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ABSTRACT 

The PWR Super-Ramp Extension experiment was conducted to explain the issues left 
opened in the PWR-Super-Ramp Project related to the cladding failure mechanism by pellet 
cladding interaction during ramp tests. This last project is part of the OECD/NEA 
International Fuel Performance Experiments database. It provides the experimental data of 28 
PWR fuel rods irradiated at medium-high burn-up and then power ramped in the R-2 
Research reactor (Studsvik, Sweden). Its objective was to establish the failure-safe operating 
limits of representative PWR fuel rods when subjected to power ramps. The burn-up ranges 
from 28 to 45 MWd/kgU. At the end of these experiments, there was an unexpected resistance 
of 10 fuel rods of standard KWU design that survived all the tests (up to a ramp terminal level 
of 49 kW/m). 

The Super-Ramp Extension power ramped 5 additional KWU rods of same design 
irradiated up to 30-35 MWd/kgU with the objective to understand the anomalous behavior of 
these kind of rods observed in the PWR-Super-Ramp Project. The Super-Ramp Extension has 
never been released by Studsvik. Nevertheless, on the basis of a paper available in the 
literature, the main boundary conditions of the experiment have been reconstructed. The 
methodology adopted will be presented in the current paper. The aim of the activity is to 
compare, investigate and summarize the main outcomes achieved after the simulations of 5 
PWR KWU standard rods by TRANSURANUS code. The connection with the PWR Super-
Ramp Project is also discussed (10 KWU rods). 

1 INTRODUCTION 

During the normal operation of a Light Water Reactor (LWR), the fuel–cladding gap 
may close, as a result of several phenomena and processes. In this equilibrium state, a 
significant increase of local power (like a transient power ramp in the order of 100 kW/m-h), 
induces circumferential stresses in the cladding. In presence of corrosive fission products (i.e. 
iodine) and beyond specific stress threshold depending on the material, cracks typical of stress 
corrosion may appear and grow-up. These cracks may spread out from the cladding internal 
surface, causing the fuel failure. The relevance of PCI in nuclear technology is connected with 
the prevention of fuel failures due to stress corrosion cracking (SCC), involving the loss of 
integrity of the first and the second barriers. 

The present activity is focused on the behavior of the fuel component. The objective is 
the assessment of TRANSURANUS [1] code in predicting fuel and cladding behavior under 
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pellet cladding interaction using two experimental databases based on PWR rods at burn-up 
ranging from 28 to 45 MWd/kgU. The PWR Super-Ramp Extension (SRX) [2] experiment 
has been conducted to explain the unexpected resistance of 10 fuel rods of standard KWU 
design ramp tested in the PWR-Super-Ramp (SR) Project [3]. This last database is part of the 
International Fuel Performance Experiments (IFPE) [4] and IAEA-CRP FUMEX-III [5]. 

2 THE PWR-SUPER-RAMP AND THE PWR-SUPER-RAMP EXTENSION 

The PWR-SR investigated 28 individual PWR test fuel rods subjected power ramps. 
Kraftwert Union AG/Combustion Engineering (KWU/CE) provided 19 fuel rods. Among 
them, 10 were of standard type and formed two groups: PK1 and PK2. They were base 
irradiated in the Obrigheim power reactor up to a burn-up range of 35-45 MWd/kgU and then 
they were ramp tested in the R2 Research reactor (Studsvik). The ramps consisted of: 

• Conditioning, with a rather slow increase of linear heat rating from an initial value to 25 
kW/m (conditioning level) and 24 hours holding time at this value. The coolant inlet 
temperature was kept to 314 °C. 

• Power ramp at a constant rate in the range 150-600 kW/(m*h) to a pre-selected ramp 
terminal level (RTL) of 41-49 kW/m.  

• Holding at ramp terminal level held for about 12 hours or until failure. 
PK1 and PK2 fuel rods survived the tests. A small incipient (non-penetrating) crack was 

found in rod Pk2-s that was ramped up to 44 kW/m using an inlet coolant water temperature 
50°C below the normal one. 

Table 1: PWR-SR and PWR-SRX, summary of the main data 

Group 
Pellet 
OD 

[mm] 

Clad  
ID 

[mm] 

Clad 
wall 

[mm] 

Rod  
 

label 

Measured 
Burn-up 

[MWd/kgU] 

Inlet 
Cool. T 

[°C] 

Ramp rate 
 

[kW/m-h] 

RTL 
 

[kW/m] 
PK1 

(PWR-SR) 
9.110 9.310 0.73 

Pk1-4 33.1 314 570 47.5 
Pk1-3 35.2 314 510 47.5 
Pk1-2 35.6 314 480 44.0 
Pk1-1 35.4 314 540 41.5 
Pk1-s 34.4 314 360 42.0 

PK2 
(PWR-SR) 

9.138 9.280 0.74 

Pk2-4 41.4 314 510 44.0 
Pk2-3 44.6 314 510 49.0 
Pk2-2 45.1 314 570 46.0 
Pk2-1 45.2 314 510 41.0 
Pk2-s 43.4 264 510 44.0 

PK1X 
(PWR-
SRX) 9.110 9.310 0.73 

Pk1x-4 34,3 -- Not ramped -- 
Pk1x-3 35.6 265 600 43.5 
Pk1x-2 34.8 314 600 42.0 
Pk1x-1 33.0 265 600 41.0 
Pk1x-s 30.5 265 600 46.0 

Additional design data 
Parameter PK1-PK1X PK2 

Pellet enrichment / O/M ratio 3.2 % / 2.00 3.21 % / 2.00 
Pellet density / average grain 10.360 g/cm3 / 6.0 µrn 10.340 g/cm3 / 5.5 µrn 
UO2 active length [309.8 – 313.6] mm [317.2-319.0] mm 

The PWR-SRX investigated 5 KWU (group PK1X) rods of same design than PK1 
subjected to base irradiation in the Obrigheim power reactor up to 35 MWd/kgU. At the end 
of the irradiation, four out of five rods were ramp tested in the Studsvik R2 reactor using the 
same technique adopted in the PWR-SR. Three rods were tested at 265°C (inlet coolant 
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temperature) the remaining one (Pk1x-2) was tested at 314°C. The ramp test was conducted to 
explain the unexpected resistance of PK1 and PK2 groups on the basis of the behavior of rod 
Pk2-s. Rod Pk1x/s experienced PCI/SCC failure at 46 kW/m. The cladding temperature was 
low, and the ramp terminal level was the highest one for the PK1X group. The main data of 
these tests are summarized in Table 1. 

3 MODELLING OF PWR-SUPER-RAMP EXTENSION 

It should be pointed out that PWR-SRX was subjected to the same irradiation cycles 
than PK1 (see Ref. [2] pp 133). The modeling of PWR-SRX required the development of 
appropriate boundary conditions. In particular, linear power and cladding temperature 
histories have been reconstructed as function of time.  

• Linear power histories in the base irradiation have been taken from figures reported in 
Ref. [2] by means of Tech-dig program. Each figure provides the rod linear power 
evolution at one node (zero power period removed) as function of burn-up.  

• The conversion from burn-up to time dependent linear power has been obtained by 
iteration using the well validated TRANSURANUS-LWR burn-up model [7]. 
According to the PWR-SR, the data are treated as histograms in which the power 
change between two constant values is assumed 6 kW/m-h. Three axial nodes have been 
modeled each of them displaying identical power as in the ASCII files of PK1 and PK2 
[3][4]. This artificial is necessary to model the final ramp. 

• The cladding temperature in base irradiation has been obtained as function of linear 
power (three identical nodes). The function was developed from the PK1 ASCII files by 
means of simple interpolation techniques, Figure 1-a. 

• The power ramps have been modeled based on Table 1. Three axial nodes have been 
developed (according to the ASCII files of PK1 and PK2). The linear power axial form 
factor is given in Ref. [2]. 

• The ramp cladding temperature have been obtained based on interpolation from the 
ASCII file of rod Pk2-s, Figure 1-b. This rod was tested at the same inlet coolant 
temperature than PWR-SRX. 

The final boundary conditions are reported in Figure 2 for the sample rod Pk1x-1. The 
modeling of PWR-SR has been documented in Ref. [8]. 

  
a) Base irradiation b) Power ramp 

Figure 1: Correlations adopted to reconstruct the cladding waterside temperature histories 
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a) Base irradiation b) Power ramp, peak axial position 

Figure 2: Rod #Pk1x-1, linear power and cladding waterside temperature histories 

4 ASSESSMENT OF PK1X VS. PK1 AND PK2 BY TRANSURANUS CODE 

4.1 Fission gas release analysis 

The FGR was measured at the end of the ramp test with exception of rod Pk1x-4 (not 
ramped) by means of the puncturing technique (uncertainty ±8%) [2][3]. The assessment of 
FGR requires the selection of two models to simulate the intra-granular and the grain 
boundary gas behavior. The reference simulation models the diffusion coefficient inside the 
grains according to Matzke (exponential function of local fuel temperature). The grain 
boundary processes agree with the Koo model [8]. It is specific for power ramps, it assumes 
that the gas at grain boundaries is released if the power excursion is greater than 3.5 kW/m 
and the local temperature overpass a burn-up dependent limit (constant saturation 
concentration is applied otherwise). Both the models are recommended for power ramps [1]. 
Two intra-granular and three grain boundaries additional models are available in the code. 
Among them, the grain boundaries model labeled as CASE B is reported in Figure 3. It 
assumes a saturation concentration proportional to the local temperature (1*10-4 / T). Rod 
Pk1x-4 gives indication of the FGR during base irradiation of PK1 and PK1X groups, Table 2 
column 1a,b. The reference simulation over predicts PK1X group. This is in agreement with 
the trend of PK1 group [9]. PK2 are generally under predicted (excepts Pk2-s). This could be 
related to swelling over prediction of PK2 (that fail in the simulations, Table 2 columns 5a,b). 
CASE B better represents the behavior of PK1-PK1X (both base irradiation and ramp). 

 
Figure 3: FGR analysis 
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4.2 Grain size analysis 

The grain dimension is subjected to increase with the fuel temperature. In particular, the 
recrystallization temperature represents the limit between equal-axial grain increase and 
columnar grain increase. This last phenomenon produces large deformation within the pellet 
centre. The assessment of this parameter is connected with the simulation of the fuel 
centerline temperature during the ramping phase [11]. Several measurements have been 
acquired after the power ramping in the peak axial position, at the pellet centre. Equal-axial 
grain increase was observed in the experiment with the exception of rod Pk1-2 that 
experiences columnar grain growth. The simulations (Figure 4) are in good agreement with 
the experimental value. The grain increase is in the range [1.2 – 2.5] times with respect to the 
initial average value. Rod Pk1-2 is an exception, it is under predicted even if columnar grain 
development is visible in the simulations (it increases of about 4 time its initial value). 

 
Figure 4: Grain size analysis 

4.3 Dimensional analysis 

The average cladding diameter increase is derived from several diameter measurements 
performed prior to ramping (PTR) and after ramp (AR), at ambient conditions (20 °C). Two 
series of measurements are available: between ridges and at ridges. The first set of data (i.e. 
diameter increase between ridges) are considered for the comparison with the code results. 
Diameter increase at ridges is considered in the next section. The simulations mainly under 
predict the diameter change, Figure 5. This trend is correlated with the limits of the code in 
the geometrical modeling. First, the schematization is one-dimensional, plane, axisymmetric, 
and characterized by plain strain condition. Second, local variations of the geometry as ridges 
cannot be modeled. In addition, the diameter change is calculated based on 1 position (the 
peak), whereas in the experiments the measures are taken as mean over 9 axial positions 
located at the power peak. 

The radial gap was measured AR during metallographic examinations. The values are 
expressed as range. Similarly, the maximum and minimum gap predicted at the end of the 
experiment (at 20°C) is reported in Figure 6. This analysis allows to assess the relocation 
models and to improve the simulations. In fact, TU code incorporates 6 relocation models 
and, among them, both the Modified KWU-LWR and the Modified FRAPCON-3 (assumed as 
reference in this analysis) models are recommended [1]. The Modified KWU-LWR is applied 
to Pk1-2, Pk1x-2 and Pk1x-3 (it better fits the experimental trends). In general, the gap size of 
the rods that remain intact in the experiment and are predicted to fail (see Table 2 columns 
5a,b), is under-predicted (Pk2-2, Pk2-4 and Pk2-s). Opposite considerations apply to rod 
Pk1x-s. The remaining rods are in agreement with the experimental trend.  
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Figure 5: Diameter expansion between ridges Figure 6: Gap size after ramping 

5 ANALYSIS OF THE FAILURE MECHANISMS 

The summary of the results is reported in Table 2. The table includes all the parameters 
presented in the paper and the status of integrity of the cladding at the end of the experiments. 
The KWU rods tested in the PWR-SR at a coolant inlet temperature of 314°C survived the 
tests up to a RTL of 49 kW/m (see also Table 1). It should be mentioned that rod Pk2-s was 
tested at 265°C and revealed non penetrating SCC cracks (it is considered as failed). PWR-
SRX revealed the existence of a failure limit at 46 kW/m (rod Pk1x-s). The coolant inlet 
temperature was 265°C. A possible explanation for this experimental trend may be connected 
to a smaller creep rate in the cladding at the lower temperature. This may result in a more 
severe stress situation, increasing the failure probability [2]. Furthermore, SCC phenomenon 
could be more aggressive at low temperatures.  

The PWR-SR is conservatively predicted (PK2 rods are predicted failed) [8], including 
the high burn-up rod Pk2-s (44 MWd/kgU, tested at 265°C). None of the medium burn-up 
PWR-SRX rods are predicted to fail. TU code models the cladding failure due to PCI/SCC 
according to Mattas [1]. It does not include directly the influence of iodine in the crack 
chemical grow-up. In particular, it is treated just as thresholds (i.e. after 5 MWd/kg the model 
is activated since it is assumed that iodine is enough to cause SCC). The chemical crack 
growth occurs when the cladding hoop stress is positive (PCI conditions) being the crack 
length increase calculated on the basis of a function that depends on cladding temperature, 
cladding stress and fitting constants.  

5.1 Failure correlation 

The cladding permanent strain represents one of the fuel criteria to limit PCMI. In 
particular, it is required that the maximum circumferential elastic and plastic strain does not 
exceed 1%, and maximum permanent axial and tangential strain caused by fuel swelling at 
end of fuel life remains lower than 2.5% [12]. However, the chemical attach may jeopardize 
the cladding integrity because the SCC phenomenon occurs also at very low strains [13]. The 
last process is usually connected with the power increase and the power ramp features [14].  

In the case of PWR-SR and PWR-SRX, the cladding diameter expansion at ridges gives 
fruitful indication about the minimum deformation capable to cause the cladding failure, 
Figure 7. The experiments evidences two different trends (that confirms the partial adequacy 
of the PCMI limit). The rods tested at 314 °C remained intact and exhibited the largest 
deformation. The rods tested at 265 °C exhibited low deformation and the existence of a 
failure limit at 14 μm (Pk1x-s). Pk2-s and Pk1x-2 fit these correlation too. TU code highlights 
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the existence of a minimum deformation causing failure at about 8 μm, Pk2-1 and Pk2-s. It is 
not dependent upon the coolant inlet temperature. 

Table 2: PWR-SR and PWR-SRX, summary of the analysis 
0 1a 1b 2a 2b 3a 3b 4a 4b 5a 5b 

Rod 
 

label 

Exp 
FGR 
[%] 

Calc. 
FGR [%] 

Exp. 
Grain 
[μm] 

Calc. 
Grain 
[μm] 

Exp.AR-
PTR 
[μm] 

Calc.AR-
PTR 
[μm] 

Exp. 
Gap 
[μm] 

Calc. 
Gap 
[μm] 

Exp 
 

F/NF 

Calc 
 

F/NF Ref Case B 
Pk1-4 13.0 21.3 14.4 -- -- -- -- -- --  NF NF 
Pk1-3 22.1 22.2 15.4 -- -- 36 68 5.4 --  NF NF 
Pk1-2 13.6 18.3 11.7 36.0 21.3 -- -- -- 22-40 43-45 NF NF 
Pk1-1 8.5 11.5 6.1 -- -- 26 28 2.0 --  NF NF 
Pk1-s -- -- -- -- -- -- -- -- --  NF NF 
Pk2-4 9.5 7.3 3.5 8.3 7.7 -- -- -- 22-27 10-11 NF F 
Pk2-3 44.0 30.8 25.6 -- -- 107 138 27.0 --  NF F 
Pk2-2 32.0 25.6 20.4 12.8 14.3 -- -- -- 22-30 12-19 NF F 
Pk2-1 28.0 15.6 10.6 -- -- 39 71 8.2 --  NF F 
Pk2-s 10.4 16.1 11.4 11.8 14.9 11 36 7.7 18-25 11-14 F F 

Pk1x-4 1.0 2.3 1.3 -- -- -- -- -- --  -- -- 
Pk1x-3 7.4 13.2 7.1 11.0 12.8 0 10 2.8 27-52 13-35 NF NF 
Pk1x-2 7.2 13.3 7.2 10.0 13.0 7 30 5.2 38-44 26-35 NF NF 
Pk1x-1 -- -- -- -- -- 2 13 0.4 --  NF NF 
Pk1x-s -- -- -- 7.0 8.3 0 14 0.5 7-14 6-28 F NF 

 
Figure 7: Minimum diameter expansion causing failure as function of ramp temperature 

6 CONCLUSIONS 

The paper discusses the analysis of 10 KWU rods power ramped in the PWR-SR 
Project and 5 KWU rods of same design power ramped the PWR-SRX. The burn-up ranges 
between 30-45 MWd/kgU. The aim of the activity is the assessment of TRANSURANUS 
code in predicting fuel and cladding behavior under pellet cladding interaction. In order to 
model the PWR-SRX, suitable boundary conditions have been developed according to PWR-
SR (PK1 and PK2 groups). The analyses bring to the following conclusions: 

• FGR: PK1X and PK1 rods are over predicted. The Koo model seems to overestimate the 
contribute to FGR due to base irradiation. PK2 are underestimated, this could be connected 
with swelling over-estimation (since they are predicted to fail). 
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• Grain size: the simulations are in good agreement with the experimental trends. Columnar 
grain development was observed only in rod Pk1-2. 

• Dimensional changes: the cladding diameter expansion caused by the ramps is under 
predicted. This is connected with code limits and the low number of axial nodes. The gap 
size of the rods that remain intact in the experiment and are predicted as failed is under-
predicted (Pk2-2, Pk2-4 and Pk2-s). Opposite considerations apply to rod Pk1x-s. 

• Cladding integrity: the KWU rods tested in the PWR-SR at a coolant inlet temperature of 
314°C survived the tests up to a RTL of 49 kW/m. Rod Pk2-s was tested at 265°C and 
revealed non penetrating SCC cracks. PWR-SRX revealed the existence of a failure limit at 
46 kW/m (rod Pk1x-s, coolant inlet temperature of 265°C). The code predicts correctly 6 
out of 10 rod from PWR-SR, the errors are conservative. Four out five rods from PWR-
SRX are correctly simulated, the error is not conservative. 

In conclusion, the PCI/SCC phenomenon is conservatively simulated for ramp test 
performed at high coolant inlet temperature and for the high burn-up rod Pk-2s ramped at low 
coolant inlet temperature. The medium burn-up rod Pk1x-s is predicted as intact, this may 
indicate a lack in the failure subroutine in treating the impact of low coolant temperature 
during power ramps. It should be mentioned that only 5 rods are tested at low t temperature 
and additional data are necessary to point out more accurate conclusions. 

LIST OF SYMBOLS 

AR After Ramp 
CRP FUMEX-III Coordinate Research Project Fuel Modeling at eXtended burn-up, III 
ENEA Agenzia nazionale per le nuove tecnologie, l’energia, e lo sviluppo economico sostenibile 
FGR Fission Gas Release 
IAEA- International Atomic Energy Agency 
ID Inner Diameter 
IFPE International Fuel Performance Experiments database 
KWU/CE Kraftwert Union / Combustion Engineering 
LWR Light Water Reactor 
OD Outer Diameter 
OECD/NEA Organization for Econ. Co-operation and Development / Nuclear Energy Agency 
PCI/SCC Pellet Cladding Interaction / Stress Corrosion Cracking 
PCMI Pellet Cladding Mechanical Interaction 
PTR Prior To Ramping 
PWR Pressurized Water Reactor 
PWR-SR PWR Super-Ramp project 
PWR-SRX PWR Super-Ramp eXtension project 
RTL Ramp Terminal Level 
TU TRANSURANUS code 
UNIPI UNIversity of PIsa 
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