
better predictions against measurements than the original model. However, in some other 
cases the results come out drastically worse than with the original. Furthermore, this 
modification makes the FGR model more empirical and the functionality of the model outside 
the range of the calibration database may become restricted. Also, these modifications to the 
effective diffusion coefficient are not fully supported by actual diffusion coefficient 
measurements. [3] 
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2.4 High burnup structure 

The basic ENIGMA version 5.9b has been validated against data from LWR fuel rods to 
burnups around 50 MWd/kgU. However, the UO2 microstructure will start to change above a 
local burnup of about 60-70 MWd/kgU. This affects the thermal properties of the fuel, fission 
gas  release  and  fuel  thermal  conductivity.  In  the  ENIGMA  version  in  use  at  VTT  the  
consequences of the high burnup structure are taken into account by accelerating the fission 
gas diffusion above a certain burnup limit. In practice this means increasing the diffusion 
coefficient by introducing an extra term depending on the fuel rating and burnup. The high-
burnup structure is roughly simulated by assuming a reduced grain size over a width of 0.3 
mm on the pellet surface. Replacing the old RADAR by the improved routine RAD99, 
described in the previous chapter, further improves description of the fuel rating at extended 
burnups. However, this kind of treatment does not describe the phenomena within the high 
burnup structure in a mechanistic way.  

2.5 Different fuel types 

Modelling of other fuel types than the standard UO2,  e.g.  Gd2O3 doped fuel has been 
improved at VTT [10]. The main effect of the fuel doping with a burnable absorber like 
Gd2O3 is that the power and thus the fuel temperature in the beginning of life remain lower 
compared to standard UO2. Also the radial power profile is affected, as well as the fuel 
thermal conductivity. Thus, the main modification in the ENIGMA code has been defining a 
correlation for the thermal conductivity of gadolinia doped fuel. This correlation has been 
added to the default thermal conductivity correlation. 

An alternative model for conductivity for Gd-doped fuel has been implemented, based on the 
work PNNL has done on FRAPCON. This model is intended to be used in conjunction with 
the  new  interpolated  power  deposition  option  that  has  been  created  to  better  model  the  
changing radial power deposition profile of gadolinia doped fuel. 

In addition to the gadolinia doped fuel, there would be need for modelling fuel with other 
kinds of dopants, e.g. chromium or aluminium. Taking into account chromium as a fuel 
additive would require modifications in the diffusion coefficient. However, the measured data 
on fission gas diffusion coefficient in Cr-doped fuel is, for the time being, rather sparse. 

2.6 Changing Internal Gas Pressure More Than 10 Times 

Originally ENIGMA had a limitation for manually changing the internal gas pressure, 
limiting the number of pressure changes to nine. The Halden overpressure test series IFA-610 
has tests where the internal overpressure is changed many times, requiring a change to 
overcome the limitation. This has been implemented in 2010, along with an option to set the 
internal hot pressure instead of the cold fill pressure. 

2.7 The statistical version 

For statistical investigations the ENIGMA code structure has been modified to permit non-
stop running of successive cases, whereby use is made of specifically generated sets of 
statistically varied input parameters. Practically any of the input parameters of ENIGMA can 
be statistically varied, although all of them do not have an essential impact on the results. 
When using the statistical method, the main emphasis is usually on temperatures, fission gas 
release, and internal pressure. The most important fuel parameters with statistical variance are 
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the diameters of fuel and cladding which define the width of the gap between fuel and 
cladding. Also the fuel density can be varied statistically. Among other parameters to be 
varied are typically rod linear power, fuel thermal conductivity, fission gas generation rate, 
and fission product diffusion rate. However, many of these parameters are connected with 
each other in such a way that only small changes in one variable may result in large changes 
in the results of the calculation. 

2.8 Initialization for SCANAIR 

ENIGMA has an option for creating an initialization file for the SCANAIR code that is used 
for simulating reactivity initiated accidents. The initialization is required for fuel rods that 
have undergone a base irradiation before the reactivity event. 

2.9 Other Modifications 

ENIGMA has also other minor modifications, such as modification to default values of the 
rate of the fuel expansion due to solid fission produces and modification to the grain size at 
high burnups and a description of a lower rod plenum. These changes are usually not 
documented, and even in the code level the amount of comments is limited to acknowledging 
the author of the change. 

2.10 Input-level Changes 

Some changes are made only in the input files, such as the E110 and zircaloy-4 creep. The 
coefficients of the ENIGMA default creep model SL82 have been tuned based on Halden tests 
[15] for zircaloy-4 and on Loviisa poolside measurements [4] for E110. 
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3 Test cases 

The cases presented have been part of the IAEA coordinated research programme FUMEX-III 
(FUel Modelling at EXtended burnups), in which VTT participated. The data for the 
programme comes from International Fuel Performance Experiments Database [16].  

3.1 IFPE/US-PWR-16x16-LTA Extended Burnup Demonstration Project 

US-PWR 16x16 LTA (Lead Test Assembly) extended burnup demonstration (US-PWR from 
here onwards) program was conducted during the 1980s. The programme consisted of 
irradiating two 16x16 LTAs in a US commercial PWR and the subsequent poolside and hot 
cell post irradiation examinations (PIE) of selected rods. One of the assemblies, LTA D039, 
was irradiated for three cycles to an assembly average burnup of 33 MWd/kgU and the other, 
LTA 040, for five cycles to an average burnup of 52 MWd/kgU. 

The standard design fuel rod consisted of enriched UO2, solid cylindrical pellets, Zr-4 
cladding, and internal void filled with helium to the pressure of 2.62 MPa. Three alternate 
design concepts were introduced to a limited number of rods: 

 annular fuel pellet design, 

 large grain size pellets (35 micrometres instead of standard design’s 7-12 
micrometres), and 

 cladding with graphite coating. 
Power history and examination data were provided for nine fuel rods. Rod properties were 
varied as listed in Table 1 [17] and TSQ002 properties are listed in Table 2 for comparison. 
Standard pellet means solid pellet, and standard cladding is the Zircaloy-4 cladding. One of 
the rods was segmented into several parts. An example of a rod power history is displayed in 
Figure 1. 
 

 

Table 1: Properties of different rods in US-PWR. 

Rod identifier Rod type 
Pellet/cladding 

Rod average 
discharge burn-up 
MWd/kgU 

TSQ002 Standard/Standard 53.2 
TSQ004 Standard/Standard 50.5 
TSQ022 Annular/Standard 58.1 
TSQ024 Annular/Standard 54.7 
TSQ044 Standard/ID Coated 52.5 
TSQ053 Standard/ID Coated 58.1 
TSQ061 Annular/ID Coated 55.5 
TSQ064 Annular/ID Coated 55.6 
TSQ103* Standard/Standard 48.2 

* Segmented rod 
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Table 2: US-PWR representative rod properties. 

Cladding  
Material Zirc-4 
Yield stress 330 MPa 
Outer radius 4.8514 mm 
Inner radius 4.2164 mm 
Fuel pellets  
Outer radius 4.1275 mm 
Average 
height 9.9 mm 
Porosity 0.05 
U235 
enrichment 3.48 % 
Grain size 6.0 m 
Rod  
Gap width 88.9 m 
Fill gas Helium 
Fill gas 
pressure 2.62 MPa 

 

 

Figure 1: Representative power history from US-PWR case. 

3.2 IFPE/SPC-RE-GINNA 

The  IFPE/SPC-RE-GINNA  Case  (GINNA  from  here  on)  relates  to  four  Siemens  Power  
Corporation 14x14 LTAs, designated XT01, XT02, XT03 and XT04, irradiated in the R.E. 
Ginna reactor. Three of the LTAs were irradiated for four cycles to an average burnup of 42.5 
MWd/kgU, while the fourth (XT03) was irradiated for five cycles to an average burnup of 
52.1 MWd/kgU. Assemblies were examined visually at poolside after each irradiation cycle, 
and hot cell PIE was performed to selected rods from assemblies XT03 and XT04. 
Assemblies XT03 and XT04 each contained 179 fuel rods, out of which 30 were characterized 
before irradiation. Nineteen were full-length rods with annular fuel pellets and cladding 
consisting of Zircalloy-4 with an inner layer of unalloyed zirconium. Remaining eleven rods 
were segmented fuel rods with different combination of annular and solid pellets, cladding 
either with or without zirconium layers, and with controlled variation of pellet-to-cladding 
gap. 
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An example of rod power history is displayed in Figure 2: 

 

Figure 2: Representative power history from GINNA case. 

Table 3: Physical properties of GINNA rod A01. 

Cladding  
Material Zirc-4 
Yield stress 330 MPa 
Outer radius 4.8514 mm 
Inner radius 4.546 mm 
Fuel pellets  
Outer radius 4.451 mm 
Inner radius 1.407 mm 
Average 
height 10.64 mm 
Porosity 0.06 
U235 
enrichment 3.70 % 
Grain size 8.0 m 
Rod  
Gap width 95 m 
Fill gas Helium 
Fill gas 
pressure 2.1 MPa 

3.3 IFPE/KOLA-3-MIR-RAMP Experiment 

A number of transient tests were performed in 1996 and 1997 with high burnup fuel at MIR 
reactor of the Research Institute of Atomic Reactors Dimitrovgrad, Russia (SCC-RIAR). The 
tests were either with a single ramp (RAMP experiment) or with a step-by-step power 
increase (FGR-1 and FGR-2 experiments). The test rodlets were fabricated from fuel rods that 
had been irradiated at Kola NPP Unit 3 (VVER 440) for 4 and 5 cycles to maximum burnup 
up to 50 and 60 MWd/kgU. Some of the rodlets were instrumented with either temperature or 
pressure sensors. 
The FUMEX priority cases include two rodlets from FGR-1 with pressure sensors numbered 
as rodlets 41 and 48 and two rodlets from FGR-2 with temperature sensors numbered as 
rodlets 50 and 51. Separate power histories for mother rods 198/20, 198/99, 222/2 and 222/25 
(fuel  assembly  /  rod  number)  were  provided  for  base  irradiation  and  for  test  rodlets  for  the  
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experiment as IFPE documents. Also, an alternate power history of the base irradiation for the 
rodlets was provided to be used by codes unable to change the simulation geometry during the 
run. As ENIGMA has such a limitation, an alternate power history was used. 

Power histories for rodlets 41, 48, 50 and 51 during the base irradiation are shown in Figure 3 
and during the experiment in Figure 4.  

The physical characteristics of the rodlets are listed in Table 4 [18]. Uniform sets of properties 
were given for the mother rods, so the rodlet specifications are identical. The power history 
was combined from the base irradiation and experiment irradiation files, which provided the 
linear heat rate and the cladding surface temperature for each time step. 

Several simulation parameters could not be taken straight from the IFPE database and had to 
be estimated.  

Neutron flux was provided only for neutrons with energy higher than 0.1 MeV. As ENIGMA 
requires the flux of neutrons with energy higher than 1.0 MeV and there is no straightforward 
way for conversion a representative value from similar VVER 440 reactor was used.  
The total free volume inside the refabricated fuel rods consists of spaces above and below the 
fuel column, volume of the central  hole of the fuel pellets as well  as the volume of the gas 
gap, whereas ENIGMA’s input value for “plenum volume” is only the static volume above 
and  below  the  column.  Therefore,  the  total  free  volume  can  not  be  given  directly  with  
keyword GAS CHANGE as the other available volumes must be accounted for.  

Transient options 1-3 were unnecessary as the input data provided the cladding surface 
temperatures. Transient option 4 is called automatically when the time step is short enough; 
however, the simulation results appeared similar regardless of  whether the transient was 
explicitly called or not. 

Table 4: Physical properties of the MIR fuel rods [18]. 

Cladding  
Material Zr-1%Nb 
Yield stress 350 MPa 
Outer radius 4.56 mm 
Inner radius 3.8775 mm 
Fuel pellets  
Outer radius 3.765 mm 
Inner radius 0.825 mm 
Average 
height 11.2 mm 
Porosity 0.03 
U235 
enrichment 4.40 % 
Grain size 6.6 m 
Rod  
Gap width 112 m 
Fill gas Helium 
Fill gas 
pressure 0.62 MPa 
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Figure 3: Linear heat rating for the simulated fuel rods during base irradiation. Experiment 
ramp is seen on the far right of the graphs, to be reproduced in more detail in next figure. 
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Figure 4: Linear heat rating for the simulated fuel rods for the duration of MIR experiment. 

3.4 Risø 3 Experiment II5 

Risø National Laboratory in Denmark has carried out three international programmes of slow 
ramp and hold tests to investigate fission gas release and fuel microstructural changes. The 
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third project that took place between 1986 and 1990 tested fuel rodlets reinstrumented with 
both pressure sensors and fuel centreline thermocouples. 
The Risø 3 experiment was an extensive programme with 15 separate tests. This study 
concentrates on test rodlet II5 that is one of the FUMEX-III priority cases. The mother rod 
M72-2 of IFA-161 for II5 was irradiated at Halden BWR to an average burnup of 34.39 
MWd/kgUO2. The power histories for both the base irradiation and the experiment are shown 
in Figure 5. 

Risø 3 power history data for II5 consists of base irradiation data for the segment of M72-2 
corresponding to II5 divided into five axial parts and a single linear heat rating for the 
duration of the ramp experiment. No information on the power distribution during the ramp 
experiment  is  given  but  the  post  irradiation  examination  notes  give  relative  power  at  bump 
terminal level (BTL). As it is, the simulated rod was divided into five axial nodes as per the 
mother rod irradiation data. The average power during the ramp experiment was multiplied by 
the relative power at BTL for each of the axial zones. 
The precharacterization data for rod M72-2 described the full rod, however power history was 
provided only for the part that was to be refabricated into II5. As ENIGMA models fuel rods 
with a very limited interaction between the axial zones the lack of extra power history will not 
cause insurmountable problems, however it should be remembered that internal pressure is 
probably not well modelled during the base irradiation. 

The physical characteristics of the rodlets are listed in Table 5 [19]. Transient options 1-3 
were unnecessary as the input data provided the cladding surface temperatures. Transient 
option 4 was included in the input for the time steps during the ramp experiment, however as 
discussed in Chapter 3.2 this was probably an unnecessary precaution. 
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Table 5: Physical properties of M72-2 and II5. 

Cladding  
Material Zr-2 
Yield stress 548 MPa 
Outer radius 7.0 mm 
Inner radius 6.4 mm 
Fuel pellets  
Outer radius 6.3 mm 
Inner radius - 
Average height 13.0 mm 
Porosity 0.053 
U235 enrichment 5.08 % 
Grain size 10.0 m 
Rod  
Gap width 105 m 
Fill gas Helium 
Fill gas pressure 0.1 MPa 
Test section II5  
Fill gas Helium 
Fill gas pressure 0.64 MPa 

 

According to the summary document of the IFPE database the diametral gap of M72-2 ranged 
between 0.19 and 0.28 mm. The initial radial gap width was set to 0.10 mm for the 
simulation. 
 

 

Figure 5: Linear heat rating in kW/m during the base irradiation (upper figure) and the ramp 
experiment (lower figure).  
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3.5 Studsvik Inter-Ramp Experiments 

The Studsvik Inter-Ramp project was an international research project with the aim to 
experimentally investigate the failure of fuel rods when subject to fast power ramps. The fuel 
rods were manufactured and characterized at the ASEA-ATOM fuel factory at Västerås, 
Sweden, pre-irradiation, ramp experiment and pool-side measurements were performed at the 
R2 test reactor at Studsvik, and the post-irradiation examinations were completed at the Hot 
Cell Laboratory at Studsvik. 
Several fuel rod characteristics were varied. The cladding of these rods was either 
recrystallized and annealed or cold worked plus stress-relief annealed. Gap size was varied  as 
was fuel density. 

The fuel rods were irradiated to average burnups of 10 (12 rods) and 20 (8 rods) MWd/kgU 
with a cyclic loading intended to simulate BWR conditions. After the base irradiation the rods 
were examined non-destructively. The ramp experiment was performed in two phases: First, 
the rod was irradiated for 24 hours at a linear power level close to the last cycle of the base 
irradiation in order to minimize the influence of the zero-power period. Then, the linear power 
was increased at a nominal rate of 4 kW/m per minute up to a preset power level and held 
there for 24 hours or until increased activity due to escaped fission gases was detected. An 
example power history is displayed in Figure 6. 

The  FUMEX-III  priority  cases  are  used  also  for  the  validation  of  the  current  version  of  
ENIGMA in use at VTT. Many submodels have been changed in-house since ENIGMA was 
received in 1992. As a part of this work, a comparison of Inter-Ramp simulations between 
ENIGMA and FRAPCON and FRAPTRAN [32, 33] codes has been made. 

Table 6: Varied fuel rod and experiment characteristics for the 20 Inter-Ramp  experiment 
rods [22]. *N in the Failed row means not failed but cracks found during the PIE, *Y means 
failed but no gas release was detected during the experiment. 

Test rod no 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

Test rod label LR1 LR2 LR3 LR4 LR5 LS1 LS2 TR1 LS3 LS4 TS1 DR1 HR2 HR3 HR4 HR5 HS1 HS2 HS3 BR1 

gap (microns) 150 150 150 150 150 150 150 80 150 150 80 150 150 150 150 150 150 150 150 250 

clad heat treatment RX RX RX RX RX SR SR RX SR SR SR RX RX RX RX RX SR SR SR RX 

UO2 density (%TD) 95 95 95 95 95 95 95 95 95 95 95 93 95 95 95 95 95 95 95 95 

Burn-up (MWd/kgU) 10 10 10 10 10 10 10 10 10 10 10 10 20 20 20 20 20 20 20 20 

actual (MWd/kgU) 11.1 9.3 9.8 11.3 9.6 10 11.4 11 9 11.4 10.8 8.7 18.2 19.2 21.8 21.3 21.2 18.2 19.2 21.9 

Fluence (*E24/m^2) 18.1 12.9 14.3 18.7 12.6 13.6 18.2 17.2 10.5 14.9 14.1 9.8 20.8 23.6 30.4 29.3 26.7 18.7 21.4 27.6 

235U enrichment 2.8 2.8 2.8 2.8 2.8 2.8 2.8 2.8 2.8 2.8 2.8 2.8 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 

Ramp power kW/m 43.8 45.7 50.1 65.4 42.7 48.2 43.8 42.2 41.8 50.7 47.3 43.2 38 43.2 46.1 47.9 47.8 41 44.9 51 

ramp rate W/m/s 80 70 65 65 85 90 65 70 65 70 70 75 75 65 70 70 65 65 70 65 

Hold time (mins) 1440 84 103 5 1440 35 1440 1440 1440 92 319 1440 1440 316 1440 1440 26 1440 59 1440 

Failed (Y/N) N Y Y Y Y Y N N N Y Y N N Y N *N *Y *N Y *Y 
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Table 7: Fuel rod characteristics common to all rods [22]. 

FUEL ROD   
overal length (mm) 538 +/-1.2 
diameter (mm) 12.52 +/-0.05 
fuel stack height (mm) 425 +/-5 total stack 
  403 +/-7 enriched pellets 
nominal plenum chamber lenth 
(mm) 49 
number of pellets per rod 31-35 total 
  29-33 enriched pellets 
fuel clad diametral gap (microns) 80, 150 and 250 +/-15 
fill gas composition >97% He 
fill gas pressure 1 atmos nominal 
CLADDING   
material Zr-2 
diameter outer (mm) 12.52 +/-0.05 
diameter inner (mm) 10.795 +/-0.040 
clad wall thickness (mm) 0.864 +/-10% 
nominal surface roughness 
(microns) 0.8 
FUEL   
material UO2 
enrichment (wt% 235U/total U) 0.7, 2.8 and 3.5 
pellet density (%TD) 95.0 +1, -0.5, 93.0 +1, -0.5 

pellet diameter (mm) 
clad I/D minus appropriate 
amount 

  to give diametral gap, 
  accuracy quoted +/-0.015 mm 
pellet length (mm) 13 +/- 1 
dish dimensions:   
depth (mm) 0.26 +/-0.05 
diameter (mm) 8.2 nominal 
shoulder width (mm) 0.75 
radius of sphere (mm) 31.6 nominal 

 

 

Figure 6: Power history for fuel rod LR1 (4 nodes). 
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3.6 GAIN case 

The fuel performance data concern two UO2 fuel variants doped with different amounts of 
Gd2O3 and irradiated in the BelgoNucleaire GAIN Project. The rods identified as GD0301 
and GD0701 contain 3 and 7 wt% of Gd2O3, respectively. The fuel was irradiated for three 
cycles in the BR3 reactor to a final burnup approaching 40 MWd/kgU.  In  addition,  rod  
GD0701 underwent two overpower transients, after cycles 1 and 2. The transients were 
performed in the BR2 reactor.  
The  specification  of  the  test  rods  can  be  found  in  Table  8.  The  table  contains  fuel  and  
cladding specifications [23]. 

Table 8: The specification of the calculated fuel rods. 

Rod 1 2 
Rod identification GD0301 GD0701 
Plenum     [mm] 59.8 66.5 
Active fuel length  [mm] 1000.6 993.0 
Fuel weight     [g] 539 525 
Fill gas He He 
Fill gas pressure     [bar] 26 26 
Pellet 
Grain size     [ m] 5.8 5.7 
Enrichment      [%] 3.483 3.483 
Gd2O3 content     [%] 3 7 
Density     [g/cm3] 10.260 10.065 
Dishing depth 0.25 0.25 
Dish diameter      [mm] 5.84 5.84 
Dish and chamfer volume  [%] 1.5 1.5 
Outer diameter     [mm] 8.233 8.232 
Pellet length     [mm] 10.66 10.79 
Cladding 
Material Zr-4 Zr-4 
Outer diameter     [mm] 9.638 9.651 
Inner diameter     [mm] 8.417 8.416 
Average gap     [ m] 184 184 
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4 Simulation Results 

Some selected results of the simulations are shown in this chapter. Each of the cases is 
investigated in further detail in its respective VTT research report, and only the key findings 
are reproduced here. 

4.1 IFPE/US-PWR-16x16-LTA Extended Burnup Demonstration Project 

Eight full-length rods, TSQ002, TSQ004, TSQ022, TSQ024, TSQ044, TSQ053, TSQ061 and 
TSQ064, were simulated. Representative fuel rod behaviour is displayed in the Figure 7, 
which displays the simulation data for the central node of rod TSQ004. 
Diametral strain data were well documented within the report, and Figure 8 gives a 
comparison between the measured radial change and that given by ENIGMA. The measured 
values that are at zero represent sections that were not measured during the original 
experiment. It also should be noted that measured diameters are corrected for oxide thickness 
in the original document except for rod TSQ053. 

The US-PWR simulations are in good agreement with the measurements, but at some cases 
give smaller values for the final radius than the measurements. The cladding creep-in 
dominates only until the gap closes, after which the fuel pellet swelling pushes the cladding 
outwards. As it is the gas gap has closed in all simulation cases and pellet swelling should be 
the dominant phenomenon. However, interaction between pellet and cladding is not that 
simple. 

 

Figure 7: Rod properties from central simulation zone as a function of burnup, rod TSQ-004 
from US-PWR case. 
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Figure 8: Radius change along the z-axis, measured (circles) versus simulated (solid line). 
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4.2 IFPE/SPC-RE-GINNA  

Eight full-length fuel rods from assembly XT03, A01, A09, D04, F06, G03, G09, H08 and 
K07, were simulated. Representative fuel rod behaviour is shown in Figure 9, which displays 
the simulation data for the central zone of fuel rod A09. 

Measured rod diameter changes were provided for rods A01, D04, F06, G03, G09, and K07 
for  both  at  the  end  of  cycle  4  and  cycle  5.  Comparison  between  measured  and  simulated  
radius changes at end of cycle 4 is displayed in Figure 10 and at the end of cycle 5 in Figure 
11. 

Rod length increase was measured for rods A01, A09, D04, F06, G03, G09 and K07. Figure 
12 has measured and simulated length increases for end of cycles 4 and 5. 

Measured fission gas release fractions were provided for rods A09, D04, F06, G03, G09 and 
H08. Fission gas release fractions at end of cycle 5 are compared in Figure 13. 

The GINNA results feature behaviour hinting at too high pellet swelling rate at high burnup. 
At the end of cycle 4, the measured and simulated radii are in relatively good agreement, yet 
during cycle 5, the measured radius increase is of the order of 10 micrometres, whereas 
ENIGMA simulations increase the radius twice as much. This is in contrast to earlier 
discussion with US-PWR simulations where pellet was blamed for too small expansion. The 
rod length increase during the irradiation is consistently overestimated in simulations by a 
factor between 1.2 – 1.3.  
Simulated fission gas release fraction is between 1.5 and 2.4 % while measurements put it 
between 0.5 and 1.95 %. The simulation results are thus consistently too high.  
 

 

Figure 9: Rod properties from central simulation zone as a fuction of burnup, rod A09 from 
GINNA case. 
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Figure 10: Radius change in GINNA experiment along the z-axis after fourth irradiation 
cycle, measured (circles) versus simulated (solid line).  
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Figure 11: Radius change in GINNA experiment along the z-axis after fifth irradiation cycle, 
measured (circles) versus simulated (solid line). 
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Figure 12: Length increase after fourth (lower value) and fifth (higher value) irradiation 
cycles, measured (circles) versus simulated (crosses). Index on horizontal axis should be 
interpreted as 1= A01, 2=A09, 3=D04, 4=F06, 5=G03, 6=G09 and 7=K07. 

 

Figure 13: Fission gas release fraction for examined rods, measured values marked by circles 
and simulated values by crosses. Index on horizontal axis should be interpreted as 1=A09, 
2=D04, 3=F06, 4=G03, 5=G09 and 6=H08. 

4.3 IFPE/KOLA-3-MIR-RAMP Experiment  

Figure 14 to Figure 17 display the behaviour of the four fuel rodlets during base irradiation. 
This is not an actual behaviour as the rodlets were a part of their mother rods at the time, but 
as ENIGMA is unable to handle the change of simulation geometry the current results are as 
good as possible. 

The comparison to measured pressures (for rodlets 41 and 48) and temperatures (for rodlets 
50 and 51) is shown in Figure 18. The x-axes for the measurements and the simulations were 
adjusted to coincide at the beginning of the ramp, as the data files for the experiment power 
histories and the measurements had slightly differing starting points.  

The simulated fission gas release fractions for rodlets 41 and 48 are compared with the 
measurements in Table 9. Rodlets 40 and 51 were damaged during test rig disassembly and no 
fission gas analysis was possible. 
Table 9: Fission gas release fractions for MIR rodlets. 

FGR 41 48 
Measured 47.50 % 50.00 % 
Simulated 20.60 % 13.70 % 
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In general the measured values feature much sharper changes than the simulated values. This 
might  be  due  to  a  different  way  the  power  history  is  originally  created  and  interpreted  by  
ENIGMA, i.e. the way the power history between data points is interpolated. Also, measured 
temperatures and pressures show a small gradual decline at constant power after the ramp, 
which ENIGMA is unable to simulate. This might be due to annealing of lattice defects in the 
fuel and consequent partial recovery of thermal conductivity. Other than that, the agreement 
between simulation results and experimental measurements is good for rodlet 51 and fairly 
good for 41 in general trends.  Simulations for the rodlets 48 and 50, on the other hand, fail to 
match the measurements quantitatively even if they show similar trends.  

Rodlets 41 and 48 were instrumented with pressure sensors and rodlets 50 and 51 with 
temperature sensors in the refabrication, so the instrumentation method does not explain the 
difference. The one common nominator between the rods is the fuel assembly during base 
irradiation: rodlets 41 and 51 were taken from fuel assembly 198 with maximum local 
discharge burnup of about 50 MWd/kgU while rodlets 48 and 50 were from fuel assembly 
222 with maximum local discharge burnup of about 60 MWd/kgU. However, based on a 
single case it cannot be determined whether it is the high burnup or some other trait that is the 
reason for the discrepancy. 

Comparison between the simulation results and the measurements for the two high-burnup 
rodlets would suggest that the heat transfer is too high at some point from pellet to coolant in 
the ENIGMA model. One proposition would be that the model for a closed gas gap is too 
heavy-handed in its approach and yields unrealistically high conductance. 

The agreement between the measured and simulated fission gas releases is also unsatisfactory. 
This can be partly blamed on too low fuel temperatures, yet the temperature difference may 
not be enough to explain the difference. 

Low fission gas release fraction in the simulated rods may be a reason for low temperatures as 
the released fission gases would lower the thermal conductivity of the gap gas. 

 

 

Figure 14: Behaviour of the fuel rod 41 during base irradiation. 
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Figure 15: Behaviour of the fuel rod 48 during base irradiation. 

 

 

Figure 16: Behaviour of the fuel rod 50 during base irradiation. 

 

 

Figure 17: Behaviour of the fuel rod 51 during base irradiation. 
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Figure 18: Comparison between the simulated and the measured values during MIR 
experiment. 
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4.4 Risø 3 Experiment II5  

The behaviour of the fuel rodlet during the base irradiation is displayed in Figure 19. Again, 
this is not the actual behaviour as the rodlet II5 was a part of its mother rod M72-2 at the time. 
The measurements from the experiment are compared with the simulated values in Figure 20. 
The fission gas release fraction was measured prior to the refabrication and after the ramp 
experiment: the simulated and measured values are given in Table 10. 

Table 10: Fission gas release fractions for II5. 

FGR 
Before 
refabrication 

After 
ramp 

Measured 6.65 % 11.0 % 
Simulated 8.3 % 21.3 % 

 
The simulated temperature for II5 during the ramp experiment follows the measurements. 
Only during the first hours the simulation deviates strongly from the experiment. This is due 
to power history data supplied by IFPE database, as the coolant temperature in the data is kept 
at constant 289 degrees C even when the power is reduced back to zero after initial three 
hours of experiment. The small decline of the temperature right after a power ramp witnessed 
in MIR experiment is seen in the II5 measurement data too, and ENIGMA still is unable to 
model this behaviour. Also, even if the match between the simulation and the experiment is 
very good, the reality might differ as the thermocouple hole is reported as being off-centre 
and ENIGMA assumes an azimuthal symmetry. 

The internal gas pressure measurements and the simulated values are initially in fairly good 
agreement, but after 20 hours the simulated pressure starts to increase. This is probably due to 
concurrent strong fission gas release displayed at the bottom graph of Figure 20. In the 
experiment, no indication of fission gas release is evident from the pressure data until the 
power decrease at 59 hours after which the internal pressure increases. The overall effect of 
the fission gas release to the pressure is more evident in II5 than in the MIR cases, probably 
due to lower fill pressure (0.64 MPa for II5, from 1.1 to 2.0 MPa for MIR cases). 
The calculated fission gas release fraction is consistently higher in the simulation than in the 
experiments. However, as the simulation model featured only the part of the original rod 
M72-2 that was to be manufactured into II5, the fission gas release fraction for the simulated 
area probably is not the same as that of the whole rod. Therefore at least the “before 
refabrication”  column of  Table  10  should  be  taken  with  a  grain  of  salt.  Additionally,  as  the  
temperatures are high some temperature-dependent part of ENIGMA’s gas release model 
might overpredict the release rate. 
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Figure 19: Behaviour of Risø 3 rod II5 during the base irradiation. 

 

Figure 20: The measured temperature and pressure versus the simulated values. The 
temperature is from the topmost node where the thermocouple is located. Also, simulated 
released fission gas fraction is displayed in bottom figure for reference. 
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4.5 Studsvik Inter-Ramp Experiments  

With ENIGMA, all of the 20 cases could be simulated without encountering numerical 
problems. Given the number of fuel rods simulated, the main results are presented in 
summary form. Still, an example of simulated rod behaviour in more detail is displayed in 
Figure 21.  
Cladding and fuel stack lengths were examined before the irradiation, between base 
irradiation and the ramp experiment, and after the ramp experiment. Simulated and measured 
length variations are plotted in Figure 22, the cladding length behaviour during the 
simulations in Figure 23, and the fuel stack behaviour in Figure 24. 
The comparison between the maximum failure probability given by ENIGMA and the rod 
failure achieved during the tests is displayed in Figure 25.  
The relative difference between the centreline temperatures given by ENIGMA and 
FRAPCON  [20,  21]  is  displayed  in  plots  of  Figure  26  for  five  of  the  simulated  rodlets.  A  
common trend can be seen in the plots – initial temperatures match each other quite well at 
the start, but later the temperatures in the central nodes deviate. In most cases FRAPCON 
gives higher temperatures after the point of deviation. This behaviour is similar in the rest of 
the simulated 20 rods. 
The common denominator for the time of the temperature deviation would be the point when 
the gas gap is about to close in ENIGMA simulations. The ‘X’ in figures marks the spot, 
where the gas gap width becomes less than 12.5 micrometres for the first time in the central 
nodes.  That  point  is  usually  close  to  the  time  the  centreline  temperatures  from  the  two  
simulations start deviating. The deviation usually begins, when the gas gap according to 
ENIGMA is between 10 and 15 micrometres. Due to cyclic variation of the power level 
during the base irradiation, the gap reopens in several cases. FRAPCON gap closure does not 
yield such an easily noticeable effect, which is to be expected as the pellet edge and the gas 
gap are described differently in the FRAPCON model. 

This behaviour would indicate that in ENIGMA the fuel conductivity is higher than in 
FRAPCON. Early into irradiation this is compensated by ENIGMA’s lower gap conductance, 
the net effect being that the simulated fuel centreline temperatures are nearly same early on. 
The ENIGMA failure model is intended to predict the probability of rod failure due to SCC 
based on clad temperature, neutron fluence and hoop stress. Figure 25 indicates that the model 
has a fairly good proportion of positive hits – most rods predicted to fail by higher than 50% 
probability did fail. Even though rods HR5 and HS2 (numbers 16 and 18) show up as “not 
failed” the Inter-Ramp  data files indicate that some cracks were found in the post-irradiation 
examinations. On the other hand, fuel rods LR2, LR3, LR4 and LR5 have failed while 
ENIGMA simulation would give them a low failure probability. Either there is some failure 
mechanism that is unaccounted for in this work, the cladding properties are poorly modelled, 
or the actual stresses are higher than simulated. 

ENIGMA overpredicts the elongation of both the cladding and the fuel stack. The fuel stack is 
somewhat curious as the measurements indicate a shorter stack after the irradiation while 
simulations indicate a taller stack. As the dimensional changes happen also in radial direction 
affecting pellet-clad interface pressures, the discrepancy in elongation might have an effect in 
the failure prediction also. 

The comparison between ENIGMA and FRAPCON simulations of the base irradiation would 
indicate that the ENIGMA gap model has a very strong effect on the fuel temperature. As 
long as the gas gap remains wide, ENIGMA simulations yield higher fuel centreline 
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temperatures. After gap widths go under 10 to 15 micrometers, the FRAPCON simulation has 
higher temperatures. This is particularly well noticeable in simulations where the gap closes 
only in central nodes – those simulations feature higher temperatures in central nodes with 
FRAPCON and in top and bottom nodes with ENIGMA. 
The ENIGMA fuel thermal conduction model has been altered previously based on several 
Halden experiments, but the documentation of those alterations seems not be readily 
available. It should be noted that in addition to this report’s code comparison, simulations 
from  certain  other  FUMEX-III  cases  such  as  MIR  and  Risø  3  would  support  a  theory  that  
ENIGMA model for fuel and gap conductivities would be unbalanced. 

 

Figure 21: Behaviour of LR1 during the irradiation. 
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Figure 22: Cladding and fuel stack elongation during the base irradiation and the ramp test. 
X is the ENIGMA simulation result and O is a PIE result. Missing marks are due to 
unavailability of measurement data. 
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Figure 23: Cladding elongation of rods during the simulation runs. 

 



 

RESEARCH REPORT VTT-R-08459-11
34 (47)

 
 

 

 

Figure 24: Fuel stack elongation of rods during the simulation runs. 
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Figure 25: Failure probability of fuel rods given by ENIGMA. X marks a failed rod while O is 
a rod that did not fail. The index corresponds to the number in Table 6. Note that although 
rods 16 and 18 appear as not failed, according to IFPE data incipient cracks were found 
during PIE. 

 

Figure 26: Relative temperature difference (TENIGMA -  TFRAPCON)/TENIGMA. X marks the spot 
where gas gap is less than 12.5 m in ENIGMA's axial node number 2. 
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4.6 GAIN case 

The simulated fuel centreline temperature of the 3 wt% gadolinium doped fuel plotted against 
operation time is shown in Figure 27. The plot shows the peak fuel temperature in the middle 
of the fuel column (axial node 6). The bottom node with low power is included for 
illustration. The corresponding nodal linear heat rates together with the rod average power 
history are included in the figure.  

The trend of gadolinium depletion can be seen from the linear heat rate plots. The fuel power 
is increasing at the beginning of cycle 1, as the gadolinium is burned out. The fuel 
temperature follows the evolution of the fuel power. Fast gadolinium burnout is seen in the 
middle of fuel rod, where the power is peaked. Conversely, increase in power is much slower 
in the bottom node, where the maximum occurs towards the end of cycle 1, due to lower 
power and therefore lower accumulated local burnup. Full power has been achieved at ~4 – 6 
MWd/kgU.  
The results of fuel with 7 wt% gadolinium admixture are presented in Figure 28. Similar 
trends as in 3 wt% gadolinium variant can be seen, but full gadolinium burnout does not occur 
during cycle 1 in all of the axial nodes. An assembly power variation between cycles 1 and 2 
makes the assessment of full gadolinium depletion difficult. As in the GD0301 case, data like 
reactor power history and assembly position within the reloads would be necessary.  

The rod average fission gas releases as well as the local fission gas releases in the node with 
the highest power are plotted in Figure 29. The figure contains the calculated fuel centreline 
temperatures in the node with the maximum linear heat rate and the illustrative comparison 
with empirical Halden 1% FGR threshold. As seen from the plot, modelled temperature of 7 
wt% gadolinium fuel reached the threshold towards the end of cycle 1 and during cycle 3, i.e. 
at  the instants,  when a stronger FGR was simulated with ENIGMA. The 3 wt% gadolinium 
variant reached the threshold at the beginning of cycle 3. Stronger FGR was modelled here, 
too. 

The calculated fission gas release is higher than the data deduced from rod puncturing and 
published in the GAIN case documentation. FGR values of ca 0.25 % and ca 1 % were 
determined from the puncturing of GD0301 and GD0701 respectively. However, it has been 
stated that these values represent only about 20 % of the actual gas expected in the rod, as 
losses had occurred during the sampling. The expected FGR should therefore become some 
1.25 % for rod GD0301 and about 5 % for GD0701 at the end of irradiation. The five times 
higher FGR in rod GD0701 than in GD0301 was caused by the slightly higher power and 
temperature during irradiation, but much more by the high power transient between cycles 2 
and 3 in the BR2 reactor. 
The simulated FGR comes up as circa 7 % for rod GD0301 and 8 % for GD0701. The 
discrepancy between measurement and ENIGMA modelling is significantly higher for the 3 
wt% gadolinium fuel variant than in the case of the 7 wt% fuel. This may suggest a possible 
overestimation of the fuel temperatures. Even a slight discrepancy in the temperature may 
lead to a significant difference in the FGR, when the fuel is operated close to the threshold of 
thermally activated FGR 

For both rods, the modelled FGR is higher than the values deduced from post-irradiation 
puncturing. This may suggest a slight overestimation in fuel centreline temperatures sufficient 
to exceeding the threshold of thermally activated release. This is supported by conformity 
with the Halden empirical 1% FGR threshold.  

Calculated fuel and cladding properties show closing of the gap and a strong increase in 
contact pressure at BOC3 for 7 wt% gadolinium fuel and at MOC3 for the 3 wt% gadolinium 
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variant. The modelled fuel and cladding axial extension show slightly higher trends when 
compared with PIE measurements of the fuel column length and cladding irradiation-induced 
growth according to MATPRO, respectively. 

 

 

Figure 27: Simulated fuel centreline temperature versus operation time; rod GD0301 

 

Figure 28: Simulated fuel centreline temperature versus operation time; rod GD0701 
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Figure 29: Simulated fission gas release versus burnup; rods GD0301 and GD0701 
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5 VTT ENIGMA Performance 

5.1 Dimensional Changes 

Some coarse observations about fuel rod dimensional changes are made in this chapter. The 
major phenomena are the cladding creep and elongation and the fuel swelling along with fuel 
stack growth. The small-scale details such as ridging are not investigated. 

5.1.1 Cladding Creep 

The steady state creep rate from US PWR cases for zircaloy-4 cladding appears adequate. 
However instrumented tests should be analyzed as the FUMEX-III cases measured only the 
fresh and the fully spent fuel rods. As K. Ranta-Puska used Halden test IFA-585 to calibrate 
the creep correlation some other test would be needed.  
One possible problem with the ENIGMA fast flux calculation procedure is that the simple 
linearization of the fast flux values in respect to the power results in some errors, especially in 
the extremes of the fuel rod. Further, even the fast flux values calculated from the two energy 
group diffusion calculations have some uncertainties. These uncertainties in the fast flux 
values result in quite large uncertainties for the ENIGMA irradiation creep modelling.  

5.1.2 Fuel Pellet Swelling 

The GINNA results feature behaviour hinting at too high pellet swelling rate at high burnup. 
However, those fuel rod tests were performed in the 1980s, and as the ENIGMA swelling 
correlation has been readjusted for a more recent fuel based on Halden experiments during 
late 1990s or early 2000s, some discrepancy is to be expected. One solution would be to use 
manufacture-specific values. This is especially needed in case of designs deviating from the 
basic UO2 fuel matrix, such as doped fuels. 
The PCI tests would indicate that the pellet cladding mechanical interaction is not properly 
modelled. However, it is questionable whether the code relying on assumption of cylindrical 
geometry and azimuthal symmetry even in principle can model radial relocation and its 
effects on cladding strains. 

5.1.3 Fuel Rod Elongation 

The elongation of a freestanding cladding tube can be successfully modelled – in some cases. 
However, there are phenomena ENIGMA models do not address, some by virtue of omission 
and other because of the limitations of theoretical framework of modelling assumptions. Fuel 
stack elongation is both under- and overpredicted, depending on the case simulated. 

5.2 Temperature 

The fuel centreline temperature is underpredicted when the gas gap is closed in Risø and MIR 
cases. Also, as seen in Inter-Ramp comparison between the ENIGMA and FRAPCON 
simulations, the closing of the gas gap has a very strong influence in fuel temperatures. If 
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FRAPCON  is  assumed  as  a  baseline,  the  ENIGMA  temperatures  are  high  when  the  gap  is  
wide open and low when the gap is closed. 
The  default  ENIGMA  UO2 conductivity correlation does not take into account the 
conductivity degradation due to irradiation. At low burnups this affects the conductivity, as 
witnessed by the comparison to FRAPCON correlation in Figure 30. 

If the ENIGMA UO2 conductivity yields too high values it may in principle have been 
counteracted by low gap conductance. This would result in seemingly good agreement with 
low-burnup fuel experiments, but result in too strong an effect for gap closure. The high 
burnup fuel conductivity on the other hand may depend on the high burnup effects such as the 
rim formation that are not well modelled in ENIGMA v5.9b. 
The new conductivity correlation for Gd fuel [10] might in principle be used with fuels 
without any additives. This correlation should be systematically tested before implementation, 
as the gap conductance model parameters are closely interlinked with the fuel conductance. 
Also, the current implementation does not take the porosity evolution during rod life into 
account. 

The effect of the new Gd heat transfer model for 0 weight percent gadolinium fuel is shown in 
Figure 31. The new model performs noticeably better. However, this is for a high-burnup 
rodlet with closed gas gap, so implementing the new model would require further validation 
in open gap cases, too. 

The oxide layer formation should be re-evaluated for non-Zircaloy-4 cladding materials. E110 
is known to have slower oxidation kinetics than basic Zircaloy-4, and this is further affected 
by the low coolant temperature of the VVER-440 reactors. The effect of the oxide layer on  
fuel temperature in boiling water reactors should be also investigated, as it would seem that 
the layer would not have a strong effect on heat transfer in BWRs. ENIGMA has been 
developed as a PWR/AGR fuel simulation code, and features such as the oxide layer might 
require a different approach. 
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Figure 30: Comparison between ENIGMA and FRAPCON heat conductivity models. 
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Figure 31: Old ENIGMA heat conduction model versus the new gadolinium heat transfer 
model in Risø 3 II5 rod case. 

5.3 Fission Gas Release 

Fission gas release is strongly related to the fuel temperature history. Ergo, any modifications 
affecting fuel temperature also affect the fission gas release. Unfortunately the converse is 
also true, as released fission gasses affect the gap conductance and retained fission gasses the 
UO2 thermal conductance. S. Ghan suggested [5] that the forcing of measured fuel 
temperatures should be used if the fission gas release model were to be readjusted. This could 
be one way to approach the problem, should there be enough reliable measurement data.  
Currently  the  fission  gas  release  in  steady  state  cases  such  as  the  US  PWR  and  GINNA  is  
barely within 50 – 200 % range. In transient cases the final fission gas release varies case by 
case basis. For example in Risø cases it is slightly overpredicted yet underpredicted in MIR 
cases. However it should be mentioned that the excessive fission gas release fraction in MIR 
experiments looks abnormal and has not been satisfactorily explained. 

As analyzed by S. Ghan [5] the currently used model for fission gas release is based on faulty 
physics that are known to be wrong. Thus a new model would be warranted. However, given 
the complexity of the problem and its dependence on the many other submodels, the creation 
of a good FGR model will require a lot of work and proper verification. Also, without correct 
temperatures the FGR model calibration will result in wrong variables. So, a priority should 
be given to the creation of a validation system and thermal and mechanical models. After this, 
the assessment of fission gas release model would be possible. 

5.3.1 Dynamics of FGR 

As evidenced by the Risø 3 case which had online pressure monitoring, the dynamics of FGR 
handling are not adequate in the ENIGMA model. Currently it does not take into account the 
feature of delayed gas release during the power ramping, as evidenced by Figure 20. Should a 
new fission gas model be developed, one of the decisions to be made is whether to attempt to 
integrate the dynamic nature of FGR from the get-go. 
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5.4 Fuel Additives 

New power deposition module and fuel thermal conductivity model have been created for 
ENIGMA [10]. While the power deposition module requires the use of external neutronics 
code to function, it can be utilized for other additives apart from gadolinium. The UO2 
conductivity model on the other hand is Gd-specific. The performance of these models when 
compared to older nonspecific models is still uncertain and would need more validation. 

In addition to different power deposition and thermal conductivity, additives to fuel change 
other properties, too. Fuel early-life densification as well as swelling behaviour is affected. 
Fission gas release might be different, especially when the additives change the grain size of 
the fuel. Additive-specific models should be created based on experimental data, if such is 
available. 
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6 Summary and Future Work  

The models and the simulation ability of the steady state fuel behaviour code ENIGMA v5.9b 
with VTT modifications have been investigated as a part of the SAFIR 2010 programme 
POKEVA and IAEA CRP FUMEX-III.  

The basic structure of ENIGMA as it stands is viable. While the assumed approach of 1½-
dimensional simulation and thin pipe formulation of the cladding tube restrict the selection of 
phenomena that can be simulated, the actual simulation usually runs smoothly without 
convergence problems. However many individual models are either old or are based on 
assumptions that have no experimental support. Also the development work at VTT has been 
done during the time frame of two decades, with a lot of information lost in between years. 

Many  of  the  changes  done  at  VTT  have  been  to  address  single  issues  at  a  time.  Yet  many  
phenomena are strongly interlinked, such as the fission gas release, the temperature and the 
heat conduction. In order to address these issues a systematic validation should be 
implemented. Such systems based on IAEA IFPE database have been created previously by 
NNL, AEKI and others. These systems enable the developers to create new models and 
ascertain that the changes made do not adversely affect other aspects of the simulations. 
Currently  a  system to  facilitate  comparison  of  various  submodels  to  measurements  is  under  
development [24], but more work is required. As an example of the current status of the work 
Figure 32 displays a comparison for FGR measured at PIE to the FGR simulated with two 
different heat transfer correlation. More simulation cases and experimental measurements are 
being entered to the database. 

 

Figure 32: Example of the output from SPACE (Simulation Performance Analysis Code for 
ENIGMA). 

Should the validation system be implemented, the next step would be to systematically 
determine the effect of different models and how much varying the input variables affects the 
results. To facilitate such a validation the system should be able to perform massed simulation 
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runs. Performing all the iterations by hand would be a massive task, and as such an automated 
system would be warranted. 
Several of the basic models in ENIGMA should be improved. The heat transfer in its entirety 
should be examined: as per Chapter 5.2 the UO2 conductance model does not take the effects 
of irradiation into account, and yet the comparisons to FRAPCON simulations seen in 
Chapter 3.5 would suggest that the gap closure might have a too strong effect on the 
centreline temperature. The fuel temperature affects and is affected by fission gas release that 
is modelled after an old interpretation of experiments that is known to have faults, as 
discussed in [5]. While the cladding elongation model gives occasionally good results, the 
effects of different manufacturing methods, dimensional interlinking and interaction with fuel 
pellets could be investigated. At the moment of writing this report no data is available 
whether the reason of the discrepancy is faulty secondary creep rate (wrong coefficients) or 
primary creep renewal (insufficient model). As to fuel pellets, not only is their dimensional 
development linked to the fission gas release model, but evolving fuel pellet composition and 
design should be taken into account by the models. Currently the ENIGMA model is only for 
“UO2 matrix” with very little data on which decade’s fuels it is meant for. The formation and 
effect of the oxide layer should be investigated especially for non-zircaloy-4 cladding and 
boiling water reactor environment.  
Whatever changes are made to ENIGMA in the future, the documentation and knowledge 
transfer should be given a priority. As it is, many of the faults described in this document may 
not be because of a faulty model but due to a user error. For instance the too strong effect of 
gap closure could be alleviated with the use of a fuel relocation multiplier. But the question 
remains how and when this multiplier should be used. Also many of the changes made to the 
code are not properly documented, but with mere initials of the person who has done the 
alteration and the year the deed was done. Given the employee turnover at VTT a lot of 
ENIGMA knowledge has been lost over the years, a challenge that could be faced with proper 
documentation and version control procedures. 
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