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ASTRACT 

Nuclear fuel cycles are driven to higher burn-ups under the nowadays more demanding 
operational conditions. The operational safety limits that ensure the long-term core coolability 
are set through the analysis of the design basis accidents, RIA scenarios. These analyses are 
mainly performed through computer codes that encapsulate the present understanding of fuel 
behavior under such events. They assess safety margins and therefore their accuracy is of 
utmost interest. Their predictability is extended and validated through separate effect and 
integral experiments data.  

Given the complexity of working phenomena under RIA conditions, neither existing thermo-
mechanical models nor rod state characterization at the moment of power pulse reflect exactly 
reality. So, it is essential to know how these deviations influence code predictions. This study 
illustrates how uncertainties related to pre-transient rod characterization affect the estimates of 
nuclear fuel behavior during the transient. In order to do so, the RIA scenario of the CIP0-1 test 
(CABRI program) has been analyzed with FRAPCON-3 (steady state irradiation) and 
FRAPTRAN 1.4 (transient) codes. The input uncertainties have been propagated through the 
codes by following a deterministic approach.  
This work is framed within the CSN-CIEMAT agreement on “Thermo-Mechanical Behavior of 
the Nuclear Fuel at High Burnup”. 
 

1. INTRODUCTION 

The current nuclear industry trend to increase fuel burnup under more demanding operational 
conditions, has highlighted the importance of ensuring that, even under those conditions, a fuel 
rod would be capable of withstanding thermal and mechanical loads resulting from any design 
basis accident and, particularly Reactivity Initiated Accidents (RIA). Computer codes were 
created and are being updated consistently. At the same time, they are validated against 
separate effect and integral tests. 
Given the huge complexity of RIA scenarios, models encapsulated in codes can not capture 
reality with a perfect accuracy. They rely on hypotheses and approximations and they are fed 
with variable values that are uncertain to some extend. Estimating the impact of such 
uncertainties is of a high interest in Best Estimate (BE) safety analysis.  
Uncertainty analysis (UA) have been profusely used and developed in the area of 
Thermohydraulics, the OECD BEMUSE project being an example. Some applications have 
been conducted also in RIA related fields, such as the bundle response to a RIA (Diamond et al., 
2000, Le Pallec and Tricot, 2002, Panka and Kereszturi, 2004, Avvakumov et al., 2007, and 
Anchel et al., 2010) or even when modeling experimental rodlet transients (Laats, 1981, Barrio 
and Lamare, 2005). However, very few applications are known in the RIA field itself, the most 
recent one being the work by Sartoris et al. (2010), where uncertainties are considered in the 
development of a methodology to set safety criteria for RIAs.  
This work is aimed to assess the impact of uncertainties in the description of steady state 
irradiation on the results of a RIA accident. Hence, uncertainties affecting steady and transient 
models and uncertainties defining the transient scenario are out of the scope of this work. To do 
so, the CIP0-1 test of the CABRI program was chosen as a case study. Fuel rod thermo-
mechanical behavior was simulated by means of FRAPCON-3 (steady state irradiation) and 
FRAPTRAN (transient) performance codes.  After a brief presentation of the computing strategy, 
a UA methodology is proposed and applied to the quantification of uncertainties when modeling 
CIP0-1 scenario, with the objective to 1) identify the critical steady state uncertain input 
parameters and 2) quantify the maximum accuracy that can be reached in a RIA modeling.  
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2. APPROACH AND TOOLS 

2.1. Scenario  

The CIP0-1 integral test has been chosen as our RIA reference scenario. The CIP0-1 
experiment was performed in 2002 in the framework of OECD CABRI International Program 
(CIP). Around 99 cal/gUO2 were injected in 32.4 ms into a short rodlet previously irradiated up 
to an average burnup around 68.5 GWd/tU.  
Several reasons support this test selection: its initial and boundary conditions are prototypical of 
a Rod Ejection Accident in PWR; it was thoroughly characterized experimentally both in its 
steady state irradiation (ENUSA, 2009) and transient (Georgenthum, 2011) stages; there is 
available documentation; and it was previously modeled by other researchers (e.g. Romano et 
al., 2006).  

2.2. Best Estimate Modeling  

2.2.1. Analytical tools 
The “FRAP” codes family has been used in this study. FRAPCON-3 is the steady state fuel 
performance code maintained by PNNL on the behalf of US-NRC (Geelhood et al., 2011a). 
FRAPTRAN is the corresponding transient fuel performance code (Geelhood et al., 2011b). 
FRAPCON-3 predicts fuel thermo-mechanical performance by modeling the material responses 
of both fuel and cladding under normal operating conditions, whereas FRAPTRAN include 
models, correlations and properties for various phenomena of interest during fast transient and 
accidental conditions. Both codes are considered as BE codes, since they are capable of 
modeling all the relevant processes in a physically realistic way and were validated against 
integral test databases (Geelhood et al., 2011c and d). 

2.2.2. Global strategy 
The modeling of the full CIP0-1 test is the result of a 3-step calculation chain, as shown in Fig. 1. 
The characterization at base irradiation EOL is provided by the use of FRAPCON-3 code 
version 3.4a: a modeling of the complete mother rod behavior is run first, before limiting it to the 
span which is submitted to the power pulse. The transient modeling is then carried out using 
FRAPTRAN code version 1.4.  

 

Fig. 1. CIP0-1 modeling scheme 
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2.2.3. Hypotheses and Assumptions 
The CIP0-1 mother rod was irradiated during five cycles (eq. 2078 EFPD) in the Spanish reactor 
Vandellós-II at a core average power of 18 kW/m. The CIP0-1 rodlet was reconditioned from 
span 5 of the mother rod in Studsvik facilities. 
The CIP0-1 test was performed on November 2002 in the CABRI sodium loop facility 
(Cadarache). 99 cal/gUO2 were injected at PPN without failure. 
Concerning the transient phase, the input deck built can be considered as a BE since a major 
part of the information is adjusted to the available experimental data: power pulse and axial 
power profile, coolant temperatures, oxide layer thickness. For simplification sake, no transient 
FGR is considered (default option).  

2.3. Uncertainty analysis setup 

2.3.1. Sources of uncertainties 
Modeling a RIA involves a number of uncertainties. They may be classified as follows: 
- Transient uncertainties. They include both those involved in the scenario description (i.e., 

affecting variables, such as power pulse width, total injected energy, etc…) and those 
derived from the own simulation approach (i.e. specification of materials, modeling of 
specific phenomena, definition of boundary conditions, etc…) 

- Steady state uncertainties. These include all uncertainties coming from the steady state 
irradiation. Their significance lies on their effect on the characterization of the rod at the 
onset of the transient. As the former type, they entail both uncertainties from the irradiation 
description and uncertainties from its simulation, which affect input parameters and steady 
state models.  

- In the case of CIP0-1, one should add the uncertainties related to the rodlet refabrication to 
fit it to the experimental device.  

2.3.2. Scope 
The UA conducted here entails assessing the impact of uncertainties in FRAPCON-3 input deck 
on FRAPTRAN predictions of the rodlet response to a power pulse. That is, uncertainties from 
any other sources discussed about are out of the scope of this study. As a consequence, the 
resulting band of FRAPTRAN estimates should be seen as a minimum, since addition of any 
other type of uncertainty introduced above would mean broader bands. It is noteworthy that in 
this case FRAPCON-3 and FRAPTRAN codes behave just as propagation tools.  
It is assumed that only FRAPCON-3 input data are subject to uncertainty and none propagation 
is sent back to FRAPTRAN input file. The final response behavior is studied as a function of the 
perturbations made on FRAPCON-3 input deck file, while FRAPTRAN input file remains 
unchanged. In the case of CIP0-1 FRAPTRAN BE simulation, restart file has to be manually 
updated at each run, in order to account for refabrication gas and clad corrosion states.  

2.3.3. Responses of interest 
Regarding the code response, our attention is focused on the following safety-related 
mechanical variables: 

- Maximum clad elongation l
max

∆ : data are experimentally available, and it reflects in a physical 

way the clad tube mechanical response to the power insertion.  

- Peak residual clad circumferential deformation
p

θ
ε : experimental data are also available, 

foremost 
p

θ
ε  is the critical parameter of the clad ductile failure model implemented in 

FRAPTRAN1.4. 

- Peak Strain Energy Density SED
max

value is used to estimate the cladding failure damage 

through the SED-to-CSED ratio (e.g. (Huguet et al., 2010)); given the similar behavior between 
both SED formulations calculated in FRAPTRAN codes (PNNL and EPRI), 

PNNL
SED has been 

selected by default. 

2.3.4. Selected methods 
Given that, on the one hand the analytical tools selected are not equipped with integrated UA 
package, and on the other hand PDF are difficult to assign to the selected uncertain parameters, 
it has been decided to explore deterministic propagation methods inspired of Design of 
Experiment (DOE) theory. The two methods used in the frame of this study are detailed 
hereafter: OAT and RSM. 
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i. One-At-a-Time (OAT) method 
The OAT approach is a sort of systematic parametric study. The OAT experimental design 
consists in perturbing only one input factor per computer run: each input is evaluated at its 
upper or lower value, meanwhile other stay at their nominal value; it implies a total of 2k+1 runs, 
if k is the factor number. The information from the OAT design can be used to screen the input 
variables, i.e. to make a preliminary identification of the most sensitive inputs, at a local scale 
(e.g. Kazeminejad, 2007). Such a simple method is convenient when the number of uncertain 
factors is high, but not enough robust to give quantitative insights.  

ii. Response Surface Method (RSM) 
The main idea of RSM is to approximate the original code response by an analytical “function” 
(called surrogate, proxy or metamodel) from a prescribed database of computations, and then 
use this replacement model for subsequent UA (e.g. Chun et al., 1996, or Zangeneh et al., 
2002). Different types of response surface can be generated, according to response linearity 
degree: polynomial, thin plate splines, neural networks, generalized linear model, partial least 
square regression, MARS, boosting…Depending on the response surface form, computer 
experimental sampling size and design should be carefully optimized: complete or fractional 
factorial plan, Hadamard matrix, Placket-Burman matrix, and even more elaborate sequential 
and adaptive plan. 

2.3.5. UA sequences  
The UA follows a progressive application methodology, as illustrated by Kerrigan and Coleman 
(1979). 

i. Screening analysis 
The first step in UA involves identifying the “a priori” relevant FRAPCON-3 input parameters 
likely to influence the responses of interest defined above. This screening analysis is achieved 
on the basis of subjective expert judgment.   

ii. Importance assessment analysis  
In a second step, after having assigned variation range to each factor identified in the previous 
section, an OAT computing method is applied to highlight the most relevant ones.  

iii. Sensitivity analysis 
Sensitivity analysis (SA) is the study of how the uncertainty in the output of a mathematical 
model can be allocated, qualitatively or quantitatively, to different sources of uncertainty in the 
model input data.  
The RSM computing method is chosen as the basis of SA. Its application proceeds according to 
the following procedure: 
- Design of the experimental matrix: steady state input uncertain factors are perturbed in a 

prescribed way in order the numerical output response database gets the appropriate 
properties for subsequent model exploration. 

- Determination of the adequate surface response function: given that this study is an 
exploratory work of UA methods application, the priority would be given to a simple function.  

- Estimation of the response uncertainty by means of a second-order error propagation 
technique: the response “surface” developed replaces the original model in order to quantify 
response uncertainty.  

3. RESULTS AND INTERPRETATION  

3.1. Best Estimate results 

A synthesis of the BE modeling results is encapsulated in Fig. 2 and Table 1.  
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(a) Clad elongation evolution (normalized) : 
predicted vs experimental 
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(b) Clad residual hoop strain along rodlet : 
predicted vs experimental 
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Fig. 2. BE results for the 3 responses of interest defined in section 2.4.3. 

 Table 1. BE numerical results of interest 

Variables BE numerical result Experimental data Relative error (%) 

l
max

∆  Maximum clad elongation (mm) 
4.99 

4.39 (normalized) 
- 

4.59 
 

4 

p

θ
ε  Permanent hoop strain at PPN (%) 0.209 0.694 232 

SED
max

 Peak PNNL-SED value (MJ/m
3
) 4.09 - - 

3.2. Screening analysis 

A set of FRAPCON-3 input parameters has been selected. Two major criteria were adopted a 
priori: parameters likely to influence transient behavior and uncertain data present in the input 
deck. Additionally, if the input value is needed, and no default value is available and/or the 
assigned value is arbitrary, the parameter is also considered.  
A systematic review of the restart file from FRAPCON-3 that feeds FRAPTRAN calculations, 
allowed identifying the information passed and then choosing 9 parameters considered 
uncertain (Table 2) in the FRAPCON-3 input deck (out of a total of 70). All these parameters are 
assumed to be independent.  

Table 2. FRAPCON-3 uncertain input parameters  

Code flag Definition  
BE nominal 
value 

Unit  

deng open porosity fraction for pellets 0
(1)

 %TD 

flux 
conversion factor between fuel specific power and fast 
neutron flux 

2.21E+16
(1)

 n/m
2
s per W/g 

fgpav as-fabricated filling gas pressure (at room temperature) 2.35E+06
(2)

 Pa 

cldwks 
clad cold-work (fractional reduction in cross-section area 
due to manufacturing processing) 

0.5
(3)

 ND 
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rsntr 
expected increase in pellet density during in-reactor 
operation 

52.656
(4)

 kg/m
3
 

slim swelling limit 0.05
(1)

 volume fraction 

cpl cold plenum length 0.047
(5)

 m 

roughf surface fuel roughness 4 microns 

roughc surface clad roughness  2 microns 
(1) 

Code default value 
(2) 

Experimental value 
(3) 

Recommended value by code developers 
(4) 

Determined from standard resintering test performed on fresh fuel (NUREG-0085) 
(5)

 Variable adjusted to fit with experimental free volume value 

3.3. Importance assessment analysis 

3.3.1. Input parameter characterization 
For each input parameter defined in Table 2, large upper and lower limits have been defined 
according to available technical data and expert judgment (Table 3).  

Table 3. FRAPCON-3 uncertain input parameters and their range of variation 

Code flag 
* required input 

Unit  Lower bound  Upper bound Perturbation rationale  

deng %TD 0 (=BE) 1.5 (i) 

flux n/m
2
s per W/g 1.11E+16 4.42E+16 / and * by 2  [-50 %|+100 %] 

fgpav* Pa 2.28E+06 2.42E+06 +/-3 % (Geelhood et al., 2009) 

cldwks ND 0.1 0.8 
Applicability range of FRAPCON-3 
mechanical correlations  
(Geelhood et al., 2008) 

rsntr* kg/m
3
 0 105.31 

slim volume fraction - 0.1 
 (ii) 

cpl* m 0.037 0.057 
+/- 1 fuel pellet height (+/-27 %) 
(Geelhood et al., 2009) 

roughf* microns 0.25 14.4 

roughc* microns 0.17 4.5 
(iii) 

 
Some of the values set in Table 3 deserve further explanation: 
(i) When deng is set to 0, an internal model takes over the calculations of open porosity; and for 
fuel density higher than 95.25 %TD, the corresponding fraction is set to 0. Commercial fuel rods 
are not expected to show high open porosity values. However, according to Na et al. (2002), for 
a fuel density of 95.7 %TD (as fabricated density of CIP0-1 fuel), the open porosity ε0 may reach 
1.5 %TD.  
(ii) The study of the uncertainty related to rsntr and slim input variables involves exploring fuel 
densification and swelling steady state models. Upper limits were fixed arbitrarily to the double 
of their nominal values; in the case of rsntr, this criterion is consistent with the value of 1% 
(=109.6 kg/m

3
) recommended by the code developers.  

(iii) Fuel and clad roughnesses are hardly reported in papers and reports. Based on data found 
(Lassmann and Blank, 1988) it has been decided to set large margins, realistic though.  

3.3.2. Importance sampling 
Once the uncertainty ranges assigned, an OAT method was conducted and the results obtained 
are summarized in Fig. 3. The rationale adopted to choose relevant parameters is sketched in 
Fig. 4. 
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(a) Clad permanent hoop strain at PPN 
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(b) Maximum clad elongation 
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(c) Peak PNNL-SED value at PPN 

Fig. 3. Relative sensitivity of responses of interest to steady state input parameters perturbation 

 

Fig. 4. Factor discrimination methodology 

As a result, a classification is here proposed: 
- Negligible: slim, deng and fgpav 
- Moderate: cpl, cldwks, and rstnr 
- Dominant: roughf, flux and roughc 
It is worth reminding no quantitative information (such a ranking between roughf, flux and 
roughc) can be extracted from an OAT analysis.  
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i. flux (F) 

The variable flux is called at the beginning of each time step to convert the linear heat 
generation as given in input to the corresponding fast flux, and by summing, to the fast fluence. 
This cumulative dose measures the material damage due to irradiation and is involved in the 
calculation of clad mechanical properties for instance. The information on the flux-to-heating 
conversion factor (also called kerma factor), which is requested as a function of the axial 
elevation, is rarely given by NPP operators. Its value which depends on neutron cross section 
data and reactor design can be calculated by means of 3D neutronic codes. The uncertainties 
associated to individual kerma factors quoted in the literature may reach up to 10 % (Bichsel, 
1974). As a consequence, large bounds have been assigned to flux parameter, also to account 
for axial deviations. 

ii. roughf (ρf) and roughc (ρc) 

roughf and roughc are respectively the fuel pellet and clad tube surface roughnesses (arithmetic 
mean, peak-to-average). These variables are involved in the calculation of gap heat transfer 
through both gas and solid contact conductance terms, for which no validity range is reported. 
Besides, their sum imposes the pellet-to-clad minimal gap width in calculations. Their values are 
not expected to change along irradiation. In reality, creep effects and chemical reactions affect 
surface characteristics in a manner which can not be specified accurately.  

3.4. Sensitivity analysis 

A deeper SA has been conducted on the three parameters highlighted in the previous UA step.  

3.4.1. Experimental design 
An orthogonal array (OA) design has been chosen as the sampling method to generate the 
database which is used to build the response surface approximation. To ensure a high degree 
of resolution and explore interaction effects, a full factorial design made of all the combinations 
of 3 factors on 3 levels [-1, 0, 1] has been built, leading to a total of 27 “runs” required. Individual 
factor effects can be visualized in Fig. 5. 
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Fig. 5. Main effects graphs 
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The observation of Fig. 5 calls the following comments: 
- Increasing flux, roughf and roughc values leads to decrease the values of selected responses,  
- Sensitivity to roughc variations is symmetric while it is not for flux and roughf, 
- For a given input factor, the response to the changes (shape) is the same from one output 
variable to the other.  

3.4.2. Regression analysis 
Because FRAPCON-3 is a steady state code, it is reasonable to assume a continuous response 
on the range of variation of its input factors. As a consequence, simple second-order polynomial 
surface responses have been explored. Three equations have been derived by a least-squares 
fitting of each output values: 
 
Yi = a0 + a1·F + a2·ρf + a3·ρc + a12·F·ρf + a23·ρf·ρc + a13·F·ρc + a11·F

2
 + a22·ρf

2
 + a33·ρc

2
  (Eq. 1) 

 
with 

Yi = estimated output value ( l
max

∆ ,
p

θ
ε , SED

max
) 

a0, ai, aij = response equation coefficients (1 mean effect term, 3 main effects and 6 quadratic 
terms, all reported in Table 4) 
F, ρf, ρc = input variables normalized to [-1,1] range  

Table 4. Regression coefficients of surface response equations 

Regression coefficients l
max

∆  
p

θ
ε  SED

max
 

a0 4.87 0.132 3.81 

a1 -0.145 -4.21E-02 -0.327 

a2 -0.200 -4.94E-02 -0.427 

a3 -6.01E-02 -1.50E-02 -0.134 

a12 -3.57E-02 -8.58E-03 -8.51E-02 

a23 -3.38E-02 -5.90E-03 -6.06E-02 

a13 -8.41E-03 -1.34E-03 -1.84E-02 

a11 6.86E-02 4.43E-02 0.171 

a22 -5.99E-02 7.70E-03 -0.116 

a33 -3.33E-03 1.86E-02 -1.31E-02 

 
The accuracy of the regression equations was checked by examining residual plots. The ability 
of surface response equations to reproduce maximum clad elongation and peak PNNL-SED 
value at PPN looks suitable: high values of correlation coefficients obtained (0.9967 and 09956, 
respectively); and the biggest residuals are respectively, 0.7 and 3 %. A not so good but 
acceptable result is the equation corresponding to the permanent clad hoop strain (R

2
=0.9234). 

A cubic-order polynomial would not increase accuracy notably.   

3.4.3. Sensitivity indices 
The relative influence of each input variable on the computed outputs is obtained by examining 
the coefficients (in absolute value) in the response equations (Table 4). The conclusions of this 
analysis are the following: 
- Whatever is the response of interest, the order of sensitivity is: roughf>flux>roughc. 
- roughf and flux have the same sensitivity, while roughc is three times less significant. 
- Quadratic effect of flux has the same magnitude order than roughc linear one (interaction 
effect are known to be important in such studies). 
As a main result of this exploratory UA, the most influential steady state parameter regarding 
transient modeling appears to be roughf, which value did not raise concerns up to now. 

3.4.4. Responses uncertainty 
Once constructed, the response surfaces can be used as a surrogate in a Monte Carlo 
simulation to estimate responses uncertainty. 2000 random sampling have been calculated 
without emitting any hypothesis on uncertainty distribution of the three selected inputs (uniform 
PDF in the bounds as specified in Table 3). Results are presented in Table 5.  

Table 5. Sensitivity analysis final results  

Responses 
Maximum clad 

elongation (mm) 
Permanent clad hoop 

strain at PPN (%) 
Peak PNNL-SED 

value (MJ/m
3
) 

Standard deviation σd 0.15 0.040 0.33 
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95% confidence interval 
applied to BE response  

(x0 +/-·2σd) 
[4.68-5.30] [0.129-0.289] [3.43-4.75] 

Precision on BE response (%) 12 77 32 

 
According to this SA, considering the propagation of large uncertainties related to roughf, 
roughc and flux steady state variables, clad elongation and SED peak values along subsequent 
transient are calculated with a (95 % confidence) precision of respectively 12 and 32 %.  
Assuming the response surface assigned to clad hoop strain response as valid, the “precision” 
on this nominal response reaches 77 %.  

4. CONCLUSIONS AND PROSPECTS 

This study is an exploratory work on uncertainty analysis application to RIA modeling. Despite 
its complexity, the interest of this work is outstanding: on one side, it can provide insights 
concerning how accurate one can become when analyzing RIA; on the other side, key variables 
affecting calculation precision can be identified. Both aspects should assist in defining research 
priorities. 
In particular, this study investigates how much initial steady state uncertainties can affect 
accuracy in a RIA simulation. Based on the CIP0-1 test of the CABRI program, and by applying 
the “One-at-A-Time” and Response Surface Methods (OAT and RSM, respectively), the 
accuracy in the peak value of key transient variables (i.e. clad elongation, clad residual hoop 
strain and strain energy density) has been assessed.  
From the analysis, it has been highlighted that fuel roughness, in-reactor heat-to-flux conversion 
factor, and clad roughness, are key characteristic values that should be specified as accurately 
as feasible. Among them, fuel surface roughness is the most important. 
The study has allowed noting that just when uncertainties affecting steady state irradiation are 
considered, the accuracy in RIA modeling is limited, particularly of variables like clad strain. 
Fortunately, others like SED of extreme relevance characterizing fuel rod integrity do not seem 
too drastically affected. In other words, their accuracy is acceptable.  
Given the intrinsic limitations of this study, it will be extended in the future. In the short term, it is 
planed to assess the impact of FRAPCON-3 models. In the long term both uncertainties should 
be combined in order to quantify steady state global inaccuracy.  
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Scope of the study

• Exploration of UA methods applied to Nuclear 
Fuel Behavior studies
– Powerful analytical tool
– Adding value and skill

• Application to postulated RIA scenario
– Experience on RIA modeling within the team
– Scarce literature (emphasis on LOCA)
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UA Methodology

1. Problem identification 
2. Uncertainty sources 
3. Importance assessment
4. Uncertainty propagation
5. Sensitivity analysis
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• Case study = CIP0-1 test
– What?

– Why?
• Prototypical PWR RIA
• Well characterized experimentally
• Fully documented
• Previous studies

1. Problem specification
Scenario

RIA integral test in 
CABRI facility

99 cal/gUO2 injected

Short rodlet 
fabrication

Base irradiation

5 cycles in Vandellós-2 NPP 
<Bu>EOL= 68.5 GWd/tU
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1. Problem specification
Tools

• Case study = CIP0-1 test
– How?

• FRAP family codes

• Starting point = a BE reference case
– Both BE codes
– Most of the input adjusted to experimental data 

Base irradiation

FRAPCON-3.4a

Transient

FRAPTRAN1.4
Restart file
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• Study of the impact of FRAPCON-3 input uncertainties
on FRAPTRAN predictions:
– Up to which accuracy we need to go in the steady state

modeling for subsequent RIA modeling?
– Which accuracy can we reach in the RIA modeling?

Rodlet irradiation

FRAPCON-3.4a

RIA transient

FRAPTRAN1.4

1. Problem specification
Focus
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1. Problem specification
UA settings

• FRAPTRAN outputs of interest
– Which?

• Maximum clad elongation
• Permanent hoop strain at PPN
• Peak SED

– Why?
• Bases of clad failure prediction models
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2. Uncertainty sources
Identification

• Data related to transient

– Scenario description
– Modeling approach

• Data related to initial state of the rodlet

– Base irradiation

– Refabrication process

1. FRAPCON-3 inputs deck data

2. FRAPCON-3 steady-state models
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2. Uncertainty sources
Methodology

• Identification based on:
– An extensive study of the codes transmission chain
– An expert judgment

• Quantification:
– Relies on data availability, expert recommendation,

code user experiment
– Choice of realistic bounding intervals for each variable
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2. Uncertainty sources
Input data

9 inputs parameters:
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2. Uncertainty sources
Input data

Code flag Unit BE value Lower bound Upper bound Rationale

deng %TD 0 0 1.5 Literature

flux n/m2s per 
W/g 2.21E+16 1.11E+16 4.42E+16 Expert advise

fgpav Pa 2.35E+06 2.28E+06 2.42E+06 Literature

cldwks ND 0.5 0.1 0.8 Code limits

rsntr kg/m3 56.656 0 105.31 Developer recommendation

slim vol. frac. 0.05 - 0.1 Expert advise

cpl m 0.047 0.037 0.057 Literature

roughf m 4 0.25 14.4 Literature

roughc m 6 0.17 4.5 Literature
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3.Uncertainty propagation
Approach

Base irradiation  
Steady-state analysis 

FRAPCON-3.4a

RIA test             
Transient analysis 

FRAPTRAN1.4

Uncertainty propagation

DETERMINISTIC APPROACH

9 inputs parameters

Analysis of mechanical responses:     
MAX. ELONGATION  

PERM. HOOP STRAIN 
PEAK SED

Restart file
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3. Uncertainty propagation
Methods

• Which?
– Qualitative = One-At-a-Time (OAT)

• Perturbation of only one factor per computer run
• Efficient and intuitive importance assessment method

– Quantitative = Response Surface Method (RSM)
• Approximation of the original code response by an analytical

“function”
• Fitting of code responses sample
• Meta-model qualification
• Probabilistic uncertainty propagation on meta-model

• Why?
– Simple (explorative study)
– Pdf unknown
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4. Importance assessment. OAT method

Unitttttttttttttttttttt oooooooooooooooooooooffffff NNNNNNNNNNNNNNNNNNNNNuuuuuuuuuuuuuuuuuuuuuccccccccccccccccccllllllllllllllleeeeeeeeeeeeeeeeeeeaaaaaaaaaaaarrrrrr SSSSSSSSSSSSSSSSSSSSSaaaaaaaaaaaaaaaaaaaaaffffffffffffffffffffeeeeeeeeeeetttttttttttttttttttttyyyyyyyyyyyyyyyyyyyyy RRRRRRRRRRRRRRRRRRRRReeeeeeeeeeeeeeeeeeeessssssssssssssssssssseeeeeeeeeeeeeeeeeeaaaaaaaaaaaaaaaaaaaarrrrrch BBBBBBBBBBBBBarcellllllllllona, 1666666666666-18 N
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Identification of 3 main 
dominant parameters:  
flux, roughf, roughc

4. Importance assessment. OAT method
Selection criteria:
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5. Sensitive analysis
RSM method

Fitting to a 2nd order polynomial 
function (RS equations)

roughf > flux > roughc

Matrix building                                
3 inputs, 3 levels = 27 “runs”

RS coefficients 
assessment

Meta-model: choice of a 2nd order polynomial function:

ji,
jiji

i
iii xxaa  xa  z  z 0
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5. Sensitive analysis
RSM method

Fitting to a 2nd order polynomial 
function (RS equations)

Simple random sampling 
applied to RS equations 

(2000 runs)

max. elongation = 12 %
perm. hoop strain = 77 %
peak SED = 32 %

roughf > flux > roughc

Matrix building                                
3 inputs, 3 levels = 27 “runs”

RS coefficients 
assessment

Precision on
BE response
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Final remarks

• Set-up of a UA methodology applied to RIA modelling

• Upper and lower intervals of key variables might affect
substantially the results

• Fuel and cladding roughness deserve attention when building
up the input deck

• Uncertainties of steady state variables affect key variables of
the transient in quite a different way

• Next steps
- Similar analysis with FRAPCON-3 models
- Then combining both
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