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Some Housekeeping Items

https://support.zoom.com/hc/en/article?id=zm_kbsysparm_article=KB0064143

www.gen-4.org

Listen through your computer
Please select the “use computer audio” option and 
check that your speakers/headphones are not 
muted.

Technical Difficulties Search the Zoom Webinars Support 
https://support.zoom.com/hc/en/article?id=zm_kb&sysparm_article=KB0064143

To ask a question
Select the “Q&A” pane on your screen and type in your 
question

Share with others or watch it again
A video/audio recording of the webinar and the slide 
deck will be made available at www.gen-4.org

Please take the survey A brief online survey will follow the webinar.  

https://support.zoom.com/hc/en/article?id=zm_kb&sysparm_article=KB0064143
http://www.gen-4.org/
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To Ask a Question – Use the Q&A function

Click the 
Q&A buton 
in the zoom 
menu. 

You will
then see a 
window that
will allow
you to type 
your
question. 
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temperature-based approach

computational tools

decay heat

validatein sodium-cooled fast reactors

 

and associated

1. Decay heat

2. Computational tools and validation

3. Temperature-based approach

to estimate 



Decay heat : from the 

physics to the computation
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Decay heat
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𝐷𝐻𝑖  (𝑡) = 𝑁𝑖(𝑡)𝜆𝑖
ഥ𝐸𝑖𝑁𝑖(𝑡) = 𝑁𝑖(0)𝑒−𝜆𝑖𝑡 (law of large numbers)

 𝑁𝑖: quantity of radioisotope 𝑖

 𝜆𝑖: decay constate of radioisotope 𝑖 [𝑠−1]

 ഥ𝐸𝑖: mean decay energy of radioisotope 𝑖 𝐽

 𝐷𝐻𝑖: decay heat from radioisotope 𝑖 [𝑊]
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Decay heat experiments
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Pacemaker (1980’s)

Earth magnetic field

Geothermal energy

Radioisotope Thermoelectric Generator (spatial probe)
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Source of energy 
(MeV)

𝑼235 𝑼238 𝑃𝑢239 𝑃𝑢241

Fission fragments 166.2 166.9 172.8 172.2

Neutrons 4.8 5.5 5.9 5.9

Prompt 𝛾 8.0 7.5 7.7 7.6

𝛾 from fission 
fragments

7.2 8.4 6.1 7.4

𝛽 from fission 
fragments

7.0 8.9 6.1 7.4

Neutrinos /
Antineutrinos

9.6 11.9 8.6 10.2

Total energy 
released per fission

202.7 205.9 207.2 210.6

Decay heat in a nuclear reactor
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𝐷𝐻(𝑡) = ෍
𝑖

𝑁𝑖(𝑡) 𝜆𝑖
ഥ𝐸𝑖  [𝑊]

 𝑁𝑖: isotopic abundance

 𝜆𝑖: decay constant of radioisotope 𝑖 [𝑠−1]

 ഥ𝐸𝑖: mean decay energy of radioisotope 𝑖 [𝐽]

~𝟔 to 𝟖%
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10 min : 80 MW

1 d : 20 MW

0 s : 200 MW

Ordre of magnitude

11

Modelling of the decay heat of a 3300 MWth Pressurized Water Reactor

[Todreas, 1990]

Todreas Rust Modelling
𝑃

𝑃0
= 0,066 (𝜏 − 𝜏𝑠

−0,2)−0,2−𝜏𝑠
−0,2  

10 000+ ovens running 
for 8 hours

~600 GJ

≡
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Decay heat in the fuel cycle
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o Geological storage

100 000 years

©Andra

©Larrayadieu Eric/Interlinks Image

o Reprocessing plant

o Spent fuel pool

©IRSN

o Reactor
0 s

©EDF

o Cask

©Cédric Helsly/Areva



How do we compute 

decay heat ? 
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Decay heat computation

14

Reproduce the 

irradiation history

Compute isotopic 

abundances

𝐷𝐻

𝜙 : neutron flux
𝐷𝐻 = ෍

𝑖
𝑁𝑖(𝑡) 𝜆𝑖

ഥ𝐸𝑖[𝑊]

𝜕𝑁𝑖(𝑡)

𝜕𝑡
= ෍

𝐹

න

𝐸

𝑁𝐹𝜎𝐹
𝑓

𝜙𝑌𝐹→𝑖 + ෍
𝑗=1

𝑖−1

𝜆𝑗→𝑖 + 𝜎𝑗→𝑖
𝑐 𝜙 𝑁𝑗 𝑡 − (𝜆𝑖 + 𝜎𝑖

𝑐𝜙)𝑁𝑖(𝑡)

 𝑁: isotopic composition

 𝜎𝑖
𝑘: cross section of isotope 𝑖 for reaction 𝑘

 𝜙: neutron flux

 𝑌𝐹→𝑖 : fission yield of isotope 𝑖 from fissile isotope 𝐹

 𝜆𝑗→𝑖 :  partial decay constant of isotope 𝑗  towards 

isotope 𝑖

 ഥ𝐸𝑖  : mean decay energy of isotope 𝑖

Solve Bateman equations

Solve the Boltzmann equation

𝑵𝒊(𝒕)

𝑵𝒊(𝒕)

𝑵𝒊(𝒕) 𝐷𝐻

𝐷𝐻

𝐷𝑒𝑐𝑎𝑦 𝐻𝑒𝑎𝑡

1

𝑣

𝜕𝜓 Ԧ𝑟, 𝐸, Ω, 𝑡

𝜕𝑡
= ൣ− 𝐷𝑖𝑠 Ԧ𝑟, 𝐸, Ω, 𝑡 + ∇Ω 𝜓 Ԧ𝑟, 𝐸, Ω, 𝑡

+𝑆𝑐 Ԧ𝑟, 𝐸, Ω, 𝑡 𝜓 Ԧ𝑟, 𝑡 + 𝑆𝑓𝑖𝑠𝑠𝑖𝑜𝑛 Ԧ𝑟, 𝐸, Ω, 𝑡 𝜙 Ԧ𝑟, 𝑡

൧+𝑆𝑑 Ԧ𝑟, 𝐸, Ω, 𝑡 + 𝑆𝑒𝑥𝑡 Ԧ𝑟, 𝐸, Ω, 𝑡 𝜕 Ԧ𝑟. 𝜕𝐸. 𝜕Ω. 𝜕𝑡

We need a robust framework
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The Verification Validation and Uncertainty Quantification process 
(VVUQ)
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Scientific Computing Tool (SCT)

Guide n°28 of ASNR (french safety regulation

body)
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The Verification Validation and Uncertainty Quantification process 
(VVUQ)
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Scientific Computing Tool (SCT)

Guide n°28 of ASNR (french safety regulation

body)
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The Verification Validation and Uncertainty Quantification process 
(VVUQ)
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Scientific Computing Tool (SCT)

Guide n°28 of ASNR (french safety regulation 

body)

SCT
(simulation)

Input data Results

(Nuclear data, geometry, 

initial abundances…)

(Isotopic abundances, 

decay heat…)
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The Verification Validation and Uncertainty Quantification process 
(VVUQ)

18

Scientific Computing Tool (SCT)

Guide n°28 of ASNR (french safety regulation

body)

SCT
(simulation)(Nuclear data, geometry, 

initial abundances…)

(Isotopic abundances, 

decay heat…)

Experimental results

VVUQ✓Input data Results

Uncertainties
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The Verification Validation and Uncertainty Quantification process 
(VVUQ)
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Scientific Computing Tool (SCT)

Guide n°28 of ASNR (french safety regulation

body)

SCT 2.0
(simulation)

(Nuclear data, geometry, 

initial abundances…)

Input data Results
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The Verification Validation and Uncertainty Quantification process 
(VVUQ)
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Scientific Computing Tool (SCT)

Guide n°28 of ASNR (french safety regulation

body)

New input data

Input data Results
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Decay heat in the fuel cycle
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o Geological storage

100 000 years

©Andra

©Larrayadieu Eric/Interlinks Image

o Reprocessing plant

o Spent fuel pool

©IRSN

o Reactor
0 s

©EDF

o Cask

©Cédric Helsly/Areva



What about Sodium-cooled 

Fast neutron Reactors ?
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Measurement Cooling time
Discrepancy  

C/E-1 (%)

Uncertainty

E(1σ-%)

C(1σ-%)

Code

Library
Date of computation

Phenix 2008 

(Brau, 2008)
1,5 h to 12 d

-8 to +15
5 to 11

5

DARWIN

JEFF 3.1.1
2012 (Benoit, 2012a)

-6 to +26
5 to 11

2,5 to 4,7

DARWIN2

JEFF 3.1.1
2018 (Lebrat et al., 2018)

23

• Experimental measurements of 

SFR decay heat

• Unexplained calculation-to-

experiment discrepancy

• Understand the discrepancies

• Value this experiment

Puirex 2008

C/E-1 (%) Experimental 

uncertainties (2𝜎)

Computational uncertainties (2𝜎)

[Lebrat et al., 2018]



GEN IV International Forum
Measurement Cooling time

Discrepancy  

C/E-1 (%)

Uncertainty

E(1σ-%)

C(1σ-%)

Code

Library
Date of computation

P
h

é
n

ix
Phenix 1979 

(Desprets, 1979)
7 to 36 h

+6 to +18
~9,5

6

Code (Costa, 1972)

SPNR (Cazalet,1979)

1979

(Desprets, Costa 1979)

+6 to +20
8,9 to 9,8

7 to 13,5

MECCYCO

JEF1
1992 (Gillet 1992)

Phenix 1982

(Guidez, 1983)
6 to 28 h -12 to -8

-8 to 8

?
Code PHENIX 1983

Phenix 1993

(Martin 1993)
6 to 72 h +5 to +17

10

8

MECCYCO

JEF1
1993 (Gillet, 1993)

Phenix 2008 

(Brau, 2008)
1,5 h to 12 d

-8 to +15
5 to 11

5

DARWIN

JEFF 3.1.1
2012 (Benoit, 2012a)

-6 to +26
5 to 11

2,5 to 4,7

DARWIN2

JEFF 3.1.1
2018 (Lebrat et al., 2018)

Su
p

e
rp

h
é

n
ix

SPX 1987

(Favet, 1987)
3 to 26 h

-9 to -3
7 to 13,5

4,1 to 4,5

MECCYCO

JEF1
1988 (Gillet, 1988)

-15 to -7
7 to 13,5

3,5 to 6,5

MECCYCO

JEF1
1988 (Gillet, 1988)

-15 to -10
6,7 to 12,5

3,3 to 4,8

MECCYCO

JEF1
1996 (Gillet, 1996)

-20 to -8
7 to 13

7 to 14

APOLLO3-MENDEL

JEFF 3.1.1
2020 (Calame et al. 2020)

SPX 1996

(Gody, 1997)
3 to 52 h

-2 to +3
3,6 to 6,8

4,6 to 3,5

MECCYCO

JEF1
1998 (Bernardin, 1998)

-10 to -5
3,6 to 6,8

?

DARWIN

JEF2.2
2002 (Bourdot, 2002)

24

• No clear bias identified as it 

does not have a specific trend

 Understand the discrepancies

 Value these experiments

 Determine if it can bring 
information for PWR MOX fuels

• Study the Puirex measurement



The Phénix reactor: a quick overview
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1979

©CNES

©ESA

1969 201019931973 200820031982

New operating mode at  

350 MWth approved by 
ASN

First 
concrete

First criticality DH measurement n°2 Restart 

THE END

DH measurement n°4
Puirex 2008

DH measurement n°3DH measurement n°1

under renovation

• SFR

• 560 MWth

• Demonstrator

• Marcoule, France

An old and complex history
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An old and complex history
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[Kayser, 1973]

[Sauvage, 2004]

Irradiation history of Phénix from 1973 to 2004

Estimation of the specific heat of the reactor

Experimental results
[Martin, 1993]
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Core

Cold sodium

Hot sodium

Primary pump

Heat exchanger

Rotating cap

Primary vessel

Main vessel

Double layer vessel 

and insulator Containment vessel 

and last resort circuit

28

A pool-type reactor
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Intermediate loops

Instrumented pole

Instrumented pole

thermocouple



The Puirex 2008 experiment
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Empirical or semi-empirical 

models

Reactor considered as a calorimeter

Hypothesis: a spatially uniform temperature

𝐼 𝜃
𝜕𝜃

𝜕𝑡
= ෍ 𝑆𝑜𝑢𝑟𝑐𝑒𝑠 − ෍ 𝐿𝑒𝑎𝑘𝑎𝑔𝑒𝑠 + 𝐷𝐻

𝐼 𝜃 : specific heat

𝜕𝜃

𝜕𝑡
: temporal derivative of the temperature

𝑆𝑜𝑢𝑟𝑐𝑒𝑠: heat sources

𝐿𝑒𝑎𝑘𝑎𝑔𝑒𝑠: heat leakages

𝜃: measured temperature

Heat balance:
[Appere, 1998]

𝒅𝜽

𝒅𝒕
=

𝑫𝑯 + 𝑺𝒐𝒖𝒓𝒄𝒆𝒔 𝜽 − 𝑳𝒆𝒂𝒌𝒂𝒈𝒆𝒔 𝜽

𝑰 𝜽
 

𝒅𝜽

𝒅𝒕
=

𝜽𝒕 − ഥ𝜽 ҧ𝒕

ഥ𝒕𝟐 − ҧ𝒕𝟐
=

𝑪𝒐𝒗(𝜽, 𝒕)

𝑽𝒂𝒓(𝒕)

A temperature-based method to estimate decay heat

1st law of 

thermodynamics
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𝐷𝐻 = 𝐼 𝜃
𝜕𝜃

𝜕𝑡
− ෍ 𝑆𝑜𝑢𝑟𝑐𝑒𝑠 + ෍ 𝐿𝑒𝑎𝑘𝑎𝑔𝑒𝑠

Previous experiments

𝑆𝑜𝑢𝑟𝑐𝑒𝑠: heat sources

𝐿𝑒𝑎𝑘𝑎𝑔𝑒𝑠: heat leakages

𝐼 𝜃 : specific heat

Decay heat measurement

𝜕𝜃

𝜕𝑡
: temporal derivative of the temperature

𝜃: measured temperature

Acquisition/selection Smoothing

Filtering Linear regression

Thermal modelling Decay heat

Decay 
heat

Inter-
calibration

Isothermal 
heat 

balance

Heat 
balance

Simulation
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Mean primary sodium temperature

𝑰 𝜽
𝝏𝜽

𝝏𝒕
= 𝟏, 𝟕𝟖 𝑴𝑾

Power distribution during Puirex experiment at 𝑡 = 150 min 

after the chain reaction stopped

End of experiment

Lower speed regime of primary pumps

Drying of the SGs

Emptying of the S3 loop

3,35 MW

1,15 MW

90 kW

511 kW

777 W

The Puirex experiment
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 A much better global coherence

• Calculation/experiment 

comparison times change 

(misunderstanding)

• Dynamic calculation of the time 

derivative (limit noise - retain 

important information - minimize 

post-processing)

• Thermal model modifications 

(secondary leakage model)

• Previous and old models 

(ETNa)

• Others were constantly being 

improved (Bilther)
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Heat balance decomposition
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• Given the measurement 

uncertainties, there is 

little value in continuing 

to question the presence 

of bias.

• Computation 

uncertainties (nuclear 

data) [Benoit, 2012b]

• Measurement 

uncertainties [Benoit, 

2012a]

     [Brau, 2008]

Calculation to Experiment discrepancy
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Sources of uncertainties
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2018

2024

• Very significant improvement 

of the discrepancy at short 

cooling times

• Presence of a long-term bias 

but less significant

Conclusion on the Puirex experiment



The feedback for the other experiments
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Measurement Cooling time
Discrepancy  C/E-1 

(%)

Uncertainty

E(1σ-%)

C(1σ-%)

Code

Library
Date of computation

P
h

é
n

ix
Phenix 1979 

(Desprets, 1979)
7 to 36 h

+6 to +18
~9,5

6

Code (Costa, 1972)

SPNR (Cazalet,1979)

1979

(Desprets, Costa 1979)

+6 to +20
8,9 to 9,8

7 to 13,5

MECCYCO

JEF1
1992 (Gillet, 1992)

Phenix 1982

(Guidez, 1983)
6 to 28 h -12 to -8

-8 to 8

?
Code PHENIX 1983

Phenix 1993

(Martin, 1993)
6 to 72 h +5 to +17

10

8

MECCYCO

JEF1
1993 (Gillet, 1993)

Phenix 2008 (Brau, 

2008)
1,5 h to 12 d

-8 to +15
5 to 11

5

DARWIN

JEFF 3.1.1
2012 (Benoit, 2012a)

-6 to +26
5 to 11

2,5 to 4,7

DARWIN2

JEFF 3.1.1
2018 (Lebrat et al., 2018)

Su
p

e
rp

h
é

n
ix

SPX 1987

(Favet, 1987)
3 to 26 h

-9 to -3
7 to 13,5

4,1 to 4,5

MECCYCO

JEF1
1988 (Gillet, 1988)

-15 to -7
7 to 13,5

3,5 to 6,5

MECCYCO

JEF1
1988 (Gillet, 1988)

-15 to -10
6,7 to 12,5

3,3 to 4,8

MECCYCO

JEF1
1996 (Gillet, 1996)

-20 to -8
7 to 13

7 to 14

APOLLO3-MENDEL

JEFF 3.1.1
2020 (Calame et al. 2020)

SPX 1996

(Gody, 1997)
3 to 52 h

-2 to +3
3,6 to 6,8

4,6 to 3,5

MECCYCO

JEF1
1998 (Bernardin, 1998)

-10 to -5
3,6 to 6,8

?

DARWIN

JEF2.2
2002 (Bourdot, 2002)
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The 1979 experiment
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• Significant improvement at short 

cooling times

• Bias at the beginning of the 

experiment (30 000 s)
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The 1993 experiment
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• Very significant improvement of the 

Calculation/Experiment 

discrepancy
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The 1982 experiment
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• Worsening of the 

Calculation/Experiment discrepancy
• Invalid result (computed with an operational code 

recalibrated afterwards)
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Superphénix experiments

44

1987 case 1996 case• Unchanged C/E

• A thermal model to review
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Measurement
Cooling 

phase

Discrepancy

𝑪/𝑬 − 𝟏 (%)

Uncertainties

𝑬 (𝟏 𝝈 - %)

𝑪 (𝟏 𝝈 - %)

Code

Library
Date of interpretation

P
h

én
ix

Phenix 𝟏𝟗𝟕𝟗

(Desprets & 

Costa, 1979)

7 to 36 ℎ

+𝟔 to +𝟏𝟖
~9,5

6

PROTEE (Costa et al., 

1981)

(Costa & Mougniot, 1972) 

(Cazalet, 1979)

1979

(Desprets & Costa, 

1979)

+𝟔 to +𝟐𝟎
8,9 to 9,8

7 to 13,5

MECCYCO

JEF1

1992

(Gillet G. , 1992)

−𝟔, 𝟒 to +𝟐, 𝟖
6,2 to 7,5

7 to 13,5

MECCYCO

JEF1

2025

(Da Cunha, submitted)

Phenix 𝟏𝟗𝟖𝟐

(Guidez & 

Carminati, 

1983)

6 to 28 ℎ

−𝟏𝟐 to −𝟖
8

?
Epure 1983

−𝟐𝟑, 𝟖 to −𝟏𝟕, 𝟒
6,2 to 8,6

?
Epure

2025

(Da Cunha, submitted)

Phenix 𝟏𝟗𝟗𝟑

(Martin & 

Mellano, 1993)

6 to 72 ℎ

+𝟓 to +𝟏𝟕
10

8

MECCYCO

JEF1

1993

(Gillet G. , 1993)

−𝟐, 𝟓 to +𝟏, 𝟖
7,5 to 17,5

8

MECCYCO

JEF1

2025

(Da Cunha, submitted)

Phenix 𝟐𝟎𝟎𝟖

(Auban, 2008)

1,5 ℎ to 

12 d

−8 to +𝟏𝟓
5 to 11

5

DARWIN

JEFF 3.1.1

2012

(Benoit, 2012a)

−6 to +𝟐𝟔
5 to 11

2,5 to 4,7

DARWIN2

JEFF 3.1.1

2018 (Lebrat et al., 

2018)

−𝟏 to +𝟔
4,5 to 12

2 to 3,4

DARWIN2

JEFF 3.1.1

2024

(Da Cunha et al., 2024)

Phénix

• Improvement of the thermal 

model

• Much better coherence 

between measurements 

and calculations

Superphénix

• An industrial reactor 

(different goal and much 

more complex) 

• Less feedback than Phénix

• Probably a thermal model 

to review



Extending the validation domain



GEN IV International Forum

Decay heat validation

47

PWR UOX decay heat 

calculations

SFR MOX decay heat 

calculations

PWR MOX decay heat 

calculations

Requires validation

Improved results after re-

analysis of a decay heat 

experiment in French SFR

Can we use SFR experiments to 

validate PWR MOX calculations ?

APOLLO2/DARWIN2

ERANOS/DARWIN2

✓ ✓



✓


Experimentally validated

Lack of measurement to validate

PWR with MOX fuels
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 𝑁𝑖: isotopic abundance

 𝜆𝑖: decay constant of radioisotope 𝑖 [𝑠−1]

 ഥ𝐸𝑖: mean decay energy of radioisotope 𝑖 [𝐽]

𝐷𝐻(𝑡) = ෍
𝑖

𝑁𝑖(𝑡) 𝜆𝑖
ഥ𝐸𝑖  [𝑊]

𝛼𝑖 𝑡 =
𝑁𝑖(𝑡)𝜆𝑖

ഥ𝐸𝑖

σ𝑖 𝑁𝑖(𝑡) 𝜆𝑖
ഥ𝐸𝑖

• Isotopes contributing 

at least 2% of DH

• 53 radionuclides

• ERANOS→PEPIN 2

Study of the decay heat breakdown 
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αi 𝑡 =
𝑁𝑖(𝑡)𝜆𝑖

ഥ𝐸𝑖

σ𝑖 𝑁𝑖(𝑡) 𝜆𝑖
ഥ𝐸𝑖

𝜏𝑖 𝑡 =
𝑁𝑖(𝑡)𝜆𝑖𝐸𝑖

σ𝑗 𝑁𝑗(𝑡) 𝜆𝑗𝐸𝑗

𝐷𝐻𝐴 = ෍
𝑖

𝑁𝑖(𝑡) 𝜆𝑖
ഥ𝐸𝑖

𝐷𝐻𝐵 = ෍
𝑗

𝑁𝑗(𝑡) 𝜆𝑗
ഥ𝐸𝑗

𝑠 𝑡 = 1 −
1

2
෍

𝑖

𝛼𝑖 𝑡 − 𝜏𝑖(𝑡)

𝛼𝑖 𝑡 : Relative contribution of radioisotope 𝑖 to an application 𝐴
τ𝑖 𝑡 : Relative contribution of radioisotope 𝑖 to an application B

Phénix fuel at 10 GWd/t vs PWR MOX fuel at 50 GWd/t

 Good representation of physical differences 

 Intuitive 

 Easy to implement
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Pu 9,5% ; U 3,5%

 High-dimension problem (%Pu, %U, BU)

 216 000 comparison points (MOx PWR vs UOx PWR)

 Determine the main quantities of interest
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• Main factor: UOx burnup UOx

• Low enrichment

• High burnup

MOx

• Low Pu enrichment

• Low burnup

• Promising factor

• Study it for SFR

BU1 BU2 Pu % U % 𝑠(𝑡) BU1 BU2 Pu % U % 𝑠(𝑡)

B
U

1
B

U
2

P
u

 %
U

 %
𝑠(

𝑡)

𝑠(𝑡)max(𝑠 𝑡 ) ∀ 𝑡



GEN IV International Forum

Conclusions Outlooks

52

E
xp

e
ri

m
e

n
ts

Si
m

u
la

ti
o

n
T

h
e

o
ry

 Discrepancies for four experiments 

explained and reduced 

 Six experiments and two reactors 

studied

 An experimental data base restored

 An SCT under VVUQ process 

(APOLLO3-MENDEL)

 A study regarding transposition for decay 

heat calculation

 Refine thermal model uncertainties

 Study SPX thermal balances and review thermal models 

and uncertainties

 Modelling of the Puirex experiment with APOLLO3

  Modelling of the 1982 experiment

 Complete the parametric study of the factor 𝑠(𝑡) with SFR 

fuels 

 Studying the properties of coupled Bateman-Boltzmann 

equations with the aim of transposing a distance
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