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DNBR Box
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ÁOne of the most important tasks in a PWR reactor core design regarding safety analysis and operating 
performance is the prediction of thermal margins with respect to the boiling crisis, assessed with the 
DNB ratio (DNBR)

Thermal 
flux

Cladding

steam
layer

High 
temperature

ÁTo avoid any damage to the cladding due to an excessive increase in the temperature, the 
thermal heat flux must not exceed a given value: the critical heat flux f (CHF)

ÁThe CHF is determined experimentally as an empirical proprietary correlation of the local 
Thermal-Hydraulics (TH) parameters (P: pressure, G: mass flow, X: quality) and the geometrical 
characteristics of the fuel assembly design

ÁThe DNBR is assessed as the ratio between the CHF and the local thermal heat flux f
during safety studies simulations and alsoonline with a simplified algorithm for 4 loops and 
EPR reactors:

ὈὔὄὙὼȟώȟᾀ
f ὖȟὋȟὢȟὫὩέάὩὸὶώ

f ὼȟώȟᾀ

Sudden increase in rod 

surface temperature at 

critical heat flux (CHF) 

DNB risk: breach of the first barrier

DNB generic protection channel in PWR safety systems
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ÁFramatome 1300 MWe, N4 and EPR : functional units of the safety systems are directly
assessing the online Linear Power Density (LPD) and DNBR to improve margins

ÁDigital I&C system based on evolution of core instrumentation
Á

Á

ÁBenefits of the current solution : online DNBR algorithm relies on a simplified physical modeling
compared to a reactor trip / surveillance threshold including different uncertainties and penalties to insure a conservative
reconstruction with respect to reference simulations

Á It is penalized with respect to the 3D reference code simulations to compensate the inaccuracy of the local TH
variables reconstruction thus insuring its conservatism through epistemic parameters called theñBiasCurvesò

ÁDrawbacks
Á

Á

ὈὔὄὙὼȟώȟᾀ
f ὖȟὋὊὋὊὙȟὢ &z(&2ȟὫὩέάὩὸὶώȟὼȟώȟᾀ

f ὼȟώȟᾀ

Overview of DNB generic protection channel (2)
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ÁIdea of DNBR Box

Á

Á

ÁBenefits of the Box concept

Á

Á

ȹ

Á

DNBR Box: an embedded AI algorithm in the I&C safety system

primary
pressure

Control Rod 
Bank insertion 

Excore
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detectors
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DNBR Box ïLearning / Validation Data base

ÅLack of online physical modeling must be compensated by a big and representative database
to train and validate the model.

ÅWe sampled a database on N4 NPP design:
o Ã

o

o
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ÁLearning and validation of DNBR box :
databaseof millions of 3D core statepoints
issued from neutronics-thermalhydraulics
referencecodesimulations

ÁVery good accuracy from performance
metrics

ÁSame performance on EPRdesign from 6
SPNDsLPDand3 THfeatures

Metrics
Learning base

(80 %)
Validation base

(20 %)

MSE 1.4 ³10-4 1.3 ³10-4

Q2 0.999 0.999

DNBR Box: results of the learning & validation phases

DNBR Box

DNBR referencecode
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Á TH system ςcore3D TH code 
(Uncontrolled Rod Bank Withdrawal, reactor at Power) :

Neutronics0Dmodelingwith MANTAaccidental systemcode

Á TH system ï1D core Neutronics code - 3D TH code 

(Uncontrolled Rod Bank Withdrawal, reactor at Power) :

1D modeling with SMART code coupled to MANTA code 
(varying axial power distribution fom -10%PN to +40%PN during transient 
analysis)

DNBR Box: test phase on accidental transients simulations

ÁValidation beyondthe classicalheuristics
Ádirect replacement of the referencecode by DNBR box algorithmin 

the complexmultiphysicsaccidentaltransientsimulation to perform
advancedvalidation

ÅPhenomenologicaltests with true accidental study
simulationsucceeded.

DNBR Box

DNBR referencecode

DNBR Box

DNBR referencecode
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TELEPERM XS Compact: a new FPGA -based safety platform

Á

Á

Á

Á

Á

Á

Á
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DNBR Box complexity optimization with Genetics Algorithms

ÁSafe implementation on TXS Compact requires optimization of the number of variables due to safety-
related constraints

ÁExplore the large scale hyper-parameters space with Black Box optimization algorithms  to reduce the 
complexity to cope with safety I&C systems requirements

ÁReduce the complexity by one order of magnitude
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DNBR Box implementation on TELEPERM XS Compact

Á

Á

Á

Á

Á ɛ

Á DNBR Box TXS Compact 

vs 

software implementation (Python on HPC 

cluster)

DNBR Box 

vs 

3D referencecode

Errorassessedon  1Million 3D 

referencecorecodes test dataset

2.03 ³10-13

Outputs identical btw hardwareand
software

1.94³10-4

Results close to the reference 

code simulations
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Live demo of the prototype to illustrate the proof of concept
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DNBR Box - benchmark on test data from N4 NPP with EDF 
Benchmark of DNBR prediction on real life transients between reference simulation, current simplified 

algorithm and DNBR box 
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ÅUsingconvolutionalnetwork to take into account the geometryof the problem, in particular the spatial
correlationof the nuclearpowerdistributionasa 3Dfield, to predictthe wholeDNBRfield in the coreusinga
ConvolutionalNeuralNetwork(CNN).

ÅWe could try to combineneural net with GaussianProcesses=> but we believein the fast computation
capabilitiesof DLalgorithmsembeddedon FPGAhardware.

DNBR Box 3D ïperspectives  
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DNBR Box 3D ïperspectives  
ÅResults
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Á Computation has been made on the EDF/Framatome HPC CRONOS cluster which includes 81600
CPU cores with a frequency of 2.4 GHz that leads to 4.2993 PFlops/s.

Å It was ranked 67 in 2021 in the top500 HPC in the world.

Å CRONOS includes also 45 nodes of 4 GPU NVIDIA TESLA V100 SMX2 (with 5120 NVIDIA
CUDA cores and a frequency of 1.245 GHz).

Computing power challenge s
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Open questions for safety critical AI applications 

ÁFor critical applications like in nuclear safety, aeronautics, autonomous vehicle, medicine, etc. it is
important (even mandatory regarding the safety authorities and regulatory bodies upcoming
requirements) to be confident on the predictions of the model and on its uncertainties.

ÁCan we train a model to predict with a good accuracy and in the same time to estimate with a good
confidence the uncertainty?

ÁCan we trust the uncertainty estimation in test time, out-of-distribution time?

ÁCan we implement these methods on specific hardware like Field Programmable Gate Array (FPGA)?
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Robustness challenge: UQ methods in Deep Learning
ÁSeveral Uncertainty Quantification (UQ) methods exist depending on the number of forward passes or

based on the nature (deterministic or stochastic) of the model.

Bayesian

Methods

Single Network

Deterministic

Methods

Ensemble

Methods

Test-Time

Augmentation

Methods

Neural Network

Uncertainty

Quantification

Methods

Monte-Carlo 

sampling

Laplace 

approximation

Variational inference

Internal 

methods

External 

methods

Deep ensemble

Batch ensemble

Bagging

Boosting

Augmentation 

policies

Conformal 

Methods

é
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Open questions for critical applications

ÁSeveral UQ methods exist, but they are not equal.

ÁDifferences in theoretical framework, in estimation time, in theoretical guarantees, in programming
implementation, etc.

ÁDifference in behavior with respect to the dataset: train dataset, test dataset, distribution shift dataset,
out-of-distribution dataset.

ÁFor nuclear protection system based on embedded inference DL with UQ estimation on real distribution
shift dataset: difference in terms of prediction accuracy and uncertainty estimation confidence.

Bayesian Neural Network Deep Ensemble Monte-Carlo Drop-out Conformal calibration
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Safety Analysis ReportSafety Analysis Report

Typical applicationTypical application
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