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Nuclear Reactor Thermal Hydraulics

3 Big and complicated system (Simplified analysis is needed)
O Multi-physics: reactor kinetics, fluid flow, heat transfer, 1&C...
[ Steady-state (performance) and transient analysis (safety)

3 Single- and two-phase flows Steam Generator
. 2-phase
Reactor Vessel Pressurizer
: Flow at 100 bar
Single-phase 2-phase flow A

at 150 bar

Flow at 150 bar

~10 m

~15m
Reactor
Coolant
Pump i ;
2 v
OPR1000 MW (2775 MWt PWR) htt://www.doosanheavy.com/
)
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Length Scales in Nuclear Reactor TH Analysis

Component

~10'm
<10?m
*Length Scale
)
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Multi-Scale TH Analysis for PWRs

[ Technologies providing high fidelity TH predictions by
combining codes with different analysis scale
[ System, Component, CFD, and DNS scale codes are used

O Leaded by EU Component-scale /CFD-scalee\

| .
| /é\ ' DNS-scale
<>
[A Run 1.4326
|
N L 2).9
’ 0.8

Ll 7

System-scale

| ——

\__maTRA J \__CUPID
Multi-scale coupled calculations >

< Upscaling
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CASL Project

[ CASL (Consortium for the Advanced Simulation of Light

Water Reactors)
.« H|™: SIX}I2 M< gl oM A o] AMZ| £ SEAFS Q|10
Al Atatstof 7|8 ?_F E“*'/J\IEEHOI"=I 7= 71z S MEA HE
« BH:7IMHXIZ Y, /X2 2T o g 7|, /X2 SH

57 AH 43 oIz

« US DOEQ| Energy Innovation Hub A}
* ORNL(Oak Ridge Nat. Lab.) = & 2F200{ 7| AtetHd 7|2k EH0d
« X|22] Manhattan Project2 E2|= CHA AlY
-1 EHA|: 2010-2015 (04| AF: 2k 1400 2 )
-2 EHA|: 2015-2020 (04| AF: 2 1400 2 )
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Virtual Environment for Reactor Applications (VERA)

4 )

Interoperability with

External Components R T 8 wm
Geometry / Mesh / Solution DAKOTA
[ ] e | MRACT |
Industry Codes \ MOOSE l

VEF \/[

_ COBRA-TF Hydra-TH | |
Reactor System .

/ — _ PETSc
|Commercial CFD'

Solvers / Coupling / SA

Bison-CASL

MAMBA

Common Input /

Al
o

o
[
I
|m
2

™ Al E2]o|M
ATEQN]
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(COBRA-TF Subchannel T/H Provides Pin-Resolved Capability

« Core simulator T/H provided by
subchannel T/H using COBRA-TF (CTF)
code being jointly developed by Penn
St. and ORNL

« CTF is a two fluid, three-field model
(liquid, droplets, vapor) Subchannel

« Several developments required to
support full core pin-cell level
resolution:

— Optimization of COBRA-TF solvers
reduce memory and execution time

— Spatial decomposition parallelism to r
run time

— Preprocessor to automate input
development from VERA common inpt

10
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JHSHAE 85 M

VERA-CS performance improvement over
last 15 months.

* Dec 2013 328,457 CPU-hr
— Insilico/CTF — 56/8 energy groups
— 18,769 cores, 17.5 hours wall time l

* Apr 2014 34,104 CPU-hr
—MPACT/CTF - 56 energy groups, P2 scattering l
— 2,784 cores, 12.25 hours wall time

* Aug 2014 10,440 CPU-hr
—MPACT/CTF - 56 energy groups, transport correction l
— 2,784 cores, 3.75 hours wall time

« March 2015 2,540 CPU-hr
—MPACT/CTF - 47 energy groups, transport correction i
— Direct Coupling

— 4,234 cores, 36 minutes wall time Further improvements |

are in progress.

£ Oak RII){I \I\Tm\.u LABORATORY

U.5. DEPARTMENT OF ENERGY h “onsortiem for Advanced Simulation of LWRs
/A - Thermal- Hyarauucs 11
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CRUD Induced Power Shift (CIPS)

OCRUD thickness over time in regions with subcooled boiling

CRUD Thickness (micron)

CRUD Thickness (micron)
28 270 EFPD 2

90 EFPD CRUD Thickness (micron) 360 EFPD

28

21

7

14
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NURESIM (2005")

(NUclear Reactor European SIMulation platform)

[ NURESIM Target

* Integrated Platform
v' Common functions, multi-scale/physics, user friendly
* Sate of the art, covering most disciplines
v SOA or beyond, well validated, including different
physics
* European
v" A common European development to meet
requirements from stakeholders, share tools,
knowledge and best practices
* For Simulation of Light Water Nuclear Reactors
v GEN-II, GEN-IIl, GEN-III+

b -
7 ,AA -~ Thermal-Hydraulics 13
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NURESIM Road Map

The NURESIM roadmap

NURESIM: a single platform |

2013-2015
5005-2008 .. 2009-2011

) ] Phase 3: NURESAFE
Further extension
Fuel th- hani

/Phase 2: NURISP Ty TR
Consolu:latmn Safety analysis

Phase 1: NURESIM connection to common PWR, BWR

Basic platform tools

=> Advanced core Validation Expanded use

management Extension

Neutronics & T/H Fuel th-mechanics, New HPC
First coupling coupling interfaces

ERI Safety Research

_capabilities
;Z“ arch \ ) 14



NURESIM &2 JHE 20}

Hl]ﬁiﬁlm PARTNERS OF THE NURESIM IP

R ...\D»?,'f 18 partners

A SRS Iy ' - + SP1 (Core Physics) 40% of manpower

13 Countries Coord. UPM (JM Aragonés) 10 Partners

VI ORGANIZATION. SP2 (Thermalhydraulics) 40%
Coord. CEA (D. Bestion) 14 Partners
« SP3 (Multi-Physics) 5%
o Coord. PSI (P. Coddington) 3 Partners
Governing Board - SP4 (Sensitivity & Uncertainty) 9%

; Chairman Coord. UniKa (D. Cacuci) 3 Partners

+ SP5 (Integration) 6%
Coord. CEA (L. Dada) 1 Partner
Users’ Group
Executive Committee
Project Coordinator
| | | | |
SP1 SP2 SP3 SP4 SP5
Core Physics T/'H Multiphysics | | S & U Integration
Coordinator Cord Coord. Coord Coordinator
The NURESIM Project and Platform 4
g '/
& =~ Thermal-Hydraulics
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NURESIM: A XIZ i S S 2 0{ A

(0 NEPTUNE-CFD Assessment of PTS
(Pressurized Thermal Shock)

ECC injection

DCC on the jet staam
Jet instabilities Cold leg Heat and mass transfer at the interface h

gmentum transfer at the interface Turbulence at the gas-liquid interface

Mixing of hot and cold water

tratefication of hot and cold water

Turbulence production by the jet

and entrained bubbles Heat transfer to the walls

Objective: predict the temperature field following ECCS injection in an uncovered
cold leg for an evaluation of mechanical and thermal loading on PV walls.

Required space resolution: a few cm requires CFD
Required time resolution: >1s both URANS & LES are possible
Required accuracy (depends on reactor age) of the order of tens of K

'e)
;/ ~-~ Thermal-Hydraulics
‘ KAERI Safety ResearCh _____________________________________________________________________________________________________________________________________________________| 16
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[ System Thermal-Hydraulics Codes
* Developed and validated since 1960s
* (5700 million spent by US nuclear regulatory commission)
* A one-dimensional two-fluid model for two-phase flows

* Essential tool for safety and performance analysis
* In Korea, MARS, SPACE codes have been developed by KAERI

[ MARS code for Regulatory Utilization (KINS)
[ SPACE code development lead by industry (supported by MOTIE)

MARS System TH for Regulation

SPACE Beta version :

* 3-field, 2-fluid Eq.

* 1D Model and Correlation
* 1D-Solver V/V

SPACE release ver. :

* Model/Correlation V/V

* Safety/Performance
Methodology

SPACE License Ver. :

* License for App.
* Safety analysis
* Users’ Group

I o0 20m 2012 2013

2

2015 2016 >

(C? - Thermal-Hydraulics
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System Scale TH Analysis for PWRs

I R CHEAHY B4 s HE

2. 7|71 24«
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Component Scale TH Analysis for PWRs

[ Component Scale TH Codes

* Developed for component design Containment
* Equipped with component specific physical models /f":’ ""'“‘"‘1‘%‘\\\
* A tool for a multi-scale TH analysis ”

Reactor Core Steam Generator

lllllll
overall dimensions

width: 3.5 metres (11.5 feet) |
height: 10 metres (33 feet) & || ]| =

MATRA

(KAERI, Korea)
2 (EPRI, US) (KIT, Germany)

‘X(7 _- Thermal-Hydraulics
KAERI  Safety Research i
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CUPID-SG : Al 112] 3/4 SG 8[| (1)

¢+ CAD (PRO-E.) Q} Solid Model =2 0| 25t Porosity A| Al

Section View

SG Solid Model Boiler Side CUPID-POP Mesh

Solid Modeler (ProEngineer) Volume Porosity

L :
-~ Thermal-Hydraulics
-/ KAERI  gafety Research e 21



CUPID-SG : Al 112] 3/4 SG 8[| (2)

% CUPID 7|HF Z7|2M7| slM A E 7|2 AMUS} ('16.7~'17.6)
» AR E, B8, 2

 GUI 9121 7|5 7§

0

22
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CUPID (NuTHEL): APR1400 542 A A Y L M | A

** Preliminary steady-state calculation Subchannel type definition
® Adiabatic condition I S N
® Geometry modelling ( ? Guidetube|-- ) ]3[12
= Guide tubes, water gaps, core shroud, etc. .

® Total computational cells: ~2.7 millions
= 241 assemblies, 56,876 fuel rods
= 78697x34 (number of planes)

Shroud

[ 1]
\
1

HEEEEENEEEE

HEL=JEREEEL =40

P ﬂ[quFﬁ NH

xxxxxxxx
,,,,,,

,,,,,,

ENIEEP-_NEEEERP NN

I I
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CUPID: DOBO Analysis (1)

Dimensions in m.

Simulated Area Ratio

DOBO Downcomer
Experiment Boiling Ol
KAERI .
| ' E
? T Steamn
! Yenting
: RAM e ti0: 0078
: D 0216 @
i ;“. [07] [— ;
Hot Leg : Cold Leg NEE L] ot
D i [EORE N S 3 o Q&g ) Y
1.078 i = —C- 445 N —————
i p
A e | | emored |2 _
5 i Region o
= i %
g & Window
E B=
g EE
low r N
) ! Kirl 03 vy
- % f
A i
. | ]
‘Water
! Diain
ID:0.078

)
(C%\T Thermal-Hydraulics
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CUPID: DOBO Analysis (2)

o DP estimation error < 5%

. . o Transition from wall peaking o The error is about 100% with
Void fraction to core peaking a system analysis code
240
0.3 —+—DOBO Test
’ Cal. Exp === Calculation Result
—w— Vv L=453m
M
< 210
y < Channel averaged
Heate
o
Wall Elevation- 5 pressure
@ 180
o
Transition Cal. Exp a
from wall peaking Elevati c —h— A L=353m
to core peaking SYRLEE © 0.2-
o
S JYNNNANLINYN 150
1 L-; 0.1 ~ JVAVVAY 5 ——DOBO Test
(s AMAAAAA S 0.8 =O==Calculation Result
0.88889 > S
0????8 OO U U S G W G S ¢ A A A LI_
Cal. Exp
| 920657 Elevation- === 0 L=15m -g 06
L 0.55556 0.2 > Channel averaged
I 0.44444 © 0.4+ void fraction
0.22222 2 0.2-
0.11111 Eﬁu: ¢
0 0.0 e U 3
0.0 0.2 0.4 0.6 0.8 1.0 = [~ I~
Heated * Unheated < 0.0 I I I I I I
X D
Wa (x/D,,,) Wi 0 1 2 3 4 5 6
Elevation (m)
Wa . .
(,C " Thermal-Hydraulics Cho et al., Journal of Nuclear Science and Technology, 20122.6
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CUPID: ROCOM Analysis (1)

d ROCOM (ROssendorf COolant Mixing) .
® OECD PKL 2 Project =l 5 e
" PKL test: fast cool down transient g ; W
= ROCOM: coolant mixing in RPV
® Overview of ROCOM
= German KONVOI type PWR (1:5 length scale)
® |IAEA/CRP Benchmark ofj A %k (2017)

1890

e eoo\\Y\_~

000000000 \\} ¥

000000000 || N
Al

. Sieve drum
é? - Thermal-Hydraulics
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CUPID: ROCOM Analysis (2)

(] Grid Generation

@i

KAERI

- Thermal-Hydraulics
Safety Research

® SALOME (open source software)

® Developed by CEA/DEN, EDF R&D and
OPEN CASCADE

® SALOME 7.7.1 (Current version = 7.8.0)
® Hexahedron + Tetrahedron:
3,434,527 cells

72 CPUs used

=
S
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CUPID: ROCOM Analysis (3)

® Temperature field in core inlet

ROCOM

L

o000O0OGOOS
00000 OGPOOENS
o00O0OGOSOSOSOEY
o0o0O0OOOOOGOOOOODTS
00 0OOCOOOOOOBSTO
00000 0GOPSOCONOSNSOO U
P00000CGOOOPOPOO®DD w0

'YX X CUPID
(X X )

XYY X XXX XXX s
0000000Q000
oooooooooorm
CY Y )

o0

'YX XXX 4560
'YXXEXKK -

YXXXXXXY) I

2 YYXXXX] ez

- Thermal-Hydraulics
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298.1 320.0 360.0 400.0 440.0

480.0 500.7

Loop3(High flow rate)

Loop4(Low flow rate)

29



CUPID: ROCOM Analysis (4)

(d Transient Calculation (T2.1)
® Cold leg injection (110s to 270s)

Time: 110.036715 Time: 110.036715

. |
é/ -~ Thermal-Hydraulics
- /KA
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CUPID (SeoulTech): OECD/NEA PSI IBE-4 (1)

Q The GEMIX (GEneral Mixing EgF;3Cg‘;'gm'ss'°"s
eXperiment) Exercise of PSI e 2
ANSYS (FLUENT) 2
STAR-CCM 2
Code Saturne 2
{ curD 1 |
TrioCFD 1
P2REMICS 1
OpenFOAM 1
TURBULENCE MODEL
e Z CUPID)
k-omega 4
LES 2
RSM 1
Number of grid
59850 (2D) <«——— minimum
LCUPID 156260 ]
300000
e | 2064459 <+<—— maximum
—e%h sensgrs 3696000
. : ; 5753458
Table 2. Experimental matrix for this benchmark. 3596992
Inlet mean velocity 0.6 m/s 1 m/s SRl
Global Re-number 30000 50000 SIED)
Ap=0%, AT =0K N339 N337
Ap = 1%, AT = 5K N320 N318 B
L 813276
;7 =~ Thermal-Hydraulics
| KAERI gafety Research 31



CUPID (SeoulTech): OECD/NEA PSI IBE-4 (2)

d Ranking for concentration 1 Ranking for thickness of mixing layer
User FoM Ranking user FoM Ranking
1 3.074881 1 1 0.031418 2
2 6.414524 5 2 0.186935 7
3 6.179881 4 3 0.02999 1
4 9.228452 12 4 0.476981 13
LCUPID i 7.380238 9 J LCuPID i 0,156025 8 |
9 5467262 3 9 0.09458 5
10 6.859762 6 10 0.069638 -
11 8.697976 10 11 0.274574 11
15 7.086429 8 15 0.203641 8
16 6.982024 I 16 0.215331 10
18 9715 13 18 0.294725 12
19 5013929 2 19 0.033593 3
20 8.899643 i 20 0.213123 9
O Ranking for mean velocity 1 Ranking for turbulent kinetic energy
User FoM Ranking user FoM Ranking
| 47277178 3 1 3.867411 2
2 6477778 5 A 6.002381 6
3 4627778 2 3 3.463244 1
4 8522222 | 10 4 6.352827 7
(cuPID 7 9 033333 11 J (cupiD 7 4.662649 4 )
9 4 844444 4 9 4 86622 5
10 7.155556 7 10 11.21324 -
11 7.966667 9 11 12.31548 13
15 6.811111 6 15 6.523958 8
16 9.072222 12 16 4401786 3
18 9.7 13 18 10.81458 1
19 4 422222 1 19 7.109226 9
) 8 20 9.406994 10

((_”/ " Thermal-H. 20 7.638889
KAERI  gafety Research
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PSI-Boil: DNS of Boiling (1)

Pool Boiling from Single Nucleation Site

[J Simulation results
 Grid: 76x176x224 (~3M)
e A=62.5 microns

Nucleation site
20 mm — R=83um
— |ITO heater
10 x 10 mm?2
0.25 mm \L

(Sapphire
substrate)

il

:V
15 mm
Evolution of th 12" bubble: chromatic colors are

2 Computational domain temperature, gray is the bubble interface
~ Thermal-Hydraulics
% Safety ResZarch 33




PSI-Boil: DNS of Boiling (2)

11550
11450
11350
11250
11150
11050
10950
10850
10750
106.50
10550
10450
10350
10250
10150
10050

11450
11626
115.00
11475
11450
11425
11400
11376
11350
11325
113.00
11275
11250
11225
112.00
11175
11150
11125
111.00

50kW/m?

11550
11450
11350
11250
11150
11050
109,50
10850
10750
10850
10550
10450
10350
10250
101,50
10050

11550
11525
115.00
11476
11450
11425
114.00
11375
11350
11325
113.00
11275
11250
11236
112.00
11175
11150
11125
111.00

, 200kW/m?

{(—/ Thermal-Hydraulics
~ [KAERI gafety Research

11550
11450
11350
11250
11150
11050
10950
10850
10750
106.50
10550
10450
10350
10250
10150
10050

~

11450
11626
115.00
11475
11450
11425
11400
11376
11350
11325
113.00
11275
11250
11225
112.00
11175
11150
11125
111.00

100kW/m?

11550
11450
11350
11250
11150
11050
10950
10850
10750
106.50
10550
10450
10350
10250
10150
10050

@T

11450
11626
115.00
11475
11450
11425
11400
11376
11350
11325
113.00
11275
11250
11225
112.00
11175
11150
11125
111.00

300kW/m?

150kW/m?

T T

side wall

115.50 115.50
114.50 115.25
113.50 115.00
112.50 114.75
111.50 114.50
110.50 114.25
109.50 114.00
108.50 113.75
107.50 | 113.50
106.50 1 113.25
105.50 | 113.00
104.50 ] 112.75
103.50 ] 112.50
102.50 | 112.25
101.50 | 112.00
100.50 | 111.75
111.50

111.25
111.00 >
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CFD/DNS Scale TH Analysis — Single-phase

[ CFD codes based on RANS has been used for component design
3 LES and DNS have been developed, but these are not matured for
industrial applications

# of mesh

1

1014

1012

DNS Application to LWRs

Fuel Assembly

Single Channel
(2028)

(2055)

Full Core
(2075)

a

(A

= 1nermal-Hyar3d
(/ KAERI - safety Research

Q
N

FLOPS (Floating Point Operations)

Growth in supercomputer power

1980-2050
2025
Human brain
simulat
(10" FLOPS) o
.
L]
.
L
y
2012 .
IBM “Sequoi ]
comes on line
(20x10'¢ FLOPS) #
.
L4
L]
\ v
.
L
.
L4
L
L
o4
L
d
-
[
'] 2010
- China’s “Tianhe-1"
» comes online
e (2.5x10' FLOPS)
[
.
o
L4

T T T T T T T
1980 1990 2000 2010 2020 2030 2040 2050

www.FutureTimeline.net
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CFD/DNS Scale TH Analysis — Two-phase

4 Inermal-Hyaraulics

[ Two methods for two-phase flows
* CFD-scale: Time-averaged two-fluid model
* DNS-scale: Single-phase CFD plus interface tracking method

[ Limited application to bubbly, mist, and stratified flows
[ Development of interface models and systematic
validation are needed

_ 1-phase CFD/DNS 2-phase CFD/DNS

DNS O A (Pseudo-DNS)
Phase change X @)
Validation of
JAN
Physical Models O
Ph I f
Major Uncertainty Turbulence ase Interface DNS for Subcooled
Models Models s
Nucleate Boiling
Design O /\ * Yoon et al., Int. J.

Applications Multiphase Flow, 1999
36
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CUPID-MARS: APR+ PAFS 8[| A1

O Simultaneous application of component and

system scales (CUPID-MARS coupling)

( Single- and two-phase natural circulation in
the Passive Containment Cooling Tank (PCCT)

iy

[ PASCAL

-
-

Circulation
Pump

Steam

Thermal-Hydraulics
Safety Research

Modeled
by CUPID

N

Steam

Supply
Line

PCCT

Heat
Exchanger
Tube

n;"_’j'%?yf:‘ct?-: e

Return
Water
Line

trical =1

Hdater

Generator

* Cho et al., Nuclear Engineering and Design, 2014.

N

Modeled

by MARS PCCT Liquid Temp. i

20000 sec.

PCCT Water Level (CUPID)

(CUPID)

Tube Inside Void
Fraction (MARS)

%

[T 11

i

Alphag MARS

0.99754

l 0.97516
0.95278

- 0.93041

. 0.90803
I 0.88565
. 0.86327
0.84089
0.81852

0.79614

38



CUPID-MARS : Flow Field Coupling

[ Provides two different coupling methods
* Heat Structure Coupling (Explicit) :
APR+ PAFS simulation (Previous slides)
* Flow Field Coupling (Implicit)
Pressure Matrices are Merged

1.2 3 4 5 6 7 8 9 1 12 13 14 15
O . O
X X
X O X X

X gCgontribytion
" X ermXMARXS

X X O X X
X X O X
M X X, X
IM X
X o
X

15 X X O

© 0N AW N

e
N

=
N
>

Pressure matrix of CUPID

£
S/ - Thermal-Hydraulics
KA

ERI Safety Research

Todail .
10 | 15

MARS
region

6 |11
\
07~ 115

MARS
w»
)
§
5
CUPID. 2-phase E
uuuuu _ S
= %
= L
k= -
* Park et al., ANE, 2013.

CUPID
region

/4
I
I
I
I
I
I
I
I
I
l

[ S ————— 4

AJ

Verification of implicit coupling

—&— Analytical
——CUPID
— MARS

s
N
L

——— CUPID-MARS (1Phase) -
CUPID-MARS (2Phase;

)

§ M 1 [
) L
]

D X)
1

0

= o o
o - [e]
! | I

o
'S
1

2
o

Time (s)
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Plans for CASL Phase 2 (2016~2020)

* Expand capabilities for PWR Challenge Problems
- Extend and apply capabilities to SMRs (iPWRs)
— Natural circulation
— DNB in low-flow conditions
— CRUD for long-cycle operations
- Extend capabilities to BWR challenge problems
- Thermal-hydraulic flow regimes B - 50 MWkaU
— Core simulation (sub regions and potentially full core
— Fuel performance — PCI, cladding integrity
— Convective and solute flows and mixing

« Continued releases and deployment
to potential end users

)
(7 o Thermal-Hydraulics
KAERI  gafety Research
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Path Envisioned for Advanced Simulation Tools (CASL)

Today Next 5 Years Next 10 years
Early Deployment Expansion Integration
* Integrate * Broaden * Full integration of
existing toolkit applications and advanced tools in
« Selected user basis as industry workflow
applications and experience and + Licensing with
users computer power Nuclear
* Most of the Increase Regulator
applications on  Most applications
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