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» H|XIE =S (Nuclear Thermal-hydraulics)

< AXIE FHHS (Nuclear thermo-fluid dynamics)
v 85 (fluid flow) + EHE (heat transfer)
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Fabricated liquid film thickness sensor it

array of measuring points 12
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A0 55

19-Pin

: SNU-DNE-ESLAB

Duct [PVC n~1.531]

Working Fluid [Anise Oil n~1.55]
Wire-wrapped Rod & Wire [Epoxy n~1.55]

Oil Jacket [PVC, Anise QOil]

Pressure Tap —» .

PLIF Particle ——— ° «
[532nm — 580nm] U0 O

FLOW

CCD Camera ———»
[1600 x 1200 px, 2D, 15Hz]

Nd:Yag Laser Sheet [1~532nm]

—

Z=1.848
Wire-Phase

2=1.617
Wire-Phase
180°

Z=1.386
Wire-Phase
0°

(a) CFD Result (b) PIV Result

P2-Transverse Velocity

ASeW a4M mm —_ -
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= Thermocouple

Differential pressure transmitter

Hot film sensor

Coriolis mass flow meter

High speed camera

= PIV system
v 3|E 744

Flow tube

Thermocouples
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Heater rod

TC response at CHF under inclined rod
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Reactor Safety Analysis Code (R X}2 QtHsljAM A E)
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Condensate-return
Line

1im

Steam-supply
Line

Steam Generator

Passive Condensate

. 7 Cooling Tank
Containment 7 EL217' 6" (PCCT) mn__ — i R—
’ 105.1 " |
Boundary 7 . ' POCT
% 104.6 B " - !
f 104.1 g ! | H=9.3m
? 1036 oo s d ﬁ 1=13200sec
7 1031 0 : ) T 3
’ 102.6 Um)
. . o . p— s taic
Main Steam Line | ) EL200'0" | Condensation - e o ; :
g Steam Supply Line Heat Exchanger il 1010 o 00 3 i POCT  Temperature
7 — g 1005 & o i 1 He75m 5
g EL 182' O TTm ‘ HH : 1000 o X 1=19100sec 22;:5
(11 — g =
7 : : :
2 PASCAL Tost SSPL 54091 PASCAL Test: SSPL 5401 PASCAL Tost: SSPL540-P1 & 5 & = & 3 22135
[ / ety i ST B . ' : 25
A g i EL178' 0" " » ‘ o : PocT oy
= g % /_><1 — Check Actuation Tamperaturs Jie ' g ' He55m o
: MSIV Valve  Valve Wl " e — | O T
Steam ] <] s I 0 B
Generator EL 145' 6" 1 — " "
Return Water ‘e - 7 T i —
Line = M » o | o
e — | v "
1021 0 - - — - -
- D><] EL130' 9" > 5o | . | B3 3 -
Feedwater Line MFIV = 1012
I 1009
R R T R R 1006




a9 78

%0
=
&0
2N
mr
<k
3l

00

4

v O] o 4

=X

<F
T

oF ofjH| off &

o Off T

alo
oill

KO
<

<

r
K

o0

o0

24 3 HE

v

Of-

RO
10

%0

o

7

=1

|

& Sl M (scaling analysis): ¥

b |
A

x40 274

RO

10!
00
L]

M
o

NESTE

=
=

N VIZE
. QX £4

=
10

<+
ol
2l

C "ot D& 74, Al O|E XA

H




30 X0 X0
& & &
of | of | oF
S~ S~ S~
e 81 g1 g1 _ _ —
P =z =z K4 K K
K| x| ~0 | m0 | B0 80 )
~ ~ ~ 0 0 w0
ot | o® | o® | X 7 =
o | |0 | d| A |
(@] (@) (@) (@) (@) o
1| -
il
uF &1
]
- = I
n 10 0
> O IR
il 5 |2RYl
o 2 |grBRol| 4
E o -
70 M m —ar| =
- —_ n =~ |
<0 1o () ofu nN”-W hill
- — — — ol
K X | R |[Rux| ©
ROl = [ ok |z [Zumao | K
ol e T = s
il = pal & [0k~ | KO
H ok B Bl |OF&IMO| =
o | T | a
oo| NO NO NO
| <0 <0 <0 =
{[D 8o 8o 8o =3
u| 4| do | uo A
o« [« &
~ ~ ~ N = =
[a) ) ) g %0 mr
[ [ [ < iy
U] U] U] a) o] ol
= =| & | < - ~
Ead — D — — (QV] o N




= e

=X 25 UWE H| 2 i
(4/714) Sl 71 ii %H?%%{%EOUL A A2 ede/mrig/BeR
w2 CHF =21 YR YE) HY Ane/RR /58 E
2 SHlF S 282 o8 Une/R /B8 B
1) ECC bypass A1%-1 DAQ X4, 0flt| A% | %) 7 /0 4
s |+ ECC bypass 42 MR, AHR, Bl 2 A A[21751/0/
(5}57) IR 7|2t A& IR O| 2, Leidenfrost Y (HSV + IR) ZI A /0| At
o 7| mHS M- MM H, DAQ B, 7| B8 57 ZHTF/ YT
) 7| mAHS M- HSV 29, g4 Xz FH/AYT

1> 1Z2Hs £™-3 PIV + HSV, G4 X2 A/ EEE UM SA

(6/16)




a9 78

© Bl

v ZZF AL (20 %), ZIZ DAL (20 %), 2HA (50 %), Z7IEl (10 %)

v 1HA|
- 7MY ZE S 0|2 UMY Ao it 22 B 1A
- SH OOH X 2N T
C NS BE A Y MY zY




STH and CFD

¢ Models in System Codes

® Fluid flow model (hydrodynamic model)
= 1Dtwo-phase model

= 3D two-phase model (with limited capability) Special
= Boron and non-condensable gases ~ componen
, "t model
@® Special component model ™

e

i

= Pump, valve, turbine, jet pump, etc.

® Heat structure model

= Heat conduction model for solid Control & Fluid Flow Heat
= Fuelrod, structure, etc. " del . structure
= 1D/2D heat conduction model A" P mode \ model
® Reactor kinetics model AN
= Usually, point-kineticsmodel N
= Recently, coupled with 3D reactor kineticsmodel Reactor
kinetics

® | &tri I
Control & trip system mode  model

§

h
N
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+* System Code Applications
® Safety analysis of NPPS
® INSSS design
® Rulemaking, licensing and audit calculation for NPP transients and accidents
® Acddent management strategy development

@® Basis for nudear plant analyzer or simulator

~ ~ - . e rFerrry
O3 free
- ; crer
= .
- - ‘n

== “ ﬁa-- :




STH and CFD

+* RELAP5 Nodalization for 2-Loop PWR

Safety Valve ADV Safety Valve
067 923 927
‘ 960 ‘ ‘ S o 920 ‘ ‘ ‘
o1 o 0 <t 03 o1
J SV ! 0
I
90 .
900
‘ o1 02 ‘ 0 Msiv 03 02 01 925
965
%5 05
Safety Valve o ADV Safety Valve
4 903 907

Steam line
bypass

Atmospheric

Llegend — 7 voume

Safety

[ Volume SDS Valve 4293 29 e

02 08 05 02 290 02 05 0g 02
1 Time dependent volume ] 1

o1
0 02
¥ Junction 02
09 o —@—» Time dependent junction 0 04 9
o <~ Valve 04 o1
03 10 o3 || ) 5 03| 403 10y 1%
Gt J—r i ——><——  Cross flow junction 05 A Al
'% iy * '




STH and CFD

***  MARS (Multi-dimensional Analysis of Reactor Safety)
® Developed by KAERI
® Based on the unified version of RELAP5 (1D) and COBRA-TF (3D)

® Nudear long-term R&D program of Korean govemment since 1997
= 1997~2006: Development stage
= 2007~ present: QA and regulatory utilization stage

® Main features
= Mult-D module F Overall mesh
=  Coupled calculation capabilities [ // //
— 3D readtor kinetics code: MASTER 3D Mbdule i Valve

—  Containment analysis code: CONTEMPT4 and CONTAIN
= Coderestructuring
= Writtenin FORTRANSO
= Userfriendlyfeature
=  Systematicverification and validation (V&YV)

Copyright problem ? I Connection 1

onnection 2

1D Module
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***  MARS (Multi-dimensional Analysis of Reactor Safety)

Miew State  Window Help

<Scale> 0
Channel Number: [0
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~<Data>
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[2_
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0
0
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— Basic Input/Cutput
— Start Run I
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Input
Output outdta Cancel Input |

Plot plotl Abort |
rstplt

Re.s;larl —p More 30 |

Strip stripf

Trip Info jhinfo Delete Files |

Auxiliary Inputs
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P el T
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Single=Junction Component

Time-Dependent Junction Component
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STH and CFD

+* Shortcomings of current system codes

® Flow regime map approach for two-phase flow
= Developed under steady-state, fully developed flow conditions
= Used for unsteady, developing flow conditions
® Subcoooled boiling model
= Complicated nature, wide application rage
® Droplet model
= Difficultyin measurement
® Multi-dimensional two-phase flow
= One-Dgovemingequation
® Condensation under the presence of non-condensable gases
® Numerical diffusion of first-order scheme




¢ USR&D Roadmap
® (Challenges

Aging and degradation of system structures and
components

Fuel reliability and performance issues.
Obsolete  analog
technologies
Design and safety analysis tools based on 1980s vintage
knowledge bases and computational capabilities

instrumentation and  control

® R&D Topics

Nuclear Energy Research and Development Roadmap, U.S. Department Of Energy, 2010

Nudear Materials Aging and Degradation
Advanced LWR Nudear Fuel Development

Advanced Instrumentation, Information, and Control
(I&C) System Technologies

Riskdnformed Safety Margin Characterization (RISMC)

Effidency Improvement
Advanced Modeling and Simulation Tools

STH and CFD

R&D for current reactors

Complete comprehensive assessment of materials
degradation and reliability issues

ATest advanced mitigation strategies

Materials data, mitigation strategies and performance
. models developed to enable applications for life extension

_ Develop advancedamonitoringsand NDE technologies
and develop plant H¥'C Thbtt nization strategy

© Test advanced monitoring and NDE technologies and
modernized I1&C system at a plant

L.Peyelon high-psrfgrmance
R RIS LR -
Complete preliminary safety analysis report for advanced

cladding materials and initiate lead rod testing

Initial lead test assembly irradiation with advanced
composite cladding materials

Fleet-wide use of advanced composite cladding materials ©

QRevelop, ngxt-generation
o L
asafety analysis ::onls

A_ State-of-the-art predictive reactor core analysis capabilicy

Fully-coupled safety analysis tools validated and issued
for industry use

Widespread use of next generation safety analysis tool ©

2010 2015 2020
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+» Extension of CFD codes to nuclear reactor safety problems

Complex Physics
A

+ Neutronics

+ Conjugate
heat transfer

+ Boiling
Two phase flow

+LES

+ Neutronics

Single phase flow = >

Channel  gpacer Complete fuel Whole core Complex Geometry

assembly



STH and CFD

Identification of NRS problems where extension of CFD capabilities to
two-phase flow may bring real benefit

NRS problem

Maturity of present

CFD tools
1 DNB, dry out and CHF investigations M
2 Subcooled boiling M
3 Two-phase pressurized thermal shock M
4 Direct contact condensation: steam discharge in a pool M
5 Pool heat exchangers: thermal stratification and mixing problems H
(5] Corrosion Erosion deposition L
7 Containment thermal-hydraulics H
8 Two-phase flow in valves, safety valves L
9 ECC bypass and downcomer penetration during refill L
10 Two phase flow features in BWR cores M
1 Atmospheric transport of aerosols outside containment M
12 DBA reflooding M
13 Reflooding of a debris bed L
14 Steam generator tube vibration L
15 Upper plenum injection L
16 Local 3-D effects in singular geometries L
17 Phase distribution in inlet and outlet headers of steam generators L
18 Condensation induced waterhammer L
19 Components with complex geometry L
20 Pipe Flow with Cavitation M
21 External reactor pressure vessel cooling M
22 Behaviour of gas-liquid interfaces M
23 Two-phase pump behaviour L
24 Pipe Break-In vessel mechanical load M
25 Specific features in Passive reactors M




STH and CFD

Reactor pressure vessel

<= <=
Liquid level below tube
sheet Liquid level above tube
—>Continuous sheet
boron dilution
in pump loop seals = Transport of borated

coolant from SG
inlet to outlet side

l Tube sheet

* ECCS : Emergency
Core Cooling System

Weld metal Base metal

ECC injection
DCC on the jet
Jet instabilities Cold leg

Heat and mass transfer at the interface

Primary water, weakly borated
® Primary water

® Water, sccondary
® Primary stecam

tratefication of hot and coid water

Turbulence production by the jet

and entrained bubbles Heat transfer to the walls



STH and CFD

¢ Multi-Scale Approach

DNS SCALE

CFD IN POROUS MEDIA SYSTEM SCALE

System

 ~100m, #~10-3*

~10"m, #~10

>102m, #~10"°

*Length Scale, # of meshes
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¢ Multi-Scale Approach

ATHLET + CFX

CUPID + MARS

STH and CFD

CATHARE + TrioU

O T TTTT

High densiy
Water injection
V600
345 moo3 migot mjLés -
(10-19) (19 () og) |

H sarran0 |-b.

l4-| sum [ H

345 me03 oL mjLés
(1-9) (10-18) (10-18) (19)

Suction of
extermal water

5 mio04 mjo02 245
(10-18) (19 () (10-18)

wasS

H serra9 |-b.

l4-| sar2n -

5 mio04 02

245
(1-9) (10-18) (10-18) (19)

5225

W255

TUBECH11

TUBECH12

HOTDUCH HOTDUC2

COEUR0 COEUR! COEUR2 COEURS COEUR4 COEURS BYPASCO

CATHARE

CATHARE-TRIO_U




STH and CFD

¢ Multi-Scale Approach

e
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TETEEsEEET i

Time: 900.0 . ) Time: 900.0
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3 E . & e .t
= = = S o °
= =3135 o oo N .
5312‘2 S 5 "oi b .4 ) )
E E . . - * g g
=311.6 =3135 oy
Tube outside: boiling — e .
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1.0 . .. * " ) .
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Liquid Temp (K) Void Fraction Fluid Candition 1" [

; SG Level (%)
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6100 10 +30.0(K) --‘- »a—
£00.0 :j ; ' " ‘
5900 40.7 Sat. Steam

580.0 'g 8

% 05 ;
S"ﬂ 0 04 Sat. Liquid LL R
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STH and CFD

¢ Multi-Scale Approach

Scales Models
System Scale oD, 1D o
System Codes 3D Porous (Coarse)| | >mPpiified geometry

Classical flow regime map
Wall friction term
Form loss term

Component Scale

3D Porous (ﬁner) Wall heat transfer term
Component Codes
Local Scale 3D CFD Realistic geometry
. Local flow regime map
CFD COdeS Open Med]um Non-drag force terms
DNS Realistic geometry

Micro Scale

VOF, Level Set Interface tracking




STH and CFD

** Computational Fluid Dynamics
® A branch of computer-based science that provides predictions of fluid flows
® Mathematical modeling (typically a system on non-linear, coupled PDEs)
® Numerical methods (discretization and solution techniques)
® Software tools

® CFD enables scientists and engineers to perform ‘numerical experiments’ (i.e. computer
simulations) in a ‘virtual flow laboratory’.

Real experiment CFD simulation



+¢* Computational Fluid Dynamics

® Experiments vs. simulations

STH and CFD

= CFD gives an insight into flow pattems that are difficult, expensive or impossible to study using traditional (experimental)

techniques

Quantitative description of flow
phenomena using measurements

« for one quantity at a time

e at a limited number of points
and time instants

o for a laboratory-scale model

e for a limited range of problems
and operating conditions

Error sources: measurement errors,
flow disturbances by the probes

Quantitative prediction of flow
phenomena using CFD software

« for all desired quantities
« with high resolution in space and
time
o for the actual flow domain
o for virtually any problem
and realistic operating conditions

Error sources: modeling, discretization,
iteration, implementation



STH and CFD

+¢* Computational Fluid Dynamics

® Asa rule, CFD does not replace the measurements completely but the amount of experimentation and the overall

cost can be significantly reduced.

e expensive « cheap(er)

« slow o fast(er)

 sequential * parallel

* single-purpose « multiple-purpose

« Difficult to transport  Portable, easy to use and
modify

® The results of a CFD simulation are never 100% reliable because

= theinputdata mayinvolve too much guessing or impredision
= the mathematical model of the problem at hand may be inadequate
= theaccuracy of the resultsis limited by the available computing power

® [ltisnotamagictool !



STH and CFD

+¢* Computational Fluid Dynamics

® (assification of fluid flows

« Viscous * Inviscid

« Compressible * Incompressible
« Steady  Unsteady
 Laminar e Turbulent

« Single -phase « Multiphase

® The reliability of CFD simulations is greater
= Forlaminar/slow flows than for turbulent/fast ones

= Forsinglephase flows than for multi-phase flows

= For steady thanfor unsteady flow

® Nudear thermathydraulics

_ + complexity of geometry
*  Unsteadyflow: fasttransient + insufficient validation data
= Highlyturbulent flow + lack of universal governing equations

= Mutliphase flow: various flow pattems



STH and CFD

¢ CFDInNRS
® FAC

18” elbow wall thickness decreased from 12.7 to 1.5 Wall Thickness reduced from 10 to 1.5 mm on
mm on feed-water pump inlet at Surry, 1986 Feed-water piping at Mihama unit 3, 2004
& ‘

Failure in a high pressure extraction line at Fort Failure downstream of the LCV in the reheater
Calhoun in 1997 drain line at Millstone unit 2, 1991.

(a) Redl Model Simpifed Model Real Moded Stmphted Model

Wesk Ragion

(b) Real Modsd Smplited Mode! Redl Model Simglified Model

Failure of 14” heater drain extraction line to high Failure of the Feed-water Heater Point Beach
pressure heater at Arkansas unit 2, 1986 Unit 1, 1999



** CFDiInNRS
® Themal cyding
=  Thermalstripping
= Highfrequencythermalfluctuationon the
inner surface of acomponent

= (Cancause the propagation of deep cracks

= Civaux N4 dassreactor
— shutdownin May 1998 following aleak
of primary coolant froma pipe
inthe Residual Heat Removal (RHR) system
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STH and CFD

*s* CFDinNRS
® Natural convection

WATER COOLING | BOILING I AIR COOLING

No Pumps - No External Power - No External Water

= Passive mechanism of heat removal _— . T I
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