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ABSTRACT 

PREMIUM (Post BEMUSE Reflood Models Input Uncertainty Methods) is an activity launched with 
the aim to push forward the methods of quantification of physical models uncertainties in thermal-
hydraulic codes. It is endorsed by OECD/NEA/CSNI/WGAMA. 

The benchmark PREMIUM is addressed to all who applies uncertainty evaluation methods based on 
input uncertainties quantification and propagation. The benchmark is based on a selected case of 
uncertainty analysis application to the simulation of quench front propagation in an experimental test 
facility. Application to an experiment enables evaluation and confirmation of the quantified 
probability distribution functions on the basis of experimental data. The scope of the benchmark 
comprises a review of the existing methods, selection of potentially important uncertain input 
parameters, preliminary quantification of the ranges and distributions of the identified parameters, 
evaluation of the probability density function using experimental results of tests performed on FEBA 
test facility and confirmation/validation of the performed quantification on the basis of blind 
calculation of Reflood 2-D PERICLES experiment.    

 

Introduction  

The identification of the input uncertainties and probabilistic quantification of their uncertainty are 
essential for the uncertainty and sensitivity analyses. The results of BEMUSE project have shown that 
the input uncertainties quantification is of great weight for BEPU (Best Estimate Plus Uncertainty) 
analyses [1]. Whereas, the quantification of uncertainties regarding to the analysed facility and initial 
and boundary conditions of the transient is mainly the question of information that usually can be 
obtained; the quantification of physical models uncertainty is an extensive process involving 
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experimental data, numerical methods, expert judgement. Since, the model uncertainties are frequently 
the dominant factors in uncertainty analyses a special attention has to be paid to the methodologies 
applied for their quantification. 

The basis for physical model uncertainties quantification is evaluation of separate effect experiments. 
Other information sources are experience from code validation, survey of expert state of knowledge, 
published data about model uncertainties and if necessary application of theoretical limitation. The 
preferable way of model uncertainties quantification is the comparison of code predictions with 
experimental data from separate effect tests. However, there are some phenomena where no single 
effect tests are available. An example of such a phenomenon is reflooding of the reactor after core dry 
out. On the basis of selected reflooding tests a benchmark has been defined with the aim to push 
forward the quality of physical model uncertainties quantification. The main objective of the 
benchmark is to compare existing approaches, estimate their quantification capabilities and to find out 
proper methods to quantify uncertainties of models describing phenomena for which no single effect 
tests exist. The additional benefit of the benchmark is the evaluation of uncertainties quantification 
performed by participants for reflooding modelling in their codes. Reflooding is one of the key issues 
of LOCA simulation and even participants using engineering judgement only would profit from the 
validation of their probability distribution functions.  

Since, the PREMIUM is started only a short time before and no results are available, the presentation 
will concentrate on the scope and methodologies that are going to be applied in the frame of the 
benchmark. 

 

Quantification of physical model uncertainties 

Quantification of the model uncertainties can be performed in different ways. It is generally accepted 
that for those phenomena for which separate effect tests exist the quantification can be performed 
comparing results of code models with experimental data for selected phenomena. For each 
phenomenon for which uncertainties are to be quantified, a stationary separate effect experiment 
should be found where the phenomenon could be clearly identified and uncertainties of physical 
models addressing these phenomena can be quantified directly. Such an experiment will allow 
quantifying input uncertainties of physical models describing specific phenomenon directly comparing 
calculation results and measurements.  

For phenomena for which no single effect tests exist but there are available so called “intermediate” 
experiments, the situation is more complicated. In fact there is no method which can be clearly 
preferred. Possibilities are, e.g. statistical methods like CIRCE (CEA) [2], [3], KIT method [4], [5] or 
newly proposed FFTBM approach (Uni Pisa) [6], “trial-and-error” method by performing calculations 
of selected experiments related to the investigated phenomenon, definition of “biases”, evaluation of 
information and experience from model development and may be others. 

It seems to be generally accepted that a “good practice” of model uncertainty quantification is to apply 
preferably separate effect tests and only if unavoidable engineering judgement.  

Methodology of uncertainties quantification on the basis of separate effect tests can be regarded 
already as “standard”. Therefore, the main goal of the benchmark is to compare existing approaches, if 
possible define new approaches, identify necessary improvements for each approach and finally give 
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recommendations in particular for quantification of uncertainties of models describing phenomena for 
which no single effect tests exist. 

 

Search of adequate experiments for quantification of models for which no single effect 
tests are available 

First of all an experiment had to be found which involves phenomena that could be clearly identified 
and physical models responsible for these phenomena could be quantified on the basis of other 
experiments. It has been looked for an experiment where some phenomena could be quantified on the 
basis of separate effect tests but for some other phenomena such tests do not exist and more 
sophisticated methods have to be applied. It is for example the case of reflooding experiments. For 
code models calculating enhancement of heat transfer very close to the quench front and the relative 
velocity downstream from the quench front separate effect test do not exist. The influence of these 
models can only be seen at their effect on quench front propagation which is measured. Sophisticated 
methods are needed to determine these input uncertainties.  

For performing a successful check of model uncertainty quantification, it is necessary that other 
potentially important uncertainties, like uncertainties of spatial modelling can be eliminated. This is 
the case for relatively simple test facilities, where 1-D approximation is suitable and no particular 
problems should arise by discretization and development of an input data set.  

In this context reflooding experiments appears to be suitable for the benchmark application: 

- Some reflooding tests are available. 
- Geometry of the test section is quite simple and average experienced user should not have any 

problem with its correct simulation. 
- In reflooding only a few physical phenomena are involved, it means it should be possible to 

identify the reason of differences comparing the results of different calculations (participants) 
with experimental data.  

For the confirmation/validation phase in the proposed benchmark PERICLES [7] experiment has been 
chosen. FEBA/SEFLEX [8] experiment was proposed as support for input uncertainties quantification. 
Both tests cover similar field of application. PERICLES test facility consists of test section with larger 
number of fuel rod simulators. Additionally, at PERICLES effect of radial power distribution is 
investigated. The selected test sequence follows typical way of uncertainty analysis. Input 
uncertainties are quantified on the basis of test facilities and applied for reactor geometry of the much 
larger scale. At PERICLES test facility parallel to tests with radial power distribution, tests with 
uniform radial power distribution were performed, where the 2D effect should be minimized. 
Therefore, it should be possible to separate this effect by analysis of benchmark results.  

 

Outline of the benchmark 

Phase 1 – Introduction and methodology review  

Phase 1 is dedicated to the benchmark introduction. The final specification of the benchmark and the 
time schedule should be fixed. The detailed specification of FEBA test facility and reflooding 
experiments performed at this test facility will be supplied to the participants. The participants who 
have at their disposal methodology for quantification of uncertainties of the physical models should 
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present them. The other participants will get with it an overview of the available methods and obtain 
possibility to choose one of them for application. They can also apply other ways of input 
uncertainties quantification like making use of modelling accuracy estimation from model 
development and validation or apply expert judgement and then evaluate initial uncertainties in the 
step 3 on the basis of reflood experiments. Additionally, alternative experiments to the 
FEBA/SEFLEX are to be presented, when some participants prefer to use them for quantification of 
reflooding uncertainties in their codes.   

  

Phase 2 – Identification of important input uncertainties and their initial quantification 

The reflooding is a frequently considered phenomenon in the nuclear reactor safety analyses. It can be 
expected, that majority of participants, if not all of them, performed already BEPU analyses of an 
accident where reflooding was one of the most important phenomena.    

Phase 2 is in fact the first step of the main part of the benchmark. In this step the participants should 
identify and perform preliminary quantification of the potentially important uncertain input parameters 
regarding FEBA experiment or any other equivalent reflooding experiment. This process composes of 
following steps: 

- Identification of influential phenomena 

- Identification of the associated physical models and parameters depending on the used code 

- Preliminary quantification of the identified input uncertainties 

The preliminary quantification of the model uncertainties is expected to be done by all participants 
independently in a usual manner, as it would be done by a typical application. The preferred way of 
the model uncertainties quantification is comparison with separate effect tests, if such tests are 
available. 

 

Phase 3 – Evaluation of the physical model uncertainties 

This phase is particularly addressed to the models related to the phenomena for which separate effect 
tests do not exist, as it is the case for heat transfer enhancement at the quenching front.  

The participants, who have in their disposal a tool for quantification of input uncertainties on the basis 
of intermediate experiments, should apply it using measured data from the FEBA/SEFLEX or another 
experiment. Other participants should control their preliminary defined uncertainty ranges (defined in 
the phase 2) by comparison of results of calculations with varied uncertain input parameters with 
measured data. This should enable to improve uncertainty ranges estimated in previous step, e. g.: by 
engineering judgement, or confirm their validity for the reflooding experiment.  

For the evaluation step the tests from the FEBA/SEFLEX program have been chosen. However, if any 
participants prefer, they can use their own reflood experiment, provided that it is sufficiently validated 
and they accept to make their experimental results available for other participants. 

The test runs of the FEBA experiment seems to be sufficient for performing the quantification (or 
evaluation) of the selected input uncertainties. If any participants found that more experimental data 
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are needed or they would like to extend the evaluation on fuel rod simulators of different construction 
(with gap and different cladding material) the measured data of SEFLEX experiment can be used in 
addition.       

 

FEBA/SEFLEX Program 

The purpose of the FEBA/SEFLEX program was to obtain an insight into the most important heat 
transfer mechanisms during reflood phase of LOCA and to broaden the data base for the development 
and assessment of improved thermal-hydraulics models. The FEBA/SEFLEX program has been 
performed at KfK Karlsruhe, Germany. The FEBA and SEFLEX experiment were published inclusive 
experimental results. A detailed description of the FEBA experiment series I and II can be found in 
KfK reports: KfK 3657 [8] and 3658 [9]. Description of SEFLEX experiment with unblocked arrays in 
KfK reports: KfK 4024 [10] and KfK 4025 [11].  

The test facility was designed for the reflooding tests with possibility of maintaining constant flooding 
rates and constant back pressure.   

 

   

Figure 1.  FEBA test section – cross-section view. 
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FEBA Experiment 

The FEBA experiment (Flooding Experiments with Blocked Array) consisted of tests performed on a 
full-length 5 x 5 rod bundle of PWR fuel rod dimensions utilizing electrically heated rods with a 
cosine power profile approximated by 7 steps of different power density in axial direction.  The cross-
section of the FEBA test section is shown in the Figure 1 and the cross-section of the heater road in the 
Figure 2. 

 

Figure 2. Cross section of the FEBA heater rod  

Eight test series were performed under idealized reflood conditions using forced feed and system 
pressure as fixed boundary conditions, without taking into account the effects of reactor cooling 
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system. The tests series were conducted to study the effect of grid spacers and of coplanar blockages 
with different blockage rates.  

The series I and II (test runs are listed in the Tables 1 and 2) were performed for unblocked rod arrays 
and they are suitable as a basis for quantification of uncertainties of flooding simulation in PERICLES 
test facility.  

Table 1 

Series I: Base line tests with undisturbed bundle geometry with 7 grid spacers 

Test No. Inlet velocity 

(cold), cm/s  

System pressure, 

 Bar 

Feed water temperature, °C Bundle power, kW 

0-30 s End 0 s  Transient 

223 3.8 2.2 44 36 200 120% ANS* 

216 3.8 4.1 48 37 200 120% ANS 

220 3.8 6.2 49 37 200 120% ANS 

218 5.8 2.1 42 37 200 120% ANS 

214 5.8 4.1 45 37 200 120% ANS 

222 5.8 6.2 43 36 200 120% ANS 

*  – 120% of decay heat according to ANS curve, is measured value in all test runs 

     Table 2 

Series II: Investigation of the effect of a grid spacer, with 6 grid spacers (without grid spacer at 
the bundle midpoint) 

Test No. Inlet velocity 

 (cold), cm/s  

System pressure, 

 Bar 

Feed water temperature, °C Bundle power, kW 

0-30 s End 0 s Transient 

234 3.8 2.0 46 37 200 120% ANS 

229 3.8 4.1 53 38 200 120% ANS 

231 3.8 6.2 54 40 200 120% ANS 

233 5.8 2.0 47 37 200 120% ANS 

228 5.7 4.1 50 37 200 120% ANS 

230 5.8 6.2 48 37 200 120% ANS 
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SEFLEX Experiment 

The aim of the SEFLEX (fuel rod Simulator Effects in FLooding EXperiments) [7] experiment was 
investigation of the influence of the design and the physical properties of different fuel rod simulators 
on heat transfer and quench front progression in unblocked und blocked rod bundles during the reflood 
phase of LOCA in a PWR reactor. In the frame of SEFLEX experiment 4 test series were performed. 
Test series I and II were performed without blockage.  

Series I - Rods with helium filled gaps between Zircaloy claddings and alumina pellets and 7 grid 
spacers 

Series II - Rods with argon filled gaps between Zircaloy claddings and alumina pellets and 7 grid 
spacers 

Comparison of SEFLEX tests Series I and II boundary conditions with FEBA tests is shown in the 
Table 3. 

 

Table 3 

Characteristic of SEFLEX tests series I and II 

Experiment 
/Test series 

Test 
No. 

Cladding 
material  

Gap 
gas 

Inlet 
velocity, 
cm/s 

System 
pressure, bar 

Feed water 
temperature, °C 

SEFLEX/I 05 Zircaloy Helium 3.8 2.1 40 

SEFLEX/I 03 Zircaloy Helium 3.8 4.1 40 

SEFLEX/I 06 Zircaloy Helium 5.8 2.1 40 

SEFLEX/I 04 Zircaloy Helium 5.8 4.1 40 

SEFLEX/II 07 Zircaloy Argon 3.8 2.1 40 

FEBA  Stainless 
Steal 

Gapless 3.8 – 5.8 2.1 – 6.2 40  

 

Phase 4 – Confirmation/Verification  

The input uncertainties are code related. Therefore, the quantified probability distribution functions 
can vary considerably and in the frame of the phase 4 they are to be compared and verified by 
comparison with experimental data of the flooding experiment PERICLES. It should be done 
performing uncertainty analysis of selected test runs from PERICLES 2D reflood experiment. The 
participants have to use the input uncertainties obtained in the previous two steps. The verification of 
the input uncertainties will be performed by comparison of calculated uncertainty ranges of selected 
output parameters like cladding temperature or quench front propagation with corresponding measured 
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values. In addition the differential pressure drop along the test section can be compared as an 
important boundary condition for the heat transfer and quenching process. The correspondence of 
measured values with determined uncertainty limits can be estimated using the method proposed by 
IRSN [12]. If necessary the sensitivity analyses can be included for clarification of reasons of potential 
differences between results obtained with different codes. 

The comparison will confirm or not the input uncertainty ranges quantified in the previous steps of the 
benchmark. The results should enable to elaborate some conclusions concerning the applicability and 
quality of methodologies used for input uncertainties quantification. It is expected that on this basis 
some recommendations for quantification of model uncertainties can be formulated.  

For the confirmation/validation step five test runs from the 2-D PERICLES reflood experiment have 
been chosen. The selected tests runs have not been published up to now. This enables performing of 
blind analyses as it was desired in the benchmark specification.  

   

The reflood 2-D PERICLES experiment 

PERICLES [4] has been carried out to study reflood, with a special focus on 2D effects in a PWR core 
where the rod power is not identical from one assembly to the other. The experiment consists of three 
different assemblies. These assemblies are contained in a vertical housing with a rectangular section, 
each assembly containing 7*17 = 119 full length heater rods. Thus, the total number of heater rods is 
357. The fuel rod simulators are without gap, with stainless steel cladding, boron nitride as insulator 
and Nichrome V as heating material. 

The rods are heated by two independent electrical power sources, giving the possibility to heat more 
the central assembly B (the ‘hot’ assembly) than the two lateral ones A and C (the ‘cold’ assemblies). 
The length of the rods is equal to the length of the channel (3656 mm) and their diameter is equal to 
9.5 mm.  The axial power distribution has a cosine profile approximated by 11 steps of different power 
density in the axial direction.  

In the REFLOODING tests of the PERICLES experiment, the three assemblies are initially empty of 
water. During a first stage, the rods are electrically heated in order to bring the cladding temperatures 
to some initial values. When these values are reached, water is injected with a constant rate at the 
bottom of the test section in order to reflood the three assemblies, the rod power being kept constant. 
During the reflooding stage, a quench front goes up in each assembly. The reflooding stage is finished 
when in all three assemblies the quench fronts reach the top of the assemblies (the velocities of the 
three quench fronts may be slightly different because of the different rod power between the hot and 
the cold assemblies). The arrangement of fuel assemblies in PERICLES test section is shown in Figure 
3 and the cross-sectional view of one fuel assembly in the Figure 4.  

Roughly 40 tests have been conducted. For the validation step, it was proposed to consider only 5 out 
of them, the features of which are given in the table 4 below. In this table, Νnom(HA) and Νnom(CA) are 
the nominal heat fluxes in the Hot and Cold Assemblies respectively, Fxy is their ratio, GO is the inlet 
mass velocity entering the bottom of each assembly during the reflooding stage, Twi is the initial 
cladding temperature in the middle of each assembly (at the beginning of the reflooding stage), DT is 
the sub-cooling of water entering in the assemblies and P is the pressure of the test section.  
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Figure 3. Arrangement of fuel assemblies in 2-D PERICLES experiment 

 

Figure 4. PERICLES assembly. 
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Table 4 

Selected 2D PERICLES test runs 

Test No Νnom 

(HA) 

W/cm2 

Νnom 

(CA) 

W/cm2 

Fxy GO 

(HA) 

g/cm2s 

GO 

(CA) 

g/cm2s 

Twi 

(HA) 

°C 

Twi 

(CA) 

°C 

DT 

°C 

P (bar) 

RE0062 2.93 2.93 1 3.6 3.6 600 600 60 3 

RE0064 4.2 2.93 1.435 3.6 3.6 600 475 60 3 

RE0069 2.93 2.93 1 3.6 3.6 475 475 60 3 

RE0079 4.2 2.93 1.435 3.6 3.6 600 475 90 3 

RE0080 4.2 2.93 1.435 5 5 600 475 60 3 

 

Test RE0064 is the reference test, each of the other tests are obtained by changing one parameter. The 
test RE0069 allows investigating the effect of the radial peaking factor Fxy. In tests RE0062 and 
RE0069 the effect of the imposed initial cladding temperature Twi at the beginning of the reflooding 
stage (for a radial peaking factor Fxy equal to 1) is investigated. The test RE0080 shows the effect of 
the inlet mass velocity GO. The test RE0079 shows the effect of the value of the sub-cooling of the 
water entering the test section. 
 
Another important point is the large number of measured cladding temperatures in the test section. Per 
assembly, there are roughly 30 fuel rods with thermocouples at 6 elevations, including 3 elevations far 
from the spacer grids. As a consequence, we can easily have at our disposal 50 to 60 independent 
temperature measurements. Considering the progression of the quench fronts in the hot assembly and 
in the cold assemblies provides also valuable data. 
 
Of course, it is advisable to use a 2-D modelling of the experiment. Nevertheless, 3 parallel channels 
can also be used, if cross-flows are taken into account.  

 

Conclusions - Objectives and benefits of the benchmark  

The main objective of the benchmark is to compare existing approaches, estimate their quantification 
capabilities and to give recommendation for quantification of model uncertainties, which describe 
phenomena for which no single effect tests exist. The benefit of the benchmark is additionally 
evaluation of uncertainties quantification performed by each participant for reflooding modelling in 
their codes. Reflooding is one of the key issues of LOCA simulation and even participants using 
engineering judgement would profit from the validation of their probability distribution functions. 
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Even if they will not apply an advanced methodology they can at least improve their probability 
distribution functions.  

It is expected that on the basis of benchmark results some recommendations for quantification of 
model uncertainties can be formulated. If desired, an attempt of a “good praxis” guide elaboration for 
model uncertainties quantification can follow the finalisation of the benchmark.    
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PREMIUM = 
Post BEMUSE REflood Models Input Uncertainty Methods

devoted to the uncertainties of the model related uncertain input parameters 
with a selected application case: the reflood prediction.

For the uncertainty methods of probabilistic type (« GRS type»)

The BEMUSE benchmark,

GRS investigation of ATHLET code uncertainty analyses 

Answers to the WGAMA questionnaire on the Use of Best-Estimate Methodologies

have clearly shown that improvements are necessary for the quantification of the 
uncertainty of the « input parameters ».

Recall: in probabilistic methods, these uncertainties are propagated through the 
considered code in order to obtain the uncertainty of the solution variables (output 
parameters).

Example of output parameters: Peak Cladding Temperatures.



Uncertain input parameters

Examples of input uncertainties:

Initial and boundary conditions;

Facility description/modelling;

Material properties;

Physical models;

Estimating the uncertainty of the physical models, e. g.: finding a probability 
distribution function of the multiplication factor for the model output. 

It is:

essential because model related input parameters are often among the most influential ones 
on the outputs;

difficult because the majority of physical models outputs are not directly measurable.

Estimation of other input uncertainties, like initial and boundary conditions is more the 
question of availability and interpretation of the sources of information concerning 
initial and boundary conditions, facility description, etc.



Quantification of model uncertainties

Methods of physical model uncertainties quantification:

- Evaluation of separate effect tests

- Information obtained by model development, if available

- Experience from code validation

- Survey of expert state of knowledge 

- Physical limitations

- Application of so called “intermediate” experiments (devoted to physical processes 
with a limited number of phenomena, e.g.: reflooding, critical discharge), where 
using sophisticated statistical methods uncertainties of physical models related to 
some phenomena can be obtained

Preferred way of quantification of physical models uncertainties – comparison with 
separate effect tests 

For those phenomena for which separate effect tests do not exists application of 
“intermediate” experiments is advisable.

- Evaluation of the “intermediate” experiments is difficult and requires availability of 
sophisticated methodologies 

Consequence: Expert judgment is too often used.  



PREMIUM is aimed at solving this issue: the quantification of the 
physical model uncertainties

A particular case is considered: the physical models involved in prediction of core 
reflooding.

Why reflooding? 

Reflood is an important phenomenon for LB-LOCA, with a lot of possible modelling 
applications. At the end of the benchmark, the participants will have an estimation of the 
uncertainties of their code, to be considered for reflood prediction. 

Reflood experiments are of “intermediate” type: A limited number of physical models are 
involved: neither too complex (input uncertainties can be clearly identified), nor too 
simple case (for single effect tests model relevant uncertainties can be quantified by 
direct comparison with experimental data).

Examples of physical models by reflooding:
Heat transfer downstream from the quench front;

Enhancement to the heat transfer very close to the quench front;

Relative velocities upstream or downstream from the quench front.

For some part of the phenomena model uncertainties can be quantified on the basis of 
separate effect tests 

For other phenomena, e.g.: heat transfer enhancement close to the quench front, 
separate effect tests do not exist 



Outline of the benchmark

PREMIUM goal: push forward the methods of physical models uncertainties 
quantification in thermal-hydraulics codes; in particular according to models 
describing phenomena for which no single effect tests exists 

Coordination:
The definition of the benchmark is the result of a joint effort of CEA and GRS.

A coordination committee was created in April 2011 and comprises CEA, CSN, GRS, IRSN, 
UPC and UNIPI.

Schedule:
Beginning of the benchmark: January 2012 (first meeting in February 2012)

End of the benchmark: 2014.

Possible extension: Preparation of “good practice guide” for model uncertainties 
quantification.

5 phases are defined, with a meeting for each of them, followed by the writing of a 
report 



Benchmark specification

The general idea of the methods considered for the benchmark - Quantification of the 
uncertainty of the models using the measured data of reflood experiment in order to derive 
the uncertainties of the physical models involved in the reflood simulation for which 
separate effect tests do not exist and validation of the quantified input uncertainties 
performing uncertainty (and sensitivity) analyses of selected tests of another reflood
experiment

Selected reflood experiments: FEBA/SEFLEX and PERICLES 2-D experiments.
Availability of the measured data of these experiments has been checked
Both tests cower similar field of application
Using FEBA for the quantification of the uncertainties and PERICLES 2-D for the confirmation step 
follows the way of doing for a typical application: 
o simpler geometry for uncertainties quantification ;

o application to larger scale facility like in the case of reactor application. 

5 phases have been identified:
1. Introduction of the benchmark and methodology review
2. Identification of potentially important input uncertainties and they preliminary quantification;
3.Evaluation/Quantification of the uncertainties, by using the results of FEBA or equivalent experiment;
4.Confirmation/Validation step, calculation of selected PERICLES 2-D tests without knowing the test 

results;
5.Final synthesis report.



Phase I: Introduction of the benchmark and methodology review 
(coordinated by UPC)

• Detailed specification of the FEBA and PERICLES test facilities will be supplied to 
participants

• Presentation of “sophisticated” methods for quantification of input uncertainties on 
the basis of “intermediate” experiments (in this case reflood experiments) like 
CIRCE method (CEA) etc. 

• The participants can:

• either choose such a method;

• or use simpler (conventional) approach, for instance trial-and-error method

Presentation of test and facilities are going to be used by participants for input 
uncertainties quantification instead of FEBA experiment  

Kick off meeting: End of February 2012, Paris



Phase II: Identification of influential input uncertainties and they 
preliminary quantification

(coordinated by Pisa University)

• Identification of important phenomena and related models

• The participants have to select the potentially important input uncertainties by 
reflood simulation according to the models applied in their codes. Reasons or 
rationales for selection should be given.

• Preliminary quantification of input uncertainties: for those models which can be 
quantified on the basis of separate effect tests, these tests should be applied.  

• Definition of at least one common uncertain input parameter for all participants. 
(for example related to the heat transfer downstream from the quench front?):

• If possible the same for all participants; 

• otherwise definition of common parameters for all users of the same code.

Experimental data of FEBA experiment are to be distributed among the 
participants with Phase II specification

• Meeting: Begin of June 2012



Phase III: Evaluation/quantification of the model uncertainties 
using reflood experiment 

(coordinated by GRS)

Participants having in their disposal a tool for quantification of input uncertainties 
on the basis of “intermediate” experiments perform the quantification using: 
• The results of their own experiment (SCTF, ACHILLES, RBHT, etc.) if:

• The experiment is qualified enough;

• They accept to make public their results.

• Otherwise they use experimental results of FEBA/SEFLEX experiment provided by 
GRS

Participants who will not apply such a tool for input uncertainties quantification
• The preferred way of quantification.

Quantification of model uncertainties on the basis of separate effect tests (for 
those phenomena/models for which such tests are available

Improvement of initially quantified input uncertainties on the basis of 
FEBA/SEFLEX experiments or equivalent using, e.g.: trial-and-error method to 
adjust uncertainty bounds and experimental results 

• Quantification of input uncertainties in any other participant specific way with the 
aim to obtain consistence of uncertainty ranges with measured data for selected 
runs of applied flooding experiment  



FEBA/SEFLEX Program

8 test series have been performed under 
idealized reflood conditions

Series I : Base line tests with 
undisturbed bundle geometry with 7 grid 
spacers
Series II: Investigation of the effect of a 
grid spacer – with 6 grid spacers 
(without grid spacer at the bundle 
midpoint
Series III to VIII: investigation of 
blockage effects – not suitable for the 
benchmark application

Fixed boundary conditions:
• Feed rates
• System pressure
Effect of reactor cooling system 
behaviour has not been taken into 
account 

The aim of the SEFLEX 
experiment: investigation of the 
influence of the rod simulator 
design and physical properties on 
heat transfer and quench front 
progression
Series I - unblocked rod bundle: 

rods with helium filled gaps 
between Zircaloy claddings and 
aluminium pellets and 7 grid 
spacers
Series II – unblocked bundle: rods 

with argon filled gaps between 
Zicaloy claddings and aluminium 
pellets and 7 grid spacers
Series III and IV – rod bundle with 

blockage    

FEBA (Flooding Experiments with 
Blocked Array

SEFLEX (fuel rod Simulator 
Effects in Flooding EXperiments



FEBA Test section

Cross sectional view of the test section with rod bundle

• 5 x 5 full length PWR fuel 
rod bundle 

• Electrically heated rods with 
cosine axial power profile 
realized with 7 steps of 
different local power density

• Rod diameter – 10.75 mm
• Pitch: 14.3 mm
• Heated length: 3900 mm
• Hydraulic diameter: 13.47 

mm – equal for all rods 
(housing so constructed that 
the peripheral rods have the 
same hydraulic diameter as 
inner rods

• Housing: 6.5 mm stainless 
steel



FEBA heater rod



FEBA Experiment – initial and boundary conditions

Bundle power:

- at the beginning of the test (0 s) : 200 kW

- during the transient: 120% ANS (measured value) 

Test
No.

Floodi
ng 
velocit
y  
(cold), 
m/s

Syste
m 
pressu
re, bar 

Feed water 
temperature, °C

0-30 s End of 
test

223 3.8 2.2 44 36

216 3.8 4.1 48 37

220 3.8 6.2 49 37

218 5.8 2.1 42 37

214 5.8 4.1 45 37

222 5.8 6.2 43 36

Test
No.

Floodin
g 
velocit
y  
(cold), 
m/s

System 
pressur
e, bar 

Feed water 
temperature, °C

0-30 s End of 
test

234 3.8 2.0 45 37

229 3.8 4.1 53 38

231 3.8 6.2 54 40

233 5.8 2.0 47 37

228 5.7 4.1 50 37

230 5.8 6.2 48 37

Series I Series II



Phase III: Evaluation/quantification of the model uncertainties 
using reflood experiment 

(coordinated by GRS)

Experimental data of FEBA/SEFLEX experiment, which are useful for input 
uncertainties quantification and will be delivered to participants:

• Measured initial and boundary conditions: inlet velocity, feed water temperature, 
bundle power, system pressure, initial axial cladding profile

• Cladding temperature at 8 axial levels versus time

• Pressure drop measurements at lower middle and upper part of the test section

• Measured outlet conditions: water carry over, coolant temperature

• Fluid and housing temperature in the middle of the test section 

• Only the tests without blockage are used for uncertainties quantification:

• Series I and II of FEBA experiment

• Series I and II of SEFLEX experiment



Phase III: Evaluation/quantification of the model uncertainties 
using reflood experiment 

(coordinated by GRS)

Results are to be obtained in the Phase III:

Set of finally quantified input uncertainties 

Results of uncertainty analysis of one (or two) selected test run of FEBA or of the 
own reflood experiment considered by the participant in the Phase III:

• Cladding temperature time trends

• Time trend of pressure drop along the test section or water carry over the test section

Comparisons previewed are to be performed within the Phase III:

• Ranges of quantified uncertainty input parameters for the users of the same code

• Rough comparison of uncertainty analysis results for the selected FEBA test run 
(or equivalent experiment)

• Preliminary quantified ranges of input uncertainties with the final ranges obtained 
after evaluation during the Phase III



Phase IV: Confirmation/Validation of the input uncertainty 
ranges found in Phase III, by using PERICLES-2D results

(coordinated by CEA and IRSN)

• Performing of uncertainty analyses of selected test runs from PERICLES 
experiment. The probability distribution functions/ranges of input uncertainties 
obtained in the previous step are to be applied.

• Comparison of calculated uncertainty ranges of selected output parameters 
(cladding temperature time trends and may be others) with corresponding 
measured values.  

Interest of PERICLES-2D:
The PERICLES experiments investigate the 2-D effects, among considered there are 2 tests  
with the same power for the 3 assemblies, i.e. without 2-D effects, and 3 tests with various 
power of hot and cold assemblies;

The sequence quantification of input uncertainties on the basis of experiments on FEBA test 
facility and verification using PERICLES experiment follows a typical way of uncertainty 
analysis: input uncertainties are quantified on the basis of experiments and applied for reactor 
geometry of the much larger scale

The selected tests from PERICLES experiment are proprietary tests, which have been given 
free for the purpose of the benchmark. Since, they have not been published up to now 
uncertainty analysis without knowing the test results are possible. It enables that more 
realistic validation can be performed 



18/21CEA/DEN: Coordination PREMIUM meeting at Pisa

1. The PERICLES-2D experimental program

Goal: Study the effect on the reflooding of the power difference
between assemblies.

3 assemblies:
One hot assembly (B) surrounded by two cold 
assemblies (A and C). Their power is electrically 
supplied, by an independent way for each assembly.

• Fxy is the radial peaking factor, ranging 
from 1 to 1.85 (1 and 1.435 for the 
tests considered for PREMIUM). 

• The axial power profile is of cosine 
type, with 11 steps:



19/21CEA/DEN: Coordination PREMIUM meeting at Pisa

The assemblies are 17*7 rods, with full length (3.656 m). 

1. The PERICLES-2D experimental program

Total number of fuel rods = 357

8 spacer grids: z = 110, 668, 1180, 1691, 
2223, 2748, 3298 and 3803 mm ( 500-
550 mm between two spacer grids). 

The simulators of fuel rods:

• Cladding in 
stainless steel

• Insulator in boron 
nitride 

• Heating element: 3 
helical nichrome V
wires



20/21CEA/DEN: Coordination PREMIUM meeting at Pisa

2. The tests considered for PREMIUM

Test No nom

(HA)

W/cm2

nom

(CA)

W/cm2

Fxy GO

(HA)

g/cm2s

GO

(CA)

g/cm2s

Twi

(HA)

°C

Twi

(CA)

°C

DT

°C

P (bar)

RE0062 2.93 2.93 1 3.6 3.6 600 600 60 3
RE0064 4.2 2.93 1.435 3.6 3.6 600 475 60 3
RE0069 2.93 2.93 1 3.6 3.6 475 475 60 3
RE0079 4.2 2.93 1.435 3.6 3.6 600 475 90 3
RE0080 4.2 2.93 1.435 5 5 600 475 60 3

5 tests among roughly 40 tests

• nom: nominal heat fluxes
• Fxy: radial peaking factor
• GO: inlet mass velocity
• Twi: initial cladding 

temperature in the middle 
of each assembly, for 
which the injection is 
started

• DT: subcooling of the inlet 
water

• RE0064 test: reference test
• RE0069 and RE0062: effect of Fxy + 

initial cladding temperature Twi

• RE0079: Effect of subcooling DT
• RE0080: Effect of inlet velocity GO

The validation step can be made by considering 
separately the tests with 2-D effects (Fxy = 1.435) and 
the tests without them (Fxy = 1).



21/21CEA/DEN: Coordination PREMIUM meeting at Pisa

Some considerations about the 3-D effects

Main 3-D effects observed during reflood tests:

• Crossflow of Liquid from CA to HA assembly below the 
QF.

• Crossflow of Vapour from the HA to the CA below the 
QF and above it, in the “dry zone”.

These 3-D effects can be easily modelled using a 3-D
code (TRACE, MARS, CATHARE) or a multi-axial + 
crossflows junctions modelling (RELAP5, ATHLET).

2. The tests considered for PREMIUM



Phase V: PREMIUM conclusions
(coordinated by CSN) 

• Final report involving recommendation for quantification methodology of model 
uncertainties

• If desired, a “good praxis” guide of model uncertainties quantification can follow

End of the benchmark.
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