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FOREWORD & OBJECTIVE -1

hat is Thermal-Hydraulics (TH)? ... The way to predict

« Pressuredrops and heat transfer,

« Void fraction (... what is void fraction?),
 Transient performance of Nuclear Plants,
« Safety margins,

... or, the way to

Design experiment and analyze measurements,

... or (according to Nam Dinh) ... The way

To produce colorful and impressive images,
For endless attempts of using PDE which are ‘incompatible’ with
physics ...
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FOREWORD & OBJECTIVE -2

The (old) idea Is to connect Science and
Technology.

The (ambitious) objectives are:
 to show how the fundamental understanding

and the basic research are functional for the
technology of a complex system;

To shed light on the question what is TH
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FUNDAMENTALS: BUBBLE MOTION

“How is it possible that you are
calculating the transient evolution

of two phase mixtures in complex
geometrical systems, when | am

not capable to predict the movement
of a single bubble in a simple vertical
tube after 42 years of experiments?”

... we cannot calculate the motion of a bubble, but we do calculate the average
motion of an infinity of bubbles and a variety of flow configurations ... and we (claim
to) know the error ... and (we estimate that) the error is acceptable
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FUNDAMENTALS: TURBULENCE

the state or quality of being turbulent;
« astate or condition of confusion, movement or agitation, disorder;
« chaotic or unstable eddying motion in a fluid;
* the most important unsolved problem in classical physics.

When | met God, | am going

to ask him two questions:
Why relativity? And

why turbulence? | really
believe he will have an answer
for the first. (Heisenberg)
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Energy Cascade

FUNDAMENTALS: TURBULENCE

Injection of energy Dissipation of
energy
\@ @ - - )
Large-scale Flux of energy Dyissipating
eddies eddies
(a) Using Reynolds equations (RANS)
(b)
N-S equations Subrigid-scale modelling (LES)
Resolved
£ (c) IN-5S equations with no turbulence modelling (DINS)
Resolved
=
=
a>
=
E Required
= modelling
=
= =
= =
Macroscale . o % g Kolmogorofft
Productive subrange Inertial subrange = = microscale N
Yassin Hassan
brought this figure
to my attention
y .
Large structures Fine turbulence Sl‘llaIICI_‘—scalc
cedies

Wave number =

THE ENERGY CASCADE:
« The turbulence is introduced in the system at the scale of system energy.
 Theturbulence is removed from the system at the scale of small vortices.
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FUNDAMENTALS: THE LENGTH SCALE

FOR NUCLEAR PLANT

Dimension of & newtnon: 1+10% m [respons=i]
Dimension of = nucdeus 110" m [storing =
Dimension of an atom 110 m [radioacti
Foughness 1810 m [responsi]
Thickness of fusl red gap 110" m [le=y par=
Spacer grid detsils 18107 m [desizn o
Fuel rod redius 110" m [desizn i
Core bydraukic diameser 110" m [core regi
Meutrons mean fres path 110" m ['mroderat
Fuel burdle adze 110" m [horizont
Core racius/height 1+10°" m

Fiping diameter 1107 " m

Veszel dizmeter,height 110" m

Containment diameterheizht 1+10°m

Turbine awis kength 1=10°m

Time Scale

FOR A COMPLEX SYSTEM

Reactor & Separation
Ops and Aging

years
(Plant scale)

Quasi-Static
Engineering Simulations

minutes (Engineering scale)

2=l

3D Fuel Assembly Modeling cney

Transient Engineering
Simulations

Swelling & Species Migration

milliseconds (Polycrystal level)

Accelerated
Molecular
Dynamics

microseconds

nanoseconds

Electronic
Structure

Phase Field

Kinetic

irip = Crack Formation

(Polycrystal level)
A

Molecular
Dynamics

(Single crystal level)

Cladding & Fuel Interaction

Initial formation of defect clusters
(Atomic level)

1015 10-12

109 106 103 1

Length Scale (m)

[y parmrmeter for overall produced power
[y piping for primary system)
[to scoommodate the core|

[to accommodate the primany orcwit)

[to minimize the oozt of electricty]

10
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FUNDAMENTALS: THE RISK

4 N

THE RISK (For ANY SYSTEM):

Any action (even the ‘no-action’ to avoid
building the system) implies a risk:

* the risk must be managed and minimized,;
* residual risk shall be accepted.
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FUNDAMENTALS

4 N

THE FRAMEWORK FOR THE DISSERTATION
(reformulated)

How to pass from the fundamentals of thermal-
hydraulics (i.e. the motion of a bubble and the un-
resolved issue of turbulence) to the simulation of
the transient performance of a nuclear plant
(covering 10E17 orders of magnitude for length)
contributing to demonstrating the risk acceptability.

y
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NUCLEAR SAFETY AND THERMAL-HYDRAULICS

SAFETY ANALYSIS & SAFETY ASSESSMENT

BB

-

-

Simgle Fallure
Common Cause Fallure

DBEA emvelope, PIE

WRS Fundamentals”’

(Intrinsic & Engineered) ”| SAFETY FUNCTIONS

|




NUCLEAR SAFETY AND THERMAL-HYDRAULICS

v

1970

FUNDAMENTALS

PHENOMENA THE DEVELOPMENT
| ———————————————— ——- 1Y
MEEES DATA ANALYSIS d
APPLICATION

W & V'- UNCERTAINTY

APPLICATION
21:113
“BEPU" -
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A HISTORICAL OUTLINE (for nuclear thermal-hydraulics)

15942
The Fermi Pile
Uip to 1560
1960 - 1970
1870 - 1980
1871; USAEC LAC
¥ -
CODES & SETFITF —
i, 19380 - 1950
UNCERTANTY
'I’ 1990 - 2000
BE®]
.L 2000 - 2010

| EEFU AFPLICATIONS ]

The Thermal Capacity of Graphite.
Heat Transfer & Pressure Drops.

TH Fundamentals; TPCF; Blow-down;
CHFDNB.

LEBLOCA - "Conservatism - TPCF;
CHFRDNB; Code Design.

SBLOCA-BE/! Bealism'. Scaling; 203D;
CCFL; NC; Code V& V.

AM; CFD; Uncertainty; Code V &V, Code
soolicat

Licensing: BEPU (Code Application &
Scaling); Passive 5Y5 TH.

BEPU Integration with: 30 NE, Structural
Mechanics, CFD.
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A HISTORICAL OUTLINE (for nuclear thermal-hydraulics)

A PERSPECTIVE WITH ACTORS, STAKE-HOLDERS AND KEY DOCUMENTS

Authors of Textbooks, US NRC, International & National Institutions, Industry,

ACTORS & STAKE-HOLDERS™ | = NURETH (Conferences), Journals

PERIOD OR KEY WORDS/PHENOMENA KEY DOCUMENT
EVENT
Fermi Fission - .
Reaction (1042) Thermal Capacity (of graphite).
Up to 1960 Heat Transfer & Pressure Drops. E g - Dittus-Boelter eq. for HTC, Multiplier Approach for TPPD.
1060-1070 | LHiFundamentals: IPCE; Blow-down: E.¢ - Moody and H-F models for TPCF, LUT for CHE.
CHF/DNB.
LBLOCA - Conservatism; TPCF; : e .
1970-1980 CHFIDNB. Codk Design USNRC IAC for ECCS. App. K to 10 CFR 5046
SBLOCA - BE. V& V & Scaling 2D13D: | o vor vremror - . i,
1080-1090 CCFL G- Code Val dation CSAU. USNRC Compendium, CSNI SOAR on TECC, CCVM-ITF
10902000 | AN CFD-UM Code Vabdaon& | oy SETF, UMS™, USNRC RG 1157, UMAE, GRS-mefhod
Application.
2000-2010 Li':;mil.“g[EPE”{{%F’fjf Ap%‘f“ﬁ”?}& USNRC RG 1,203, AEA SRS 23 and 52, TAEA 55G-2.
caling Fassve aystem therma BEMUSE**, NURESIM** NURISP**, CASL**
hydraulics.
2012
After 2012 Consolidation in the above areas. *** NURESAFE** CASL, PREMIUM** 14/42




FROM FUNDAMENTALS TO APPLICATIONS

TWO-PHASE FLOW REGIMES
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=" Flow Visualization
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FROM FUNDAMENTALS TO APPLICATIONS

CRITICAL HEAT FLUX

fa
-

[ Partial
10 —Natural Nucleate film Film
convection boiling boiling boiling
-t ] Bom| Bon

S~

A

10 100 1,000

Uryout position
mtempgrature
{satu&atmn}

Distance

Heat flux (btu/hr—1t2)

il

ainjesadway Temperature difference (F)




FROM FUNDAMENTALS TO APPLICATIONS

TWO-PHASE CRITICAL FLOW




FROM FUNDAMENTALS TO APPLICATIONS

THE PRINCIPLES OF THERMODYNAMICS




FROM FUNDAMENTALS TO APPLICATIONS

THE EQUATIONS & THE NUMERICAL ALGORITHMS
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FROM FUNDAMENTALS TO APPLICATIONS

THE NATURAL CIRCULATION

KEY EQUATIONS SYSTEM
Apdriving — Apres PHENOMENA
Where
Apdriving = [K] H (pcold - phot) =F (G, Q)
Apres =X (Aplocal + Apdistributed ) =F (G! Q)
=» G vs Q
Steam

\\h - Fite g e My Tooil-d
Feed ’ q‘

heate1 l downcomer l t core
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FROM FUNDAMENTALS TO APPLICATIONS

SYSTEM THE COUNTERCURRENT FLOW LIMITATION IN HOT LEG
PHENOMENA

i I 1 T
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Generator
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Flooding curve

Injection




FROM FUNDAMENTALS TO APPLICATIONS

THE BLOWDOWN: MECHANICAL & THERMAL EFFECTS
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FROM FUNDAMENTALS TO APPLICATIONS

THE REFLOOD: THE QUENCH FRONT
SYSTEM
PHENOMENA

1.00

o)
-~
wn
)

f \
A —14  (1)Break ..
. | & e
Main CoolantPipe %
L_VE :
\ ) -
| -
il 0.50 5
=
[ 5
Reactor Core &
3)Coolant . 0. é ........................ . |
( ’%na%wmm ' G-© calc (plenum : 0D)

) @@ calc (plenum : 3D)
(4)Temperature rises. 1 + exp
150 200 250 300
Time (s)
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FROM FUNDAMENTALS TO APPLICATIONS

SYSTEM
PHENOMENA

Two-phase svstem ch

v/
3/’\b

THE STABILITY FOR TWO PHASE SYSTEMS
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THE COMPUTER CODE & THE VALIDATION

THE CODE STRUCTURE & FEATURES

Com ponent . Cw + . approach
Foraraging

- Separaor
- Etz.
| - Sdaeags.
¥ Special ~ -
- flows regimes

Materia properties

| * Model=s
-virtua mass

The m al-hydraulle s . Irterfacial & - et
Constitutive eq=s.
- IHI
-TPCF 4—_ Fluid-w=ll = - HT =surface
- Btz !
HTC
=
Bases for
Application
: qIII
- @
: -T
: - aic.
Ji‘
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THE COMPUTER CODE & THE VALIDATION

Bases for THE VALIDATION PROCESS
Application
l | | |
CO VG o Qoo Qo GO

! | | |
DBA || | | PHENOMENA || |

| RANGE

MULTI- :b RELEVANT I OF
NPP :> PHYSICS [N ASPECTS PARAMETERS

\ | I\\ SUB-SYSTEMS |I I
| I AND I |
OPERATION |, MODULES .
| ' Example il
| A I 1
I . TH X ! ) 1 TH I
i NP i ¥ Example: ill - pressurizer il
I cH - b ‘11 emptying ]
I CF;' i Ii - natural circulation :Ii GT il
I . B&NVFP i |i - pump performance lli - accumulation il
| i ME : || B&NVFP il: in upper head il
| i 1&C ! |i - boron dilution :IL """"""" I
1 *definitions | I 1 |
| et ! ﬁ !
" - |
SPECIFIC PLANT DESIGN I




THE COMPUTER CODE & THE VALIDATION

ADDRESSING THE SCALING ISSUE

Operation al FL < =Ll Thl-2
Transients Scale NPP Scale

UPTF

Bases for
Application

Mihama SGTR
. Experimental Simulation

L]
L %
%,
,
LY
N,
® %,
,
%,
LY
L %
,
%,
%,
%,
Y,
%,
[ §

7 Conduction HT HTC rod-tofluid Sub-channel-mixing

rd Established Similitude

Code-Nodalization Qualification & Uncertainty Evaluation 27/42




THE COMPUTER CODE & THE VALIDATION

Bases for THE UNCERTAINTY
Application
Affected Affected by Affected by V&V
by errors arbitrariness limitations (scaling)
INPUT . NODALIZATION l
& 0- s —
VALUES 0 CODE
USER CHOICES

PREDICTION
RESULTS

o>

=

Droplets
not
modeled

NEED FOR UNCERTAINTY & APPROACHES

Multiple Input

Multiple Output

n-10° m ~ 103
i (typical, uninfluent)
[ 1 1
I 2 >
— " BIC CODE INPUT
R > DECK fremr=rmmmesees L
| n ; e - m
| S .
Selectign of input ~
uncen:i ::0? meters / > N Predicted
\ / UNCERTAINTY 4 NPP transient
|\ / PROPAGATION scenario
A )
ID of range & FDF
per each n*

Multiple Input Multiple Ot;tput Relevant
n~10% . m~10 experimental
(typical, uninfluent) data
7
1 1y,
— v
2 2 i
—————* BIC CODE INPUT
............... N DECK f-e-e-deeeeeen
1 b
/
P
- -
Accuracy quantification — N Nlrlﬁ‘r’::sei:nt
& criteria for accuracy / o scanario
extrapolation )
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THE COMPUTER CODE & THE VALIDATION

Role of Experimental 0: ) m: cooLING
Facilities: Synthesis for s ) B
the Process of Validation : | i 'E‘“"
TANK xS — o
D ey B
PIPER-ONE: AN EXPERIMENTAL FACILITY | Ta i =
SUITABLE FOR /8 bowncomes
- Understanding physics i AT——
- Assessing the Scaling Laws ] & i MARK I
« Code Validation L e
- Addressing the Scaling Issue w e
« Enlarging the “Error Database” —
GUIDE I S LP PUMP

TUBE
LOWER
PLENUM



THE BEST ESTIMATE ‘PLUS’ UNCERTAINTY

‘PERFECT’ UNDERSTANDING & KNOWLEDGE OF ‘ALL’ ELEMENTS IN NUCLEAR
THERMAL-HYDRAULICS

EXPERT IN THERMAL-HYDRAULICS

THE EXPERT LOOKS LIKE A WILD-TRAVELER ENTERING A GHOST CITY

THE WILD TRAVELER UNDERSTANDS EVERYTHING OF
THE CITY ... BUT HE DOES NOT KNOW WHAT TO DO ...

CIVILIZATION IS LACKING




THE BEST ESTIMATE ‘PLUS’ UNCERTAINTY

Bricks, compounds of bricks, infrastructures
(and humans) contribute for a consistent operation

\
HUMANS BRINGING CIVILIZATION

y &

The visualized network shall be imagined as one working possibility for the town



THE BEST ESTIMATE ‘PLUS’ UNCERTAINTY

THE BEST ESTIMATE ‘PLUS’ UNCERTAINTY
(BEPU)

EQUIVALENT TO

CIVILIZATION
(FOR THERMAL-HYDRAULICS)

... ITIS NOT EASY TO SUMMARIZE WHAT MEANS CIVILIZATION




THE BEST ESTIMATE ‘PLUS’ UNCERTAINTY

THE LICENSING CONTEXT

PSA Level 1
External PIES

[~ =4 i

DSA: Conservative = BEPU DSA: BE

DBAs

1021054 SEVErE
Arcidents
(LR

(1077107 )

Joseph Misak was
the ‘originator’ of
figure




THE BEST ESTIMATE ‘PLUS’ UNCERTAINTY

IAEA HIERARCHIC SET OF DOCUMENTS

SAFETY e
FUNDAMENTALS figure
. SAFETY
Principles 5 i
o 8|° REQUIREMENTS - SAFETY
|, Comprehensive & . GUIDES

detailed analysis required i New SGs provide guidance on
IAEA Safety Standards

pcting people and the ¢

Fundamental
Safety Principles
Jointly sporsored by

Eurgum RO REA w MO OECOMEAR PAHD UNEP  WHO
F@OOHRoGeYE@
18EA WHO

Safety Fundamentals




THE BEST ESTIMATE ‘PLUS’ UNCERTAINTY

AVAILABLE CODES
Relap5/3D°
Relevant ANSYS-CFX-10.0
p! 3D NK - Nestle -
XSEC derivation
A TransUranus :
The Road-Map for BEPU
Phenomena — — : Consideration
consideration Most suited Nodalization : of qualification:
(BE) code development _ Code
‘ - Nodalization
- User

Select Accept.
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2
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L
.
Traas
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L

Computational w
Platform S

Analysis
Purposes

S, Coupling with the
N SYS TH code

¥
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U the analysis
Quantification
?

Scenario
selection

Atucha 11 Uncertainty and

Safety Acceptability ensitivity studies
Margins criteria

CIAU & BF
method



THE BEST ESTIMATE ‘PLUS’ UNCERTAINTY

The Atucha Il Licensing

/' ORIGINAL DESIGN
SAFETY APPROACH Y



THE BEST ESTIMATE ‘PLUS’ UNCERTAINTY

THE COMPUTATIONAL TOOLS
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CONCLUSIONS

PART 1 OF 5:
WHAT IS (NUCLEAR) THERMAL-HYDRAULICS?

A DISCIPLINE WHICH (OR IN RELATION TO WHICH):

0) IS ONE OF THE PILLARS FOR NPP DESIGN AND NRS

1) IS TIGHTLY LINKED WITH EXPERIMENTS

2) ADOPTED EQUATIONS ARE ‘INCOMPATIBLE’ WITH
PHYSICS: THE AVERAGING PROCESS IS ONE ORIGIN FOR THIS,
BUT THE WAY TO PRODUCE RESULTS

3) DEFICIENCIES OF MODELS ARE STUDIED/UNDERSTOOD

4) V & V AND UNCERTAINTY MAKE THE DISCIPLINE
VALUABLE (FROM THE TECHNOLOGICAL VIEWPOINT) 38/42



CONCLUSIONS

PART 2 OF 5:
A) THE LENGTH SCALE
Topic Design Range Length Scale | Time Scale Technology
Applicability**
D (m) (Pa) (m) (s) -

Complex System - -15+1 -15+8 -

Geometry for NPP -4+2 - - - Design

Pressure for NPP - 2=7 - - Design

Flow Regimes -3+0 -3 Design & Safety

CHF -2 0 Design & Safety

TPCF -2+0 -3+1 Safety

The Principles and the Equations >-6+8 >-10"+ 8 Design & Safety

Natural Circulation 1+2 2+4 Design & Safety

Flooding & CCFL -1 1+2 Safety

Blow-down } -2+1 -3+4 Safety

Reflood -2+0 0+2 Safety

Density Wave Instability -1+1 -1+0 Design

The Numerical Code 2+2 -4 +5 Design & Safety

V & V Process including Scaling See the Safety

The Uncertainty Method Numerical Code (primarily)

The BEPU Approach

The PIPER-ONE Facility -1+1 5+7 -1+1 2+4 Safety
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CONCLUSIONS

PART 3 OF 5:
B) THE BUBBLE, THE TURBULENCE, THE RISK

Averaging and empiricism are the answers to the
complexity of bubble flows and to the lack of
knowledge for turbulence

NUCLEAR THERMAL-HYDRAULICS IS NEEDED TO
CALCULATE THE RISK:
THE ERROR (UNCERTAINTY) MUST BE CONSIDERED

(the risk is unavoidable and the ‘residual’risk must be accepted)
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CONCLUSIONS

PART 4 OF 5:

<BEPU> EQUIVALENT TO
CIVILIZATION

FOR NUCLEAR THERMAL-HYDRAULICS
APPLICATIONS
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CONCLUSIONS

PART 5 OF 5:

THE TOWN

(or the knowledge in nuclear thermal-hydraulics
including the BEPU-civilization)

RISKS TO BE BURIED BY THE DUST OF
OBLIVION
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