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— Fast and Robust 3D 2-
Phase Flow Solver

— Scalable Iterative Solver

_ for a Large-scale
Main Features of Computing

CUPID

— Multi-scale Simulation
for a Fast Transient
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Fast and Robust 3D 2-Phase Flow Solver (2/2)

Commercial CFD mainly focuses on 3D fluid dynamics
and has limited applications for 2-phase flows especially
when a large phase change is involved

-l Models and
Commercia CUPID Correlations for
CFD Nuclear Reactors
\ - * Unique
umerica Numerical Model  2-Phase Interface
Models of 3D Momentum and
. . for alarge phase
Fluid Dynamics Energy Transfer
o change 2
s * CFD-or Moces
Performance * Multi-Scale/
Computing (HPC) it Physi del
ot scale Analysis of Y
etz RV, SG, and CT

RV: Reactor Vessel, SG: Steam Generator, CT: Containment

Multi-physics Computational . orRUXE
Science Research Team 4 o
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Scalable Iterative Solver for a Large-scale Computing

The most time-consuming part in CUPID
Is the “Pressure equation” solving
module

» The pressure equation takes more then
90% of total computing time depending
on the number of cells

» The Conjugate Gradient (CG) solver is not
scalable and we need to develop a new
iterative solver which is scalable w.r.t the
number of cells

Development of a Geometric Multi-Grid
(GMG) solver for unstructured mesh

> CG solver: Time.g oc N**

> GMG solver: |Timeg,,q N™O

» The new GMG solver is Easy to use since
the unstructured coarse meshes are
generated automatically

Multi-physics Computational
Science Research Team 5

time_pressure

/ time_total (%)

Number of Cells

191,800 78.8
1,533,600 75.7
4,773,600 81.6
12,357,600 86.2
21,683,700 90.2
107,968,000 92.9

Number of CPU Time (s)
Cells

CG GMG
102 1 1
106 3.7 months 2.7 hours
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Multi-Scale Simulation for a Fast Transient

( [
Domain - RELAPS —
Overlapping #) DATA Transfer
Data Transfer is needed between ' CFD Ex)
\_ Two separate solvers _— RELAPS/
CFX,
e - FLEUNT,
Domain )— RELAPS —. .— , \_STAR-CCM+
D ecomposi tion ¢ » DATA Transfer
Data Transfer is needed between CFD
\_ Two separate solvers - )
Single )— MARS [BEEE CUPID E ,
Domain C :A 2 3 4 5 j 7 8 9 :\;) :\A1 12 13 14 15
Single pressure solver matrix Jd T e &2\ ,
5 X o X Contributi
: No need for the Data Transfer : > from MARS.
k — Versatile application to transient problems
* .LK.Park et al., Annals of Nuclear Energy, 2013. E <Combir;edXPreXs§LE>r§ Matrix of CUPID>
g i 6 Gty ez
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Mathematical Models

e 3-Dimensional 2-Fluid & 3-Field Mass, Mom., Eng. Equations

* Non-condensable Gas Equations (He, H2, N2, Kr, Xe, Air, Ar, SF6)
* 3-Dimensional Solid Conduction Equation

* Boron Transport Equation

* Interfacial Area Transport Equation

* Finite Volume Method (FVM) *H.Y.Yoon et al,
N ume rica I e Unstructured Mesh Numerical Heat Trarzwts)j.'leGrt
* Semi-Implicit/Fully-Implicit Scheme
Methods * Pressure Solver: Bi-Conjugate Gradient (BICG), Multi-Grid (MG)
» Compressibility is considered
CFD-Scale Component-Scale

Porous Medium Model

Turbulence Model: k-e, SST, LES

Physical

* 2-Phase Topology Map,  2-Phase Flow Regime
Models * Drag, Lift Force, Interface Heat || * Models and Correlations
Transfer Models Package for the safety Analysis
* Radiation Heat Transfer Model || * Sub-channel Model
Multi-physics Computational (r:/A "*Eﬂx}ﬁﬂ?&i

Science Research Team 7
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— Mathematical Models

Numerical Models ~ Parallel Computation

~ Pre/Post Processors
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Parallel Computation

Domain Decomposition

» Automatic domain
decomposition using the METIS

Library
» Manual decomposition

55

MPI functions are used for the = gmie

457 —e— Two-phase Diagonal

—O— Two-phase ILU

communication between
different domains

Scalability
xR

Highly Scalable parallel
computing performance as the Speedup test
. for a bo:Img transient
number Of CPU Increases é 10 15 20 25 30 35 40 45 50 55

Number of processors
*J.R.Lee et al., Journal of Mechanical Science and Tec/qnology 2016.

SHRQIX}2I0ITIQ)
< 4AERI .«,ﬁ oooooooo L ¢ Research -.T'l. ber

Multi-physics Computational
Science Research Team 9
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Pre/Post Processors

Bl Mesh Generation

» Mesh Input Data Structure:
OpenFOAM Format

» CFD-Scale Mesh Generation:
SALOME (EDF)

» Reactor Vessel Mesh Generation
at a Sub-channel Scale
* RVMesh-3D
- CUPID-SGP

B Post Processing
» Open Source Program: Paraview

Multi-physics Computational
Science Research Team 1 0

RVMesh-3D

CUPID-SGP

A BrRRIXpEeingy
KAERI  ioes o Encegy Research st
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— V&V Program
V&YV and QA

Prog rams ~ QA Program
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Verifications & Validations

Extensive Verification and Validation Consisting of 90 Test Problems

* Single-phase
conceptual
problems
(8 Cases)

CUPID
Prototype
(2010)

CUPID/MARS) ______ (CUPID/MASTER

* SG models
(2 cases)

e SET for LOCA
analysis
(13 cases)

Multi-physics Computational
Science Research Team

e Turbulence
models
(6 cases)

* Boron transport
model (2 cases)

e 2-phase
conceptual
problems
(14 Cases)

* Multi-physics
(CUPID/MASTER)
coupling
(2 cases)

* Multi-species
non-condensable
gas models

(4 cases)

CUPID/MARS/
MASTER/

FRAPTRAN
* Sub-channel

models (13 cases)
* Multi-physics

(CUPID/Fuel)

coupling (2 cases)

containment
analysis (7 cases)

* Wall boiling model
(7 cases)




Quality Assurance

El ASME NQA-1 (KEPIC-QAP)
El Documentation for QA

El CUPID Code Version Control System

» SVN (Subversion) server/client type system
* Centralized Version Control System (CVCS)

» Store CUPID code and related documents to SVN
server (Repository)

» Download CUPID from SVN server (Checkout, Updated)

» Upload newly developed coding to SVN server
(Commiit)
* V&YV Calculation = V&V brief per 3 month, SVVR per 1 year
» All records are stored, traced back freely (Traceback)

l\/IItphy s Computational

Science Researc h Team 13 c KICAERI ._E‘_ r—.._-_r‘._
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GEEEEEEEEEEEEEEEEEEEN
. ..

Steam Generator (SG) 5

*
*

Containment (CT)
HAZAHE WY 0ol= 7| S|4 HH oz 01
[ ] SO A £ASE 05 B7|27| AEE o 2 HHI/mA) B

eUENEEEEEEEEEEEEEEEEEEEEEEEEmy,
“susssssssEsssssssEEEEEEEEnnnn?®

“
*
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Steam Generator Analysis Code

PWR SG analysis code (CUPID-5G) has been [
developed based on the CUPID code

TR(K

572 E

568

g

1 |
M\lmlmm”mm\mg

All regions for riser, downcomer, separator,
and steam dome are modeled

3
o

C 560

a
Co
o

=560

e

A U-tube model has been developed where all

U-tubes are grouped and connected with the
secondary fluid cells

o
)
o

&
=)

g

<Primary Coolant
Temperature>

6.43-

(e

5

*H.Y.Yoon et al.,
NURETH-17, 2017.

N

MH|M‘T|HHHFHCE

o

uliohsics Combuttiona <Secondary Side Void Fraction and
ulti-physics Computational . SIRQ X}201T1R
Science Research Team 15 Velomty Vectors> SrRAXI= AT

— Karea Atomic Energy Research Institute
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SG U-tube Model

Coarse mesh Fine mesh .
(29.780) (121,988) Design value
Number of U-tubes 13,102
Number of U-tube groups (ngroup) 164 640
Total U-tube length 256,996 m 256,100 m 254060 m
Total U-tube heat transfer area 15,380 m2 15326 m? 15205 m?
error| 1 -EN9th_tube,, 0.011 0.008
Length _tube,,
error| 1— HT _ Areay, 0.011 0.008
HT AreadesmIn

Multi-physics Computational
Science Research Team
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CUPID User Group

http://cupiders.github.io

Domestic Univ. &
Research Inst.

€ CEPCO
@\\‘ o I=

FNC Technology Co., Ltd.

%%
For Tech CONES

=l AYA

User
ontract

DOOSAN
Sl 22 el

Multi-physics Computational
Science Research Team

2o oz 71g)
7 St moman T
Wk OFYTE

ser

Agreement

el -
< ' 5
g (L / - |E
2 % /KAERI 7
o | o
S X,
Q’h@x;ﬂa"i’?

N . Gon ©

CCUPIDERS About  Posts  Publication  Links  Contact
Developers, Users of CUPID Code

CUPIDERS

CUPID: High Fidelity Three-dimensional Thermal Hydraulics
code for Single- and Two-phase Flows in Nuclear Reactor
developed by Multiphysics Computational Science Research
Team of KAERI

Learn more

The CUPID code

and two

20224 7| =4 A
A4 712

User }

Agreement Divenany B I fLCNOIS

BPNEY: I
Khalifa University

—)
Tl SERAXADY

—

{KAER]  Korea Atomis Energy Research Institute
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hyyoon@kaeri.re.kr
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CUPID &8 %+ 0[= (2013-)

2013-2017

PAFS

ANALYSIS

2014-2017

o . FILMWISE
CONDENSATION

Nuclear Thermal Hydraulic Engineering Lab.

9020-2021 2014-2020

MuLTI-PHYSICS MULTI-SCALE W=
(FUEL) - qpllile (MARS) Bl =i

)
9\n» Korea Atomic Energy

/KAERI Research Institute

Nuclear Safety and
Security Commission

2018-2019 o 2016-2018

MULTI-PHYSICS SUBCHANNEL
(REACTOR PHYSICS) ANALYSIS

— - Korea Atomic Energy
- /KAERI Research Institute

2/33
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I
I
I
\

C -
N KAERI Research Institute

CFD & Subchannel analysis

e —— ——— — — — — — —— —— —— — — —

-~
Ve
/

4 2013-2017

PAFS

ANALYSIS

S ca I e 2014-2017
FILMWI

o —— — — — — — — — — — — — — — — — — —

~

\\____________

2016-2018

SUBCHANNEL
ANALYSIS

orea Atomic Energy

e e

— e e e e e e e e e e e e e e e

SE
CONDENSATION
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PAFS

ANALYSIS

PAFS analysis using STH codes

MARS-MULTID (FNC)
APR+, 8x10x20 1

TRACE, PASCAL, 1x16x22 (KINS)

Water Return Line (150) PCCT (200)

Turbulence

Niche

PAFS analysis using CFD codes

Two—-phase models

=Y

Computational cost

(Choi et al.

, KNS Autumn meeting, 2011)

4/33



Cho, H.K. et al., Heat structure coupling of CUPID and MARS for
the multi-scale simulation of the passive auxiliary feedwater
system, NED2014.

PAFS

ANALYSIS
PASCAL analysis using CUPID-MARS (transient time: 28800 s)

Pressure
4 =
CUPID
P Tl
105.1
G 1258
109 104.1
@ | Bl
Ghas SS— 103.6
B : -
‘é@)m Pipe 130 (40) 103.1
-G _ 1026
: PCHX Supporting | [
,Plpse‘;;? A1) - b . 102.0
" Generator = — il 101.5
,,,,,,,,,, 1T ‘ ' 101.0
—————————— ] PO I T oI T T ©100.5
W7l [T I 1T 1 [MTIT 1T T [MTTT 1T T . 100.0
. '
E%é%é ” [T 1] 1111 I
PASCAL Test : SS/PL-540-P1 PASCAL Test : SS/PL-540-P1 PASCAL Test : SS/PL-540-P1
t =13200 sec 1 =19100 sec t =25700 sec
13
10} 10} 10}
o g X R
Q o
o 8 Water Level 8r
= e IR o =
&, 1 Positions T (145 857 e o
= = PASCAL 7
I —— Colpled CLACMARS S 9
o
= (<} {+ o o
5 St o 2 o
'_
— 904 o (-] o o
g i ‘
= ¢
o Pusitiors 2 (0225 1y 2617 f
o PASCA %
— Cougled CUFDMARS 1 | 1 1 | | 1 | 1
kil | | . | | % 2 4 05 2 ) e % 2 4 6
1} Tm mm 151 am 2mn Jom
Tirre (sec)
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ANALYSIS
PASCAL analysis using CUPID-MARS

Condensation model: PNU model (Ahn, PhD thesis, 2018)

50
= 40
© DN
2 f ppEEEES MM%MM: N
o ]
(a) Stratified-smooth flow (b) Stratified-wavy flow (c) Annular flow 8 30 I
o [
o
Boiling model: SNU model (Jeon, PhD thesis, 2015) g 20
- | [EE 2 O PASCAL
7 Q 2 T Condensation  Boiling
% L 3 4o —~— MARS (Shah) CUPID (RPI) |
* ppei 'n_‘ |— ) g .
4 o PNU " CUPID (RPI)
R —o— PNU ‘ SNU
| I % 5000 10000 15000 20000 25000 30000
e Time (sec)
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AFS

NALYSIS

APR+ FLB analysis using CUPID-MARS

Time:2000.0 s

|

5

i |

Liquid Temp (K) Void Fraction Fluid Condition

£00.0 10 +300 (K)
09
5900 08
580.0 o7 Sat. Steam
06
5700 05
04
5600 03 Sat. Liquid
5500 87‘
540.0 o0 -30.0/(K)
0.0s

H

~ SG Level (%)

MARS nodalization for APR+ FLB

SG Press.: 6.3e+06 Pa

b

&y

(==

sy

1

L

MR

CUPID mesh for APR+ PCCT
Nmesh: 38,340 Provided by S.J. Lee (KAERI)

Domain
decomposition

{.m
|
Ji

v

YO\ [

Actuation valve

Void Fraction

1.0

05

0.0

t=1000 sec t=1800 sec

alphag
o

ED?




PAFS

ANALYSIS

APR+ FLB analysis using CUPID-MARS

Time: 900.0

—_+

3135

(1]
N
o]

312.2

m!‘r’H:LLH||||||I|||||||||||||‘M
o

L]

1.0
dlphag

o

o
&y

o
wn

Q2
(]

M‘m||||||||||||||||||||||i'|ﬁm

Higsol Time: 200.0
Ems.c
=313.6
23135
3135
E313.5
alphag

ET 00

=075

0,50

=025
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PAFS <

ANALYSIS
APR+ FLB analysis using CUPID-MARS

18 600
MARS + CUPID with PNU + SNU model MARS + CUPID with PNU + SNU model
— Pressurzier top —— SG outlet (primary)
15 —— Steam generator top 560 ‘ —— SG economizer (secondary)
MARS ' MARS
—— Pressurzier top X —— SG outlet (primary)
—~ 124 —— Steam generator top o —— SG economizer (secondary)
© =
o 2 520-
= e
o 9 3
2 5
g ; 480
o 64 5
g
-
5. 440
. 55.5°C/hr
0 T T T T T 400 T T ' T T T
5000 10000 15000 20000 25000 0 5000 10000 15000 20000 25000
Time (sec) Time (sec)
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PAFS

ANALYSIS
APR+ FLB analysis using CUPID-MARS

Challenges

Turbulence model for separated two-phase flow

®
®
2@ o |+ Zero equation model (O)
= |+ Two-equation model (X)

Flow regime map for large water pool

* Interface topology (O)

+ IATE X)
" oo‘,DropIets )
e < Single phase gas, T Mesh
il £ steam-air mixture } esh convergence
(O5~2_ !
%é’o = Deviated free ) L B . .
Lo surface . « Difficult to get converged solutions
& ™ I
Flashing, 1
bubbly flow BwE
Single phase rrermen
water { 1

Subcooled boiling and
condensation, bubbly flow

o 0
o6 o°o°o° oqq,%

* 29 Constitutive relations

o K
a3
", 292 . . .
* % * No available experimental data for validation
Steam condensation, @

horizontal stratified flow

10/33



FILMWISE
CONDENSATION

iPOWER & PCCS Passive heat sinks Flllese Condensatlon model
m in the presence of NC gases

» Simple and efficient
* Not applicable to steam rich condition
* No slip condition for gas—-liquid interface

PCCT PCCT

Single-phase approach

Inlet pipe Inlet pipe

Wide applicability
v’ Steam rich condition
v' Tall condenser wall

Two-phase approach

* Unstable
* Hard to handle condensate

* Less close to the real situation
» Steam rich condition
* Tall condenser wall

Single-phase + film

+ Stable
+ Easy to handle condensate
» Cannot handle thick film

11/33



Lee, J.H. et al., Improvement of cupid code for simulating filmwise steam
condensation in the presence of noncondensable gases, NET, 2015.

Lee, J.H. et al.,, Simulation of wall film condensation with non-
condensable gases using wall function approach in component thermal
hydraulic analysis code CUPID, JMST, 2018

FILMWISE
CONDENSATION

Filmwise condensation model for CUPID (modified Colburn—Haugen model)

. . . P20-T50-V30-H65 (Forced convective condensation)
« Species diffusion terms

Va,p,0vX,)  V:|a,p,D(h, —h)VX,]

—0.14
Fim thickness () %0_12 ././.-/././-’./f::::.‘
. R
* Heat balance on interface £ S 1
—8e5 E
k e i‘;30.06 f/f
" - 5e-5 ©
F po® 2 004
— — — — p— L 3e-5 P
HGI (TG T;) +m h fg (T; TW ) O [2@'5 § |-~ STAR-CCM+
5 o 8 0.02 —e— CUPID-transient
. ) ) ) Time: 0.000000 “%  os 10 15 20
® LIqU|d fllm equatlon Distance from the condenser inlet [m]
d dau; 1 dP . P05-T40-V06-H90 (Natural convective condensation)
— v+ E]————+4+gsind =0
dy dy prdz
y ZoM
] Sub-grid(wall film flow) E—— Eor
u 8.61e-05 a
‘Ll_dx . . - :ef:rs Q
oy * Condensate film velocity profile = g
av ° Int f | it i < 008 M
nterrace velocity .5 £
[ = o /,«""‘“
pg - dy - dx Fluid cell (gas mixture flow) — 2 oo
8 ; [ g f [~e—STARCCM+
* Condensation rate tmm 8% —— CUPID-transient] -
u®) * Gas velocity & interfacial shear Time: 0.000000 o0 05 10 15 20
Distance from the condenser inlet [m]

| 12/33



Lee, C.W. et al., Multi-scale simulation of wall film condensation in
the presence of non-condensable gases using heat structure-
coupled CFD and system analysis codes, NET, 2021

FILMWISE
CONDENSATION

Multi—scale approach

10

—— P20T50V30H08 (MARS/ICUPID)

O MARS/CUPID e
—— P20T50V30H65 (MARS/CUPID)

© MARS/STAR-CCM+

> 84 ~ P20T50V30H08 (MARS/ISTAR-CCM+)
=) £ -----P20T50V30H65 (MARS/STAR-CCM+)
— g © P20T50V30HO08 (Exp.)
© = O P20T50V30H6E5 (Exp.)
SANCE S
2 =
@ o
5 4- 2
5 g
c ‘8 10
[H] =
2 3
o]
Primary gas mixture in ©
(Steam+Air+He) F : |
e T T T T T T T 0 ¥ T ¥ T v T .
TrdpVel ll e 4 6 8 10 0.0 0.5 1.0 1.5 2.0
snglun ::;;:d;‘::; S 4t ) Condensation rate (Exp.) [g/s] Distance from the condenser inlet [m]
(coclantoutlety T o ==7 1 ]
T~ I
i '
1 I
1 - 0.15
Condensate film { 1 ‘ ‘ ‘ ‘ ‘ Liquid Temp (¥
"\\ 1 1 325.0
| 1
1 1
@ Aluminum plate « ‘: :
& 58 W . s T
= 3 ' 1= E
I
)34 m : §
1 324.0 E
1 5]
1 =
' E
I
- 1 3235 T : —— P20T50V30H08(MARS/CUPID)
Tmdpjun & T v ]
{cootant infet) Secondary = ~ proebot) | 0.034 —— P20T50V30H85(MARSICUPID)
coolantin . i P20T50V30H08(MARS/ISTAR-CCM+)
Tmdpvel ﬂ . g e 1 L= P20T50V30H65(MARS/STAR-CCM+)
Smm N
B 0.00 . ; . ; . i .
MARSKS Primany gas mAUre S orAR-CCM+  CUPID 0.0 05 o 12 20
0.0s 2.5s 5.0s 7.5s 10.0s Distance from the condenser inlet [m]
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FILMWISE

CONDENSATION

Minor contributions

24 m

4.28m

144 m

i

Inlet boundary condition

il

ag = 10,7, =0.3m

Pressure boundary
P =0.4MPa

STAR-CCM+'

—
V- (agpgDVX,)
v- (agpgDV(XnQair))

CUPID NCG

diffusion model

V. (agpgDV(XnQHe))

7+ (270t = o) (aopgD7 () 3

Central inlet
(steam, helium, air)

) —— - —
) transport equation

General species
V- (@gPgDair VX Gair + AgPgDyeVXnqne)
7 (agpgDair?(XnGair))
V- (gpgDueV(Xndue))
7+ (£7Chs = hair) (g Dair T (Xndair)) ) + 7 -
(e = hie) (tgPg DV (X))

Side inlet
(steam, helium, air)

CASE3

(0.0, 0.6, 0.4)

(0.0,0.3, 0.7)

10 m

T
IR
AR
AR
IR
T
AR
IR
MR
R
WA
AR
MR
IR
U
e
M REAR
AR
T
AR
AR
MR
AR
T

(b)

Gas temperature (K)
5.0e+02

490
485
— 480
— 475
— 470
465
460

455
4.5e+02

Gas temperature (K)

4.7e+02

473.8

473.6
—473.4

— 4732
— 473
— 472.8

472.6
I 472.4

472.2

4.7e+02
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FILMWISE
CONDENSATION

Minor contributions

STAR-CCM+'

~—— CUPID RBLA condensation model ——

m = — 1 p Yy i
vl 1-vy; " VY on
MyXyp i MyXy i
Yvi

! My Xy i+MairXair,i Mva,i"'Mair(l—Xv,i)

~— General RBLA condensation model ——

' = — 1 aYy,i
v 1-Yy Y an
_ MyXyi MyXy i
Yv,i -

My Xy i+MncgXneg,i MVXV,i+Mbg(1 —Xp,i)

(M _ MyeXue+MairXair )
bg XHe+tXair

\ .
i X Modified CUPID
f : 50 l 50 ‘
Boundary Heat Flux (W/m2) P :g 15
Teoad Heat flux (W/m*2) g 2 IHER
0.0e+00 o] T I T ow
-1000 o IJ: S 1l= _ .
52386 000 T 1z, 11§ ol
O 1E z
4000 8 |§ ° ; ! |§ ] ;
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* Condensation heat flux distribution (P05-T40-V06-H90) *  Comparison of condensation heat flux between original

and modified CUPID
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FILMWISE
CONDENSATION

Minor contributions

50

5 —— CUPID
£ —— STAR-CCM+
= | m__Experiments
; 40
=,
X 30| ®
=
©
b} ]
£ 204 [] ! n
2 &-—l—
g 104 :
STAR-CCM+ g T I N
[e]
m o ; ; ;
0.0 0.5 1.0 1.5 2.0

Distance from the condenser inlet [m]

CUPID

STAR-CCM+
p

N [
* The high-y+ wall treatment implies the wall-function-type approach: this * There are default k — & base model and Low-
treatment assumes that the near-wall cell lies within the logarithmic region of Re k — € model in CUPID
the boundary layer. * However, there is no low-y+ wall treatment
which is needed to calculate with resolved
* The low-y+ wall treatment is suitable only for low-Reynolds number turbulence boundary layer meshes
models: this treatment assumes that the viscous sublayer is properly resolved.
. - i i 1/4 K
The all-y+ wall treatment is a hybrid treatment that attempts to emulate 'Fhe . 7, = PCH/ \/Eln( = U,
high-y+ wall treatment for coarse meshes, and the low-y+ wall treatment for fine K Y
meshes. It is also formulated with the desirable characteristic of producing U= In(@2 ¥z Ut
reasonable answers for meshes of intermediate resolution (that is, when the N pAylfr
wall-cell centroid falls within the buffer region of the boundary layer). Y = P
- VAN

~
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FILMWISE
CONDENSATION

Gas properties selection
Interface or bulk?

Turbulence model
Wall function or RBLA?

Hope to be used for iISMR analysis

STAR-CCM+' ] m 4
-”E.___ = =
‘_’,@M!a_{_J_\L :v‘l D
Comm_e_rcia_l codes are very useful ’:;u:j; ,'v'\ .
for verification! SN H
- h:"""w /’Y\ _i_
Especially, for turbulence model. il D4 :

Check local values!
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SUBCHANNEL ¢
ANALYSIS

$BCASL niseor OTF

I,
s
e * & compeTTIvE ADVANTAGE

e\ MPACT

VERAShift “
Unified input Thermal-hydraulics Visualization
VERAIn CTF VERAView

e Multi—-scale approach

@ Mamea

1D system scale (MARS) “ 3D CFD scale {CUPID) “ 3D Component scale (CUPID)

Loop Il »
proL) T}
s =+

CUPID

H % Loop IV
m CUPVO
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S.J. Yoon, Application of CUPID for subchannel-scale thermal-hydraulic analysis of
pressurized water reactor core under single-phase conditions, NET, 2018

UBCHANNEL -
ANALYSIS

Implementation of subchannel TH models and validation

Validation of CUPID for unheated single-phase flow
CE 15x15 in|etjetting test Errors along the center line: 8.2 %

Errors along the tangent line: 9 %
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SUBCHANNEL -
ANALYSIS

Implementation of subchannel TH models and validation

Validation for heated two-phase flows

BFBT
PSBT

e ' i ‘ 0.8 T T T T T T
cUPID o (;ljzx[s)ie.oss% . I I I I I /I/, I
051 054 o el 1 — P
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Experimental result of void fraction
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SUBCHANNEL
ANALYSIS

Implementation of subchannel TH models and validation

Mixing vane model

CTF calculation CUPID calculation
- N

Conlat Dutlet

\

|
/

Temperature{C)

-260

—250

m_E Experimental result
L \
/

|
\

ATHAS calculation*
B

sl 9y

AR A Tanvan \
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SUBCHANNEL
ANALYSIS

Implementation of subchannel TH models and validation

Mixing vane model (grid directed cross flow model)

Lateral convection factor from STAR-CCM+ My = fPupiA X f : Lateral convection factor

Temperature(C)

N

N

w

o

! _
IS,

N
o
(=)

()
feul
(=]

240

Experimental result CTF

e

—=— side to corner| |
—=— side to inner
—=—inner to inner | |
—=— inner to side

Lateral flow ratio(%)
8 g
1

w
=)

T T T T T
50 60 70 80 90

distance(mm) CUPID CUPID, Stream Iine
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SUBCHANNEL
ANALYSIS

Whole core simulation using CUPID subchannel module

APR1400, B = 0.005

Liquid temperature

Cladding outer surface temperature

— 595
— 590
— 585
— 580

Liquid temperature (K)
564. 570 580 590 600 611,

— | con—

575
570
564.

Temperature
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MULTI-PHYSICS [N

y

(REACTOR PHYSICS) o

CUPID SERVER nTER

[ socket (root) ]n——— %:DD socket 1 ][ socket 2 ]‘- PT:?D —'[ socket (root) ]

8100

VERA Benchmark
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MULTI-PHYSICS
(REACTOR PHYSICS)

N>
| o

<BOC> <EOC>

Liquid temperature distribution

Clacding surfoce terperatura (K}

Cladding surface temp.

Liquid temperature (K)

Boron concentration (ppm)

Boron concentration results and measured data

T T ' .
1200 —0— Measured data
i —0O0— CUPID/nTER
L1 L L NS .
800 0> 0= ——————-]l}] -
6004 o ONg .
T U U L P .
2004 P .
o4 . Wa .
- i - i - i - i
0 100 200 300 400
EFPDs
Comparison of VERA benchmark results
CUPID/nTER | VERA-CS**
. 6 nodes 180 nodes
CPUrequirements 148 cores 4307 cores
# axial planes (TH, neutronics) (40, 24) (53,59)
# state-points 28 37
Average number ?f iterations 95 11
between neutronics & TH
Mean boron difference (ppm) -26+13 24419

Average runtime/state-point >> 76.5 min / 35.9 min
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MULTI-PHYSICS [
(REACTOR PHYSICS)

Corefuel and poison loading pattern
BEAVRS Benchmark (BEAVRS (left) and VERA (right))

Enrichment
Number of Pyrex Rods
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VTT

Parallelization of FINIX

Rod
MPI OpenMP :
X — riNX Rod
X :
_ —  FINIX
N — Rod
Rod

Fuel performance code

Both steady-state and transient analyses

Heat transfer coefficient

Irregulartime step  Coolant temperature

CUPID

trransfer.i

tzransfer.z

ttrarlsfer.n

t=tena

Regulartime step

»
>

-
+

FINIX

Fuel temperature
Cladding radius

awi} Jajsuel; eyep Jejnbey

Data exchange of CUPID/FINIX
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Fuel performance code
VTT Both steady-state and transient analysis

Whole core pin-by-pin analysis (VERA benchmark )

time= 0.2 day

Axial node number
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Research Plan Using CUPID

Sig3iC S CUPID B2 2= 5 ¥ 7 (2021-2026)
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e,

g |: -=—Q0riginal
O 10
Tcu . l' ——BOC(cyclel)
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Fuel performance code i : — Eoc(eycle?)
for steady-state , )i ~—EOC(cycle3)
04.7’3’;5 4.74 4.745 4.75 4.755

Radius (mm)

Pin-wise iEitial conditions

FRAPTRAN

Fuel performance code
for transient
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Research Plan Using CUPID
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Fabian Schlegel, Nuclear Safety Research with Open Source CFD Software, ATH, 2022.

Closing remarks

Software Quality

Feasibility Prototype
* Validate individual
features Preliminary Product
e Check feasibility Prototype
* Extremely important Interplay of
components Demonstration
* Identify limitations Prototype
& shortcomings «  Most of the features
e Selected features & functions
OSS does not mean for free * Startusertesting ?rozt:(;:l;:::gftware
*  Fully optimized
| Money Timci *  Production ready
(commercial) license (free)
required software open source software
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Introduction

« For safety improvement of nuclear power plants, it is necessary to understand and
estimate thermal-hydraulics phenomena of various flow types existing there.

« Many traditional reactor system codes are modelled as networks of 1-D or 0-D
volumes. However, there are important 3-D aspects of the system’s thermal
hydraulics. Typical instances in NRS problems include: mixing and stratifications
and many other situations.

 Natural circulation, mixing and stratification is essentially 3-D nature, and
representing such complex flows by pseudo 1-D approximations may not just be
oversimplified, but misleading, producing erroneous conclusions.
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Introduction

 Application of CFD codes in such a field requires validated models, especially
models of turbulence and good capacity to treat complex geometries of very
different sized scales.

*For single-phase CFD applications, these devolve around the traditional
limitations of computing power, controlling numerical diffusion, the
appropriateness of the established turbulence models, and so on.

« Complex configurations arising in industrial situations have led people to
consider “canonical” situations that may be identified in industrial flows: wall
shear flows, free shear flows, and impinging flows.

NRS problems where CFD analysis brings real benefits (NEA/CSNI/R(2014)11)

NRS problem System classification Incident
classification

Mixing: stratification Primary circuit Operational

Heterogeneous flow Primary circuit Operational
distribution



Introduction

A HAMA LMY A S R0, FAE A A L EMote e 2+ &
A= ZE0| ol Aot Olofe 2RI U2

JIEL1IXHE AMAE ofd 2E= 34t
Jl IH20ll, 3XH& CFD AH & o & 2f

500

450

400

350

300
m 2000~2009

250

m 2010~

200

150

100 -

50 -

NED NET

Flow System Design Seoul National University
& Computational MultiphysicsLab of Science and Technology



History of OECD/NEA International Benchmark Exercise

IBE-1: T-junction (2010) IBE-2: Grid spacer (2012)

2SS
2rerof o
IBE-3: PANDA (2014)
e IBE-4: GEMIX (2016)
[§
| __ measurement domain 0 - 550 mm
—_— camera field of view |
/(é_)' % §|- l;l_ _,g— g é’- upper leg ul’ pl’vl ’}i‘ v -;--_/—_7 [ - p E
I A E ! 2 cr oy of R

lower leg

splitter plate tip mixing zone

" Inlet Section Mixing Section
(flow conditioning)

|
Venting line
Felinm4air

2005

- e
<1333 om 618 wan



History of OECD/NEA International Benchmark Exercise

* History of OECD/NEA International Benchmark Exercise

IBE-5: Cold leg (2018)

Test Facility Modification (12:1

IBE-7: Thermal mixing (2022)
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History of OECD/NEA International Benchmark Exercise

Table 1: NES problems requiring CFD with/without coupling to system codes

NES problem Swstem Incident Single- or

classification | classification |multi-phase

1 |Erosion, comrosion and deposition Core, primary | Operational | Single/Mults
a.l_:ld SEC ondary

2 | Core instability in BWEs Core Operational | Multd

3| Tramsiton bolling in BW R determinaton of MUPE. | Core Uperational | wuld

4 | Recriticality in BWRs Core BDBA Multi

5 |Reflooding Core DEA Multi

6 |Lower plenum debris coolability/melt dismbution | Core BDBA Multi

F—rBeref-ditttion Prirary-eireuit— BB g

8 |Mixing stratification’hot-leg heterogeneities Primary cireuit | Operational | Single/Multi

O HeTerogeneons ow dsTibuion (&g, I S0 et PTimary citomt | Uperational | Single

plenum causing wvibrations, HDE. expenments. etc.)

NES problem Svstem Incident Single- or
classification | classification | multi-phase
10 | BWE/ABWE. lower plemum flow Primary circuit | Operational | SingleMulti
Seesemsanena Lo Dot Ot uls
12 [ PTS (pressunised thermal shock) Primary circuit | DBA Single/Multi
T3 | POC DIoan = T-vesse Tecranean oad Primaly coot | DB un
14 | Indnead braak Primary cirenit | DEA Sinala
15 | Thermal fatigue (e.g. T-jumction) Primary circwt | Operational | Smgle
16 | Hydrogen distmbution Containment BDBA Single/Multi
17 | Chemical reactions/combustion/detonation Containment BDBA Single/Multi
18 [ Aerosol deposition/atmospheric transport Containment BDBA Multi
(source term)
19 | Direct-contact condensation Containment’ | DBA Mult
Primary circuit
20 | Bubble dynamics in suppression pools Containment DEA Multi
21 | Behaviour of gas/liquid surfaces Containment’ | Operational | Multi
Primary circuit
22 | Special considerations for advanced (including Gas- | Containment’ | DBA/BDBA | Single/Multi
Cooled) reactors Primary circuit
23 | Sump strainer clogging Containment |DBA SingleMulti

CBA - Desien Basis Accident, BDBA — Bevond Desizn Basis (or Severs) Accident; MCPR. - Mininmm Critical Power Ratio

Flow System Design

& Computational Multiphysics

Seoul National University
of Science and Technology




History of OECD/NEA International Benchmark Exercise

IBE-1: T-junction (2010)

e 29 submissions
e LES calculations: 19
* Numbers of grid points: 300,000 to 70 million

IBE-3: PANDA (2014)

19 submissions

* LES calculations: 3, (UYRANS calculations:

13
* Numbers of grid points: 4,000 to 4.3 million

IBE-2: Grid spacer (2012)

* 25 submissions

* LES calculations: 6, (UYRANS calculations:
15

* Numbers of grid points: 3.3~110 million

IBE-4: GEMIX (2016)

* 13 submissions
* LES calculations: 2, (UYRANS calculations:
11

* Numbers of grid points: 59,850 to 20 million

Flow System Design
& Computational Multiphysics

Seoul National University

of Science and Technology



History of OECD/NEA International Benchmark Exercise

IBE-5: Cold leg (2018)

* 10 submissions

* LES calculations: 8

* Numbers of grid points: 0.2M to 500M
 Uncertainty calculations: 5

IBE-6: FSI (2020)

* 10 submissions
 LES calculations: 4, (U)RANS calculations: 4

Flow System Design
& Computational Multiphysics

Seoul National University
of Science and Technology



History of OECD/NEA International Benchmark Exercise

WGAMMA (0| g€ (2016.6.13) At 2 Gl A & |

NR4ecive = Number of reactors x nuclear share in the country

Commitment = Number of registered participants x successful submissions

OECD/NEA GEMIX (UQ) OECD/NEA PANDA (Containment)
20 B LI I LI I LI I LI I L | 45 B T T I T T T I L I LI I LI ]
i ) 40 = =
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From the slopes we can say that, in general, countries show more inferest on UQ than containment!

Is this true or is just a problem of dissemination?

Flow System Design Seoul National University
& Computational Multiphysics of Science and Technology
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Summary of OECD/NEA International Benchmark Exercise

1A o ~AATAEA~
Max. gri A

Summary of submissions for the blind benchmark.

Helium

Helum Injection Port
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RPV e fas, AERB FLUENT 16 163
5000 mm L '
- g BARC CFD- 164
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Summary of OECD/NEA International Benchmark Exercise

Grid Dependency of Errors

CFD4NRS-4 Synthesis 2 Z At 0l A & 3|

O Comparison between IBE-1 and IBE-2 In Terms of Meshes

® Increase in the Number of Mesh Used in IBE-2 mainly Due to:
= Complexity of the Geometry and in Resultant Flow Behavior,
= Improvement in Computing Power in Nuclear Community Recently.

'KAERI

Number of meshes (Million)

160
140
120
100 -
80
60
40
20

0 -

1 2 3 4 5 6 7 8 9 10
Top 10 participants employing largest number of meshes

Invited Lecture: Synthesis of the OECD-KAERI Rod Bundle CFD Benchmark Exercise -77 -
(CFD4NRS-4, Sept. 10, 2012, KAERI, C.-H. Song)



Summary of OECD/NEA International Benchmark Exercise

Boyd (2016, NED)

8000 || = CFD Predictions ] ; : 3 J 18000

000 Experimental Results

6000 16000

t (s)

4000 1 4000
2000 | 412000
oF 0
6200 6400 6600 6800 7000 7200 7400
elevation (mm)
Fig. 1. Predicted helium layer erosion times compared to test data.
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Summary of OECD/NEA International Benchmark Exercise
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Grid Dependency of Errors
0 Ranking by the Number of Mesh: IBE-2 (at y=0.5P, z=1.0D,)
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Q Evolution of Mean Velocity along the Flow (along y=0.5P) o
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Decay of Lateral Flow (u,v) Observed along the Stream-wise Direction and well Predicted !/
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Hexacore

Cutcell

——Tet

+—Hexacore

Cutcell

——Poly-Hexacore

——Exp(Chang et al,2014)

—K. Podila,Y. Rao (2016)
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Error
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»
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MATIS-H
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LES
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Piomelli and Balaras, Annu. Rev. Fluid Mech. 2002
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Next IBE Is coming
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10t CUPID Workshop

WHY ‘Multi-Grid’?

One of the most time-consuming part in CUPID Pre-process
IS the “Poisson equation” solving module.

» Total cost of solving pressure matrix is 40-90%.

> Linear solver should be optimized to accelerate Model
CUPID code. Calculation

Time iteration

Intermediate

Requirement for new solver Velocity
» Faster than PBICG in large scale simulation
» Can be applied to any kind of mesh (tetrahedral, equation
hexahedral mesh, prism, ...)
» Efficient for RV calculation Pressure

m o] 11)2) (.14 )| What does the exponent mean? correction
CG/BICG 0(n's) #Cells CPU time of CG CPU time of MG

] 10,000 1 min 1 min =
CG/BICG with O(n14
preconditioning (n ) 1,000,000 100> min = 17 hours 100' min = 1.7 hours
Multi-Grid O(nl) 100,000,000 10,000'° min = 694 days  10,000' min = 7 days

. . . 2
Multi-physics Computational T
(,4“'“

Science Research Team
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WHY ‘Multi-Grid’?

[1] A Multigrid Tutorial, 2" Edition. Briggs W, Henson V, Mccormick S

B Jacobi solver
» One of the simplest iterative linear solver

» Computational complexity for convergence is O(N?)
« Impossible to use in practical areas

» Jacobi iteration
Au=f & OD+L+U)u=f D: diagonal, L/U: lower/upper diagonal
< Du=f—-(L+UVu
S u=D1f-DYL+U)u
u™D = p=1f — p=1(L + U)u™
If it is convergent, the limit is the solution of the linear system.
» Error propagation

u™D —y = DL + D)™ —-u)
e = D=L + U)e™

Multi-physics Computational AL simqxizioimg
Science Research Team <7 e Tl e
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WHY ‘Multi-Grid’?

Bl Jacobi solver

iqn - LU _ I S . : (n+1) m, ™
Model equation : S5 =f = A== S —2(z1+31+1)

» High-frequency parts of the error converge quickly, while the low-
frequency regions converge very slowly.

Mesh coarsening

» Low frequency data can be considered as highly oscillatory data in
coarse mesh. =» Multi grids are necessary.

Multi‘—physics Computational (’/ < srReIX}E
Science Research Team hese
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WHAT is GMG?

Classic MG

» Coarse grids should be explicitly
provided

» Mainly used for structured grids

Algebraic MG

» Mesh coarsening is not needed since
the coefficients of the matrix are used
-=> Suitable for computation on
unstructured grids

» More costly in terms of operator
complexity

Multi-physics Computational
Science Research Team 7

Mesh

Coarsening
- Manually
Mesh 2
Interpolation
(Geometric)
Mesh 3 %
<MG>
Mesh

Coarsening
- Automatically

Matrix 2
: Interpolation
P (algebraic)
Matrix3 |eeses
LR N N N J
LE N N ]
<AMG>
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WHAT is GMG?

Geometric MG

» Auto coarsening is equipped
- applicable to unstructured grids

_ Mesh Coarsening
» Use geometrical - Automatically
interpolation/restriction Graph2 -
- less costly in terms of operator “ Interpolation
com plexity Graph3 12355050 (Geometric)
» A hybrid method of MG and AMG <GMG>
. 8 s 232
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GMG algorithm

Bl Elements of MG solver
» Coarse mesh generator

» Data transfer between coarse and fine meshes.
* Interpolator (coarse - fine)
« Restrictor (fine - coarse)

» Smoother

» V-cycle iteration

Multi-physics Computational AL o
; SRR XA
Science Research Team 9 C / oy
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GMG algorithm

Coarse mesh generator

» Only the finest mesh is required as an input data
«  Automatic mesh generation on coarse levels

» Node-coarsening by MIS(Maximum Independent Set [2] )
« Initially, mark all the nodes in finer mesh ‘green’

 And then, for each node in a finer mesh:

v'If the node is green add this node to the list of red nodes and mark its neighbor as the
blue nodes.

v" Otherwise, go to the next node.

[2] Herve Guillard, Node-nested multi-grid with Delaunay coarsening, (1993)

eliede ®

.____;(\.J4‘ R

Multi-physics Computati‘onall - R
Science Research Team 10 <7 =HX=RAT
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GMG algorithm

Data transfer between coarse and
fine meshes

* Interpolator (coarse - fine)
v"Inverse distance

o Vi

lel + Wzvz + W3U3
Vi =

) | W4 + Wy + W3
| 1

N w _————
T Wy ||| k d(v;, vy)
e

V3
 Restrictor (fine—> coarse)
v Injection

N

NG o/
#;f -V

/ :.* \
/ @ Vs
d
o
///

[ ()

Vi=v0

e
-

e
Va

Multi-physics Computational
Science Research Team

11

rea Aomic Energy Research Institute



GMG algorithm

B Smoother
» Jacobi
» Gauss-Seidel
» Weighted Jacobi
» Weighted Gauss-Seidel (SOR)

B In CUPID, 2-3 times SOR sweeps are performed
on each meshes.

Multi-physics Computational o QN
7 o SRR
i < _.-4A5m il

Science Researc h Team 1 2
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[3] William L. Briggs et al. “A multigrid tutorial” SIAM, 2000

n V—CyCIe iteratlon [3] [4] http://www.mgnet.org/mgnet/tutorials/xwb/smoother.html
» Smoothing residual vectors for each level
» Correct solution by adding smoothed residual vector

File  Options _ Norm Option: m
qmunthlng Ah uh _bh Erm:m = 4.241961196421582-02 rm = 9.
Ahuh—hh Iy 1=[1by — ﬁuuh”":b'}
Interpolation and
correctwn
Restriction =up + F2 €5
ran = R (b — Apuy,)
Smoothing Smoothing e
Aznean =Tzp Asnesn = Tan
Restriction Interpolation and

4k correction
Ian = Rap(Tzn — Aznezn)

Solve A pesn = Tan @

o __ 2h
e = e2p +Pipeqn

V-cycle workbench [4]

Multi-physics Computational
Science Research Team 1 3
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Speedup Test

3D boiling test
» Two-phase simulation

» 4 kinds of structured meshes are used to LR
evaluate the performance of GMG solver

ool . M4m

olo T Q=23 MW/m?

0.1lm

0.1 m/s, Liquid 170 °C

<Test setup>

5,120 40,960 327,680 1,105,920

Multi-physics Computational —
Science Research Team 14
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Speedup Test

3D boiling test

> Result of automatic mesh
coarsening

1072 4

Multi-physics Computational
Science Research Team

» Comparison of PBICG / GMG

The number of iteration in GMG is
constant regardless of the number of

10! 4

100 4

101 4

—— PBICG( 1.30)
— GMG( 1.03)

T T T T
10% 104 10° 108

T
107

15

cells.

The larger the problem size, the greater
the benefit of GMG.

PBICG GMG Speed up
Case Num. cells . . . . .
iteration iteration [times]
Mesh 1 5,120 37 10 0.88
Mesh 2 40,960 63 10 144
Mesh 3 327,680 124 10 391
Mesh 4 1,105,920 174 10 5.40

Constant !

A

—

(..:-4AEIRI
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Speedup Test

RV test
» Polygonal cells / High aspect ratio mesh

» 4 Kkinds of unstructured meshes are used
to evaluate the performance of GMG solver

Cell merging
due to coupling wit

",‘\‘um
Al

LI
HHRRRARA

<RV mesh> <Cross section> <Junction>
Multi-physics Computational — A SlEUXITOITR

—

Science Research Team 1 6 Cu:m Korea Atomic Energy Besearch nstitute
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Speedup Test

RV test
» Result of automatic mesh coarsening

15 MPa

<Nodes after coarsening>

—— PBICG( 1.41)
_ —— GMG( 1.08)
» Comparison of PBICG / GMG
PBICG GMG Speed up 1074 °
Case Num. cells
iteration iteration [times]
Mesh 1 20,619 121 28 1.273
Mesh 2 56,654 171 22 2.246 100
Mesh 3 234,122 263 26 3.617
Mesh 4 1,003,086 317 28 4.245
Almost constant o0 o7 100

Multi-physics Computational
Science Research Team 1 7
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Speedup Test

Single phase channel Flow

» Well-known problem in DNS adiabatic wall
community ——hR
inlet ——=*
e — ~
» Computational setup <Channel configuration>
 Domain

y140)
4o X 26 X T (6 = OOlm)

5 kinds of unstructured meshes

* Low Reynolds number

U.6
Re = T = 283.4

<1,533,600 cells> <4,773,600 cells>

* |nlet condition

v' parabolic velocity profile from
DNS data

<12,357,600 cells> <21,683,700 cells>

<Computational meshes> M
18 (':—P--IEAE;II Eaﬂtx}a:1sh?&i

rrrrrrrrrrrrrrrrrrrrrrrrrrr

Multi-physics Computational
Science Research Team
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Speedup Test

» Comparison of PBICG / GMG Case Nurn. celle .tPB'f.G _tGN:_G S;cj-ed u]p
. . . . Ieration Ieration imes
*  The number of iteration in GMG is )
almost constant regardless of the Mesh 1 191,800 152 21 184
number Of Ce”s_ Mesh 2 1,533,600 216 27 3.66
* Inthe case of 100 million cells, GMG is Mesh 3 4,773,600 463 27 4.57
predicted to improve performance by Mesh 4 12,357,600 640 27 5.85
abOUt 136 times. Mesh 5 21,683,700 892 28 8.44
—— PBICG( 1.40) —— PBICG( 1.40)
Lot — GMG( 1.08) 1077 oMot 108 \ x 13.6
104,
103,
103_
102_
102_
10! . i . . 10t 4 ; : ; ; ;
104 10° 10° 107 108 104 10° 108 107 108 10°
Multi-physics Computational f‘"'/j - Q

_ - ZaIXjEio1q
Science Research Team 19 < .-4AERI Kores Ao Energy Rsacnch nstitare
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— Why ‘RV Mesh 3D’ ?

CUPID — Mesh Generation
Algorith
Preprocessor Jortam
— Applications

(PWRs / SMRs)
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WHY ‘RV Mesh 3D’?

3D mesh generator dedicated to the reactor vessel
geometry is vital.

» Include reactor core, downcomer(DC), upper/lower plenum(UP/LP)
and hot/cold leg

» Practical number of meshes (less than 10 million)

» Most importantly, maintain structured mesh in the core region for
the application of subchannel model

» Applicable for PWR / SMR geometries
It’s hard to apply commercial pre-processors

<Generated by commercial pre-processor>
Multi-physics Computational

Science Research Team
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Mesh Generation Algorithm

Plane Extrusion method
» 2D Mesh generation

» Plane extrusion along z-direction
* Applicable area : Core / Downcomer(DC) region

Extrude along z-axis

<2D plane extrusion>

<3D volume mesh> <Core //I?C part>

Multi-physics Computational A 210
uScliené/elResearch Team 22 CZI:AEnn E?ﬂzxut.?‘—:i&:
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Mesh Generation Algorithm

Bl Cut-Cell method

» Representation of the Curved Surfaces
* Applicable area : Upper / lower plenum

» Cut-cell method is applied for the curved faces

v' Cut-cell approach uses background Cartesian grid with special treatments being
applied to cells which are cut by solid bodies.

<SphePaseimasbrsed in
base mesh>

Multi-physics Computational <After cut-cell a—}@rjgjj }zqoa;uu
Science Research Team 23 C/RABRE (oo o trmy b e
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Mesh Generation Algorithm

Cut-cell method may
generate small cells A -
» Small cells cause numerical - //

Instability and small time step
size. (

<Cut-cell method>

The generation of small
cells can be suppressed by

transforming the base grid.
=
/ /
/f
x* — x| // = //
If j:k:ii < g then move x; to x* / /
Define threshold value : £ so tlhat shonl't edge is avoided (
— m— — |

<Cut-cell method with
qguality enhancement>

<Quality enhancement approach>

Multi-physics Computational AL simqxizioimg
Science Research Team 24 o SHRBUXRIT
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Mesh Generation Algorithm

Results after the enhancement
» Small cells are removed with the algorithm.
» There is no geometric distortion

o lb‘l
L/
':"Uﬂ.a: A';““‘
ST AT RN
[ TS X
eIy

B\, WiVAVAY "“‘“
Ly A A
1 ':.‘r‘ ‘ve';’.‘:;l

<Before enhancement> <After enhancement with £ = 0.1>

Multi-physics Computational . m Q.II aw‘ QJ
Science Research Team 25 (—P/xas E L ?
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Applications to PWRs

Mesh Generation Procedure

Generate 2D plane \
Core / DC region

Extrude the 2D plane

, ~
LP/UP region
Cut-cell method

Hot/cold legs T
Cell splitting
LY

< X

Multi-physics Computational ~ ot =10y
Science Research Team 26 / Karea Atomic Energy Besearch nstt e



10t CUPID Workshop

Applications to PWRs

Bl User-friendliness of RVMesh3D
» Text-based input

> User inputs are minimized ‘ I A I

« Geometrical information

. clegz =R clegl
v" Heights
v Radius
v" Angle/length of legs
v FA configuration . len_hleg
. . 2] =1 6 =0
 Mesh information e megt
v Mesh resolution
(assembly/subchannel)
A1 5t
6cleg3 3 6cleg4 = 3
!I ’ ( ‘--—-\[J |
r_lh
|
Multi-physics Computational "“A oI XIRICIT1 Q.
Science Research Team 27 < 4A5m "ﬁm"lnxt,?“ﬁhf
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Applications to PWRs

B Mesh generation of OPR1000/APR1400

» Main geometrical differences

 Radius of vessel

« Assembly configuration  <oPRr1000> <APR1400>
v' 15x15 Grid / 17x17 GI

&PLANE

ny_pin
pitch_rod
pitch_rod

ylution_|

rlution_co
MARS_coupling =
- L

/

SASSFMRLY MAP 2D

Multi-physics Computational

. SR XA
Science Research Team 28 yhe

Korea Atomic Energy Research institute
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Applications to PWRs

Mesh resolution can be controlled from assembly-scale to

subchannel-scale(5 kinds). Subchannel-scale mesh 17x17/FA
5,396,635 meshes

8x8/FA
1,202,334 meshes

4x4/FA
268,682 meshes

Assembly-scale mesh  2x2/FA
67,422 meshes

1x1/FA
20177 meshes

Multi-physics Computational
Science Research Team 29
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Applications to PWRs

To reduce simulation time, mesh adaptation technique is
applied.

High resolution mesh is utilized in core region only.
The number of mesh is reduced by about 75%.

% Case Num. cells

Resolution1  1X1/FA 20,177

2x2/FA 67,422

e ﬁ-k 4x4/FA 268,682
Merging 8x8/FA 1,202,334

l / VIV AT 17x17/FA 5,396,635
H w % % Resolution 5| Adaptive 1,390,578

Multi-physics Computational 30 (,{A:l —

Science Research Team
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Applications to SMRs - NuScale

B Schematic diagram Computational mesh

II1I i
m —t
{} {} ‘ = —t+
: 1]
’\\ f/\ - Reactor
- Vent
Valves
———
———
HP'VI L
i Reactor
oy ] | < _|_Recirculation
= Valves
*  RVV/RRV flow path is
T considered to simulate LOCA.
\__,/ saes
NOT TO SCALE ||
LOCA simulation is currently in
progress.
. : . —)
Multi-physics Computational S sRaREeR

Science Research Team . [IKAERI"  Kores Atomic Energy Research inst .



Applications to SMRs - ISMR

ISMR design is in
progress in Korea.

CUPID and RVMesh3D
are used to simulate
» Natural circulation

» Steady-state operation with
MCP

» MCP Coastdown

Multi-physics Computational
Science Research Team 32
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Introduction: 242 @&l

CFD Scale Sub-channel Scale System Scale
- ot AKXt - COr5d Of & 44t  Lumped parameter
. CHAFE sif A . CHAFE sif A . UK BH A
- S, OM H/RAS o JM=EAS - THIAHOI AHS
. HARE . 0|4 RE . 04 RE
- M4l B9 - YOS E . HAFO| HpHEZ
R _L]:IE_% 75”*._"’5'% _9_—_|'L Fuell rod Sljb-channel o
€ € § ¢ :tj\
‘1‘ ‘t‘ ‘(‘ ‘t“ ‘1‘ &9 :M: L_]

. . |

B o ?
3 (?

Assembly SJ Yoon i =
(2018)

1

nterior Region
Outer Region

Multi-phys = = d
Science Research Team MS Song (2019)
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Introduction: 2 RH!

B2 6| 2 (Empirical correlation)

« RV model

» Heat structure

Wall flow regime map
Interfacial area transport
Interfacial drag
Interfacial heat transfer

YV V. V VY

e Sub-channel model

> Friction loss Zbor 45t
> Form loss 2later QLG
» Turbulent mixing and void drift 2lalol CHAO| & H R =Tt
» Spacer grid
» Mixing vane
9

l\/IuIti.—physiCS Computational ( 7 WE‘HI}_.E?QJ
Science Research Team /KAERL  Karea Atomic Energy Research Insttute
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iISMR M2 A|4t

B2 27 |Y iSMR XA 7 HE A

— 1.2e+01

B
— 10

RVmesh 4 A} A/d: 265,005 cells

of M o &
RV heat structure model seam 1011
RV single-phase model
Sub-channel friction: MATRA model
Sub-channel form loss: Simple model
Equal-volume exchange and Void-drift model (EVVD)

zone

4
Control 11

Element

—t Assembly

d
r

<Reactor core>

Full core power (steady-state)
Long transient simulation (~1000 sec)
No pump, natural circulation

=]
VVYVYVEZ VvVvVvyvyy

X

N

X

Buoyancy-driven flow 2.4m

Multi-physics Computational A B
Science Research Team 8
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iISMR M2 A|4t
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» Energy update
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Paraview 24| 2| 7|4

<Reactor core>

3XI¥l Rendering 7|8t X 2| 7|H
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- Make .avi movie

2. CUPID Core X2

Multi-physics Computational v - Warp by scalar
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» .vtk, .foam, .pvtu, etc
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» 0" INTERNATIONAL CFD BENCHMARK
» 0. OECD/NEA IBE-4 (GEMIX)

- 0 IAEA CRP (ROCOM)

» 0° OECD/NEA (HYMERES-2)

» 0 DEBORA Benchmark

CONTENTS o amascuse

- 0/ SUMMARY
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— CFD Applications using CUPID

International — OECDINEA Benchmark
CFD Benchmark — IAEA CRP Benchmark
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Introduction
B CFD-Scale Applications using CUPID

CFD Scale: Downcomer, Lower Plenum, Etc. .

\

<IAEA CRP: ROCOM_12>

RV 6.8236-01
= Eo.oaoos
= \
<OECD/NEA IBE: GEMIX> %0.57774 Y
E \
0.50552 »
Time: 800.1 Time: 800.1 3
E0.4333
3.934e-01
Quality Vg
IO.Oé El.éo %
-’:0.05 EI.ZO :
[OAOS EO.BO
“0.02 5:0440 G odm  odw | ooe
Io.ou [o.oo Pipe center Heated wall
< OECD/NEA HYMERES-2> 4DEBORA Benchmark>
————— L 4
\ ~’ o
. . . e
Multi-physics Computational AL simqxizioimg
Science Research Team 4 < ,.-4A5m :ﬁht?“ﬁ:‘.,
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— Description of ROCOM

0 E C Dl N EA I B E .4 — Boundary Condition
(GEMD() — Model & Numerical Setup

— Turbulence Model in CUPID
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OECD/NEA Benchmark (1/3)

B IBE-4: GEMIX (2016)

iniet velocity

Global Re 30000 50000
Ap=0%, AT=0K N339 N337
Ap=1%, AT=5K N320 N318
Multi-physics Computational Open Blind

Science Research Team 6

13 submissions

CFD-CODE
ANSYS (CFX) 3
ANSYS (FLUENT) 2
STAR-CCM 2
Code_Saturne 2
CUPID 1 1
rno 1
P2REMICS 1
OpenFOAM 1
TURBULENCE MODEL
kers 7 CUPID )
k-omega 4
LES 2
RSM 1
Number of grid
59850 (2D) <~ minimum
CUPID 156260
300000
20644596 <« maximum
3696000
5753458
3596992
675168
712704
62418 (2D)
1637784
652320
813276
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OECD/NEA Benchmark (2/3)

B Calculation Results
> Velocity » Turbulent kinetic energy

TKE at x = 0.35m
e e = Velocity atx=0.35m 4;5} ’
d;@:b 10"
14 E ! Vusertk ! ! Puser k' T HFT Tuserts .k © JE T Tuserzo k' §
AFTTTT T T T T T T T T T T T T T T T 10 E L ik E
12F 1k WA\" . 4 @F N Y, 3 iF E
I |7 N T ] R NG F o 13 1
E 1E 1F ¢ | = - 51073; f,\}z‘a;j —X{it,’:‘f%-_\/‘_‘—\/}-
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OECD/NEA Benchmark (3/3)

Bl Final Result

» Thickness of mixing layer

» Turbulent kinetic energy

user FoM Ranking
1 0.031418 2
2 0.186935 7
3 0.02999 1
4 0.476981 13
CUPID 7 0.156025 6
9 0.09458 5
10 0.069638 4
11 0.274574 11
15 0.203641 8
16 0.215331 10
18 0.294725 12
19 0.033593 3
20 0.213123 9

Multi-physics Computational
Science Research Team

user FoM Ranking
1 3.867411 2
2 6.002381 6
3 3.463244 1
4 6.352827 /
CUPID 7 4662649 4
9 4.86622 5
10 11.21324 12
11 12.31548 13
15 6.523958 8
16 4401786 3
18 10.81458 11
19 7.109226 9
20 9.406994 10
A
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— IAEACRP

IAEA CRP — ROCOM Test
(ROCOM) — Computational Setup

— Computational Mesh

— Calculation Results
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IAEA CRP

B Coordinate Research Project (CRP)

» Title: Application of Computational Fluid Dynamics
Codes for Nuclear Power Plant Design

* Purpose: to address the application of CFD computer codes to
optimize the design of water cooled nuclear power plants

* Period: February 2013 ~ October 2019

« 16 participants : Canada/CNL, China/Jiao Tong University,
France/CEA Grenoble, France/AREVA, France/EDF,
Germany/HZDR, India/BARC, Italy/University of Pisa, Republic of
Korea/KAERI, Russian Federation/GIDROPRESS, Russian
Federation/VNIIAES, Switzerland/Goldsmith Transactions, USA/MIT,
USA/Texas A&M University, Algeria/CNRB, and USA/Westinghouse

* Four Benchmark problems: Boron Dilution, PTS, two rod bundle
tests

—i)

(‘- i

Multi-physics Computational —
/KAERI

: SR X}2101 7
Science Research Team 1 0 Karea Atomic Energy Restarch nstte
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Description of ROCOM (1/2)

B ROCOM 12 Test (HZDR)

» Slug Mixing Experiments
* To simulate ‘Boron dilution transients’
* Prototype: German KONVOI reactor
 Injection of water from one cold leg

185.0 m3/h 8.0 m3

* Wire mesh sensor. conductivity change

Core nlet plane (15x15)

Multi-physics Computational
Science Research Team 1 1

xxxxxxx

| 1000
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Model and Numerical Setup

Bl Turbulence Models

« Standard k- € model & Low Reynolds number model
 RNG k- € model & Realizable k- € model
 SST k- w model

B Boron Transport Equation

0 . _
al:(l_ ag)pICB] +V - (o Cgly)) + V- (g0, Ciliy) =0

Bl Baseline Calculation Case

Mesh Reference grid
Turbulent model Standard k- model
Convection scheme 2" order upwind
Solution Scheme Implicit SMAC scheme

) . ) ~
[
Multi-physics Computational S/ omuxmony
Science Research Team 1 2 JKAERT  Kores e Eneroy esech nsttare
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Mesh Sensitivity Test
Additional Grids for Sensitivity Test

Coarse 1.15M ¥*>300
g —_———_—_———~
Grid1l Reference 2.2M 2.45M | 30<Y'<300
. ?------------(
Grid2 Refined Iz ! Y*<5 I
CLE | ||
O o4 — Grid1 (k-¢) e
s 1 Grid1 (k-o)
5= | Grid2 (k-c) Bl
2 03 - = Grid2 (k-0) i
: DC Core

5 ' 10 ' 15 ' 20 ' 25 ' 30
Time (s)
Convergence Test

Grid2

Multll-physms Computational ((f_‘- L eimaixizoing
Science Research Team 1 3 “ /KAERT" Korea fvomic Energy Research nsttute
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Overall Mixing Behavior

Time: 6.0s

Outer ring

Inner ring

* Circles

L BN BE B J
e & 00
2 ® 0 08
L BN B BN J
* 0099
L 2N B
LR I J

cboron
cboron
Non-dimensional boron concentration 0000 0210 0421 0631 084
[ . B . ]

: : ! a
s

I\/Iultll-physu:s Computational (/ R T PID VI

Science Research Team 14 /KAERD"  Korea fuomic Energy Research Institute



10t CUPIDERS Workshop

Quantitative Comparisons

B Averaged & Local concentration

1.
° Upper DC (Exp.)
Lower DC (Exp.)
0.8 - Core Inlet (Exp.)

—— Upper DC (CUPID)

—— Lower DC (CUPID)

061 —— Core Inlet (CUPID)

0.4 1

0.2 1

Non-dimensional boron concentration (-)

0.0

T T
5 10 15 20 25 30 35 40
Time (s)

Maximum concentration at upper
DC, Lower DC, Core inlet

0.30
Point5 (Exp.)
Point6 (Exp.)
0.251 a% Point7 (Exp.)
?;g — Point5 (CUPID)
0.20 (5 —— Point6 (CUPID)
I, & —— Point7 (CUPID)

Non-dimensional boron concentration (-)

5 10 15 20 25 30 35 40
Time (s) .
Local concentration at core inlet
'\/""'"' P UTW WWTTI W RSO Ty

Science Research Team

Non-dimensional boron concentration (-)
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Synthesis Report (2/2)
B IAEA CRP: Boron dilution benchmark

* The first place in three of ranking system

PRUL SCHERRER INSTITUT

Boron Dilution Benchmark

Overall ranking of contributions

"""""" \
|r Number of best |
— 1
| predictions _
Participant Code  Jp———— : If Using a scoring
| 1 1 5 | system (3,2,1) | e \
HZDR cFiX18 | | e 4 Smm——————— = Ir Accumulated 1
2. UNIIAES 3 { 1 kaem | I 23 I RMS of errors
VNIIAES Star-CCM+ o ’l N\ o e e e e
| S 1
_ 1 1. 1.12
BARC OpenFOAM =2. BARC 3 2. VNIIAES 20 o ’l
CUPID 2.0 4. HZDR 2 3. BARC 18 2. HZDR 113
4  HZDR 17 3. BARC 1.14

4, VNIIAES 1.53

Synthesis Report (N. Boyan, PSI) -

Multi-physics Computational AL o
. : OF= RIX}2{ 017 8l
Science Research Team 16 < .-4AERI Kores Ao Energy Rsacnch nstitare
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— HYMERES-2 Project

OECD/NEA — PANDA Test
HYMERES-2 — Computational Setup

— Calculation Results
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Overview of HYMERES-2

HYMERES-2

» Main objective

« To improve the understanding of the containment phenomenology
during postulated severe accident with release and distribution of hydrogen

» HYMERES-2 :2017.01 - 2021.06
» Experimental facility : PANDA (PSI)
» Main topics of HYMERES-2

« Jet/plume interacting with various obstruction geometries
« Thermal radiation effects

» Blind Benchmark (H2P1 10)

« Erosion of helium stratification by vertically injected steam jet
«  Flow obstruction (grid-shape) blocked the steam jet.
v Inclined grid : 0.962m x 0.962m x 0.04m,
v Installed at 5.138m, inclined 17° to horizontal plane
» Computational mesh
* Hexahedron mesh nlet
2,384,568 cells Pressure

boundary

Temperature |
wall

Adiabatic |
wall

-~ Solid zone

<Computational mesh>
pill]

. 7~ SRR AIRY
Science Research Team 18 (,.-4asm Kores Aot Eneroy Rsacmch nst fuate

Multi-physics Computational
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Initial & Boundary Condition

Initial Condition

» Helium concentration and gas temperature
* Applying measured experimental data along the height of the central axis at t = Os

Boundary Condition i
» Inlet boundary -
*  Applying Exp. data
» Pressure boundary
« 1.3bar was applied constantly.

» Wall temperature
* No wall condensation

Tg (GC)

10675

—10550

104 25

1

<Initial conditions applying experimental data>

*  Upper man-hole * Left : Gas temperature, * Right : Helium mole fraction
v' Lid : constant at 101°C 170 Err S
- All other vessel walls “E I
v Constant at 108°C =Wk T
g 130 - i Etray -
wE
T B 2 PP PPN EPPIPE PPN NP B BT

-500 0 500 1000 1500 2000 2500 3000
Time [s]
Multi-physics Computational <Steam injection temperature> ("‘/' Xj=101 718y

Science Research Team 1 9 /KAERI m,...,m.c:w.,,-n..,c ,,,,,,,, st
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Physical Models

Turbulence

» Standard k-& model
with standard wall function

Turbulence buoyancy effect
IS considered by adding
buoyancy production term to
sourceterm of k and ¢

>

Radiative heat transfer
» P-1 model is applied.

* Transport equation of incident radiation (G)

1
V. VG | — kG + 4koT* = 0
<3(K + o) — A0 > kb + ako

e Radiative heat flux
1

VG

_> —
Qrad =

equation.
L Mt
G, = — Vo : buoyancy term for k
k gpPrt p
€
Ge = ECElC‘SBGk : buoyancy term for €

" 3(k + 05) — Ay 0
R £
Qradwall = Z(TWSW) (40_Tv§ - Gw)

Srqq = —V - C_irad € added to source term of gas-phase

1.00

o Exp. Data

0.85 4|—— with RHT

w/o radiation

MUTr=pRysics cComputationar
Science Research Team

energy conservation equation

with radiation

<Comparison of results with and

without RHT model>

* Left : Gas temperature profiles

* Right : Distribution of gas temperature
— )

/ KAERI

mmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmm
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Overall Behavior

Gas velocity

* Thejetisinclined
slightly to the right

* — in the figure due to
T 1. I the flow obstruction.

o« [o ]| e Asthe jet rises, the

| [: : stratified helium is

300s 600s 900s 1200s = 1500s = 1800s gradually eroded.

* After the jet reached
the top wall of the
vessel, helium was
distributed almost
uniformly inside the
vessel.

Helium concentration

Helium mole(-)
0.24
I 0.18
-0.12

I 0.06
0.00

Multi-physics Computational -
Science Research Team 21
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Helium Concentration

Evolution of helium concentration over time : Central axis

O 25 0.25 Test H2P1_10 2 - Heliulm concentrationsleis Vessel 1: F’os; D1A_20
020+ >l
c So.1s|
= o O DI1A_20
S 0.15 £ ——ENTC KU
= = —Fz|
S 20—
EO'IO- :r:Ehllal CFX
= ——KAERI_CUPID A
=2 0.05~ KAERI_OF 5
= — NTUA
T A
0.05 0 , | | |
0 200 400 600 800 1000 1200 1400 1600
Yo Time (s)
0.00 T T T T T T T T \\\\
0 200 400 600 800 1000 1200 1400 1600 1800 N 0.25 Test H2P1 10_2 - Helium concentrations Axis stel 1: Pos. D1B_20
Time [s] s L e 2
02}
e CUPID predicted fairly well the experimental
data in which the helium stratification was R T
g ——ENTC_KU
completely eroded after 1300 seconds. 5 01l orsen \ |
. = ’ — GRS_OF
* QOverall calculation results of CUPID were ok crx \
—— KAERI_CUPID T, Y
excellent among the other results. 0.05 Fl—KaeRior Q
——
% 200 400 600 800 1000 1200 1400 1600
Multi-physics Computational Time (s) Bixizioima

Science Research Team 22 N JKAERT Koren Atomic Eneroy Research insttune
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Gas Temperature

Distribution of gas temperature at specific time

85 8500 Test H2P1_10_2 - Gas temperature vertical distribution: Axis; t=500s
] o Pos 20 (Axis) 5000 O e
.0 o Pos 22 —
8.0 | — 7500 - _222:8?‘
7.5 4 [ __ 7000 ::(TEr‘:il_CFX
' POSEOSS i Fes 22 e
7.0 I = ——NTUA
o P
g 4 ‘E 6000 —TiIMU
“E 6.5 1 < 5500
2 ] 5000
® 6.0
2 N I
wss4 S T~ T 4000
———— 100 110 120 130 140 150
5.0 1 Temperature (°C)
4.5+
- m] 8500 Test H2P1_10_2 - Gas temperature vertical distributiop: Pos. 22; t=500s
4.0 4 T~ O VIC2 ——KAERI_CFX
: ~< 8000 ~——ENTC_KU —— KAERI_CUPID| |
T T T T T T T T T T T T T T T S~ o - —FZ) KAERI_OF
105 110 115 120 125 130 135 140 145 “~al 7500 2 _gggzgix ==
o —— RSN = TAMU
Gas temperature ("C) /7000 0l
. . E 6500 >
Vertical temperature profiles (500s) .
§ 5500
* The distribution of gas temperature in vertical 5000
. . . . 4500
direction agreed well with the experimental data.
4000
100 110 120 130 140 150
Temperature (°C)
Multi-physics Computational

v ! U"EQJ I}ch,‘?ql
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Organization and Objectives

DEBORA Benchmark
» Organized by CEA (France) and hosted by the Neptune project
> 24 institutes from 15 countries confirmand their participating

» Main goals

« Lead the way towards a more unified method for testing and validating
CMDF closures under high pressure conditions in simple geometry

« Addressing some aspects of challenges in boiling flows CMFD modeling

» Two phases
« Phase 1: open tests (October 2021- March 2022)

14 selected cases with already published data, and opening of some
supplementary data

 Phase 2: blind tests (June 2022- November 2022)
4 additional cases in blind conditions

Multi-physics Computational
Science Research Team 25
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Description of DEBORA Experiment

DEBORA is subcooled flow boiling experiment performed
under high-pressure conditions

Main Characteristics

Measgrement
Test Section pressurized pipe [ | T *5
Adiabatic 0.5m ;
Mcasurcnﬂ L ;
Working fluid R-12 #
’ o
Pressure range @ 1,46t0 3.0 MPa . 2 _‘—
(R-12) : ¢ -
9.0 to 17.0 MPa 1 eaed Z —
(water/steam) Section 3.5m 2
> h /
. . z
Measurement Ra_c!'al profiles of : 5(_) Internal radius :
boiling i & R = 9.6mm
parameters at . ‘ §
one elevation ' #
”
Adiabatic 1.0m &
Country France (CEA) Section | 2 T
Year 2001 Wwm

19.2mm ﬁ

Multi-physics Computational

L srmaxizoina
Science Research Team 26 (.-4A5m = .}?. ?.
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Organization and Objectives

Phase 1

» Challenges
« Awide range of void fraction (up to 70%)
« Different positions of the peak values
« Single set of closure for the whole database

30G2P14W16Te25.3 — x= —0.043
29G2P14W16Te30 - x= —0.007
30G2P14W16Te30 - x=
29G2P14W16Te38.8 -- x=0.069
30G2P14W16Te38.8 - x=0.078
29G2P14W16Te40 - x=0.079
30G2P14W16Ted0 --- x=0.088
29G2P14W16Te43.5 — x=0.109
29G3P26W23Te60.9 — x= —0.052

0.7 +

REEEERE

Cl
=
.g —— 290G3P26W23Te72 —x=10.101
E —— 2Z9G5P14W29Te33.9 ---x= —0.042
".5 —&8— 29G5P14W29Te39.8 -—- x=0.007
g —&— 29G5P14W29Ted43.4 - x=0.040
—8— 29G5P14W29Ted6 —x=0.062
14 cases
r+
Multi-physics Computational 4
) s BERAUXEIE
Science Research Team 27 < _.-4A5m Kores Ao Energy Rsacnch nstitare
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Numerical and Physical Models

Bl Wall Heat Flux Partitioning

» The rate of vapor generation at the wall is computed by the Wall Heat

Flux Partitioning model (WHFP)
WHFP “RPIl-model”

dq

.

A% = GZ + ag + ag
SN

Single-phase Quenching Evaporatior
Convection

Models are needed for w
Bubble departure diameter (Dgep) de
Bubble departure frequency (f)

Nucleation site density (N)

e

Multi-physics Computational
Science Research Team 28

Parameters Model
Wall Boiling
Active nucleation site density Hibiki-Ishii
Bubble departure diameter Unal
Bubble departure frequency Cole

Non-Drag forces

Wall lubrication force Antal
Bubble lift force Tomiyama
Turbulence dispersion force Gosman

Turbulence Standard k-¢&

Bubble induced turbulence Kataoka
Bubble diameter (SMD) Alatrash (KAERI)

Interfacial heat transfer Ranz & Marshall
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Numerical and Physical Models

Interfacial Non-drag Forces

» Generated bubbles movement in radial direction is
controlled by the momentum interfacial non-drag forces

1. Bubble Lift force: Push the bubble in a direction orthogonal to the main flow
2. Turbulent dispersion force: Spread particles and smear gradients

3. Wall lubrication force: pushes the bubbles away from the wall

fluid Wall lubrication force

" . TURBULENT DISPERSION FORCE
relative relative —
velocity velocity 6°6 6 O\
i b O ;43\"'-;-/""11'«:) 0%° 8 o
bubble
LIFT FORCE concentration

Multi-physics Computational ’/
Science Research Team 29 <
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Preliminary Results

El Computational Mesh and Test Matrix

G1=60000, G2=86400 and G3=117600)

0.5 T T T T

H |1 Grid

£ sensitivity

g

0.0 T T T T
0.doo 0.002 0.004 0.006 0.008 0,d 10
R (m)
. . Pipe center Heated wall
<Full representation of the CFD domain>
Pressure Inlet Heat flux Mass Test number
(MPa) subcooling (W/m?) flowrate
(K) (Kg/m?s)
DEB 1 1.46 26.2 76240.0 2030 29G2P14W16Te30
DEB 2 1.46 14.4 76260.0 2022 29G2P14W16Te38.8
DEB 3 1.46 16.2 76260.0 2022 29G2P14W16Te40 \ N _
DEB 4 1.46 12.5 76260.0 2024 29G2P14W16Te43.5 Position of the void
DEB 5 1.46 21.2 135000 5063 29G5P14W29Te33.9 fraction peak
DEB 6 1.46 15.7 135000 5085 29G5P14W29Te39.8 Shifted from
DEB 7 1.46 11.53 135000 5063 29G5P14W29Te43.4 wall to the bulk
DEB 8 1.46 9.53 135000 5070 29G5P14W29Te46
Iti-physics C ional A
Multi-physics Computationa (/ < SIRQIX}RCITR

Science Research Team 30 /KAERI"  Karea itomic Enerpy Research institute
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Calculation Results (1)

Bl Wall Peaking Cases

0.01C

29G2P14W16Te30
06 T T T T
® Exp
—— CUPID

< 044 g
8
°
s
b=
2

0.2 4

0.0 S T T T

0.000 0.002 0.004 0.006 0.008 0.010
Distance (m)
29G5P14W29Te33.9

0.20 T T T T

0.15| B
c
o
S
©
= 0104 4
B
o
>

0.05 | B

i ]
0.00 . i g8 ®
0.000 0.002 0.004 0.006 0.008

Distance (m)

Multi-physics Computational
Science Research Team

Void fraction

DEB 7

29G5P14W29Te43.4
- T . T v

0.010

).0 T T T T
0.000 0.002 0.004 0.006 0.008
Distance (m)
DEB 6
29G5P14W29Te39.8
0.6 T . T T T T T
0.4

0.0 14—
0.000

T
0.002

T T
0.004 0.006
Distance (m)

31

T
0.008

0.010

Void fraction

DEB 8

0.8

29G5P14W29Te46

00
0.000

T
0.002

T T
0.004 0.006
Distance (m)

T
0.008

0.010

r‘*--A
T pRAHLT

{KAER]  Korea Atomis Energy Research Institute
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Calculation Results (2)

Bl Core Peaking Cases

1 29G2P14\W16Te38_8 29G2P14W16Te40 - 29G2P14W16Te43 5
: T ‘ T T 1.0 r : . : - T T T
DEB 2 DEB 3 ../ DEB4 i
— CUPID
1.04 4

Void fraction
Void fraction
Void fraction

Y 4 1
° E 0.2+ B
=) -c 0.0
c (o) 0.0 - ‘ . : 0 ' ‘ T T ‘0000 0002 0004 0006 0008 0010
()] E 0,000 0.002 0.004 0.006 0.008 0.010 0.000 0.002 0.004 0.006 0.008 0.010 : 2 ; : :
; Distance (m
E Distance (m) Distance (m) (m)
v 9
(8]
3 =
= qe
Q
£ &£
= = ” 29G2P14W16Te38_8 29G2P14W16Te40 29G2P14W16Te43.5
d T T T T T T r T x 14 T T T T 14 T T
21 2 o 1 124 e 12 d
1.0 7 1.0 4 1.0+ 1
f=
o < c
S 08+ : '% 0.8 R % 0.8 -
o © ©
; = &
- T o
o 0.6 1 2 | | b
3 \ g 06 - g 0.6 B
0.4+ ) 4 04+ 4 04+ 1
0.2 4 0.2 - 0.2 B
0.0 T T T T 0.0 T T T T 0.0 T T T T
0.000 0.002 0.004 0.006 0.008 0.010 0.000 0.002 0.004 0.006 0.008 0.010 0.000 0.002 0.004 0.006 0.008 0.010
Distance (m) Distance (m) Distance (m)

) ) ) e
Multi-physics Computational AL o
. : SRR XA
Science Research Team 32 < .-4AERI Kores Ao Energy Rsacnch nstitare
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Model Improvement

Modifying Tomiyama model

Original Tomiyama model

L -controlled ¢ and g -controlled [ Possible Three Regimes

» Tomiyama model was developed under > -
atmospheric pressure conditions N \ . IWaﬂRegfm&t}_ei{d{Smm
. oo . 024 migration toward near wall region
» Change of the lift force coefficient sign '|| 14
occurs at bubble sizes larger than 5.8 mm o1 w.\ | ¥ Neutral Regime: 0< < 4mm
) ] J 0 ! | 5= d <6Gmm
» At high pressure bubble sizes are smaller, ! 1 | | affected by urbulence,
Accordingly to apply the Tomiyama model o ‘a‘ 1Y
the threshold for sign change should be 02 \ Core Regime: 6 mm < d
m0d|f|ed - | | 1 [ migration toward pipe center
_0'30 1 2 3 4 5|6 7 8 910
d [mr]

> Modified criteria was set using Change of lift force coefficient sign
(Jacob/Boiling) and Reynolds liquid number

CpI (Tsub,l )pl BO q Re, _ th|V|

\]a = sat = sat
(hy" =)o, G(hy" —h) H

( Jacob/Boiling ) < 345 and Reynolds liquid number < 590000
—> lift force coefficient becomes negative

. : : 4
—
Multi-physics Computational 33 ('-...4“-'“ CHRQ X2 ]S

{ Korea Atomic Energy Research inst itute

Science Research Team
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Overview of ATLAS-CUBE

Description of Test Facility

» Containment Utility for Best-estimate Evaluation (CUBE)

» Multi-dimensional behavior of pressure and temperature in the
containment with simulating an energy release from ATLAS RCS

#+ (1) Primary Shield Wall
(2) Secondary Shield Wall
(3) SG Compartment Wall
"' (4) PZR Compartment Wall
2 (5) Pedestal Floor

2:  (6) IRWST
(7) Operating Floor
4 (8) Holdup Volume Tank

Multi-physics Computational AL o
. SUXHATAX
Science Research Team 35 (i{asm Heres Aoeic nergy  Reseorch e e
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Mesh Generation

Hexahedral structured mesh

Vessel wall ,
. /<So||d zone>
: Temperature wall condition ' G compartment wall

I

Fluid zone

(inside vessel)

’ \PZR wall A Primary shield wall Secondary shield wall /

e e el ﬂFluid zone>
I i A
I I il .
. |l %>
(i iz | B g

i : | RPV HVT IRWST
: i u' g : : : » K j
I [ilsis dasietis HARa saee Shau) E. t | ‘ §

Hi iR R i
|
1l i

HEE ]‘
i l s (RPV, HVT, IRWST) ST2-CT-01 ST2-CT-02 ST2-CT-03

\ Upward Downward Horizontal

#369,4467 A= = EEH 4Kt
- Fluid region: 328,969 cells
- Solid region : 40,477 cells (29.5837m?3)

N\ /

Multi-physics Computational AL o
. - PIRRXEABAR
Science Research Team 36 (—:/IEAERI Heres Aok Energy Reseoch nstiue
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Test Matrix

B Steam Injection Tests

CUBE RCS
TEST Initial Temperature(°C) S|
ID Direction of Accident AFW Power
Break Inner wall Fluid Compartments Condition | gip | g7 | (ke/s) (%)
ST2-CT-01 Upward 50 ~40 ~30 MSLB 0.2 kg/s of steam supply
ST2-CT-02 Downward 50 ~40 ~30 MSLB 0.2 kg/s of steam supply
ST2-CT-03 Horizontal 50 ~40 ~30 MSLB 0.2 kg/s of steam supply

_ ST2-CT-01 ST2-CT-02 ST2-CT-03

Upward Downward Horizontal

- !

Steam injection . o =
directions R
(Pipe size : 6 inch)

) ) ) e
Multi-physics Computational f,/’ .
Science Research Team 37 < SKAERI"  Koren Atomic Energy Research nstitute
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Initial & Boundary Conditions

Bl Initial Condition

Initial conditions (Nominal value)

Fluid temperature [°C] 40
Vessel wall temperature [°C] 50
Compartment solid temperature [°C] | 30
System pressure [MPa] 0.112168
Void fraction 1.0
NC gas (Air) quality 1.0

000 1250 TZ;_:UC) 3750 50.00 Solid Temp (oC)

< Initial gas temp.> < Initial structure temp.>
Multi-physics Computational
Science Research Team

0.25

0.20 4

Mass flow rate (ka/s)
2
=

o

o

&
L

0.00

o
&
L

B Boundary Condition

Void fraction 1.0
NC gas (Air) quality 0.0
180
160
.I'l-----lll"-......-....-.""“' 140 .-I.IIIIII.......-.-..
& 120 RLLLELLL am®
gmo-
i
5
§
40
20+
= Exp. Mass flow rate R [ = Exp. Gas lemperature |
0 |0[00

T T T T
4000 5000 6000 7000

Time (s)

T T
2000 3000

8000

a

T
4000
Time (s)

T T T
1000 2000 3000

T
5000

T T
6000 7000 8000

<Inlet : steam mass flow rate > <Inlet: steam temperature >

05
044 .----.
" L
T 03 Lh
o a"
H un
° -
S "
%u.z- -.._-'
* -ll'..-
0.1
0o = Exé. Pressure
o 1000 2000 3000 4000 8000 6000 7000 8000
Time (s)
<Inlet : Pressure >
38 C/RRBRT o tnoy e e
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Calculation Setup

CUPID 2.5 version

Turbulence model
» Standard k-g with turbulence buoyancy effect (k and g)
» Wall treatment : wall function

Radiative heat transfer model
> P-1 model

Wall condensation model
» Empirical model : Uchida

Computing information
» Simulation time : 8,000s
» Total CPU time : 13hr (30 CPU cores)

A
Multi-physics Computational AL o
. : SRR XA
Science Research Team 39 (,.-4A5m Kores Ao Energy Rsacnch nstitare
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Calculation Results (1)

B Gas Temperature

Time: 150 s Time: 250 s Time: 2150 s Time: 5050 s Time: 7100 s
Tg (oC) Tg (oC) Tg (oC) Tg (oC) Tg (oC)

4000 6750 95.00 12250 15000 4000  67.50 95.00 12250 15000 40.00 67.50 95.00 12250 150.00  40.00 67.50 95.00 12250 150.00 40.00 67.50 95.00 12250  150.00
[ra— [ps—— . f T I N R \ m M N LU L

LU

- m— —

< Gas Temperature - Experiment>

I il g

| g X ’ 3 -
- | -
‘ 1265 § 250 . ;
SN Reconstructed temperature fields for ST2-CT-03

B Gas Velocity

Time: 1600 s Time: 2400 s Time: 3200 s Time: 4000 s Time: 4800 s Time: 5600 s Tg (° ©) Vg (m/s)
e N o ; - . : : 150.0 2.80
\ ‘ I
| | | F122.5 230
| | | | - E
| | | ] | —95.0 179
| | |
| | }’ 675 1.29
N
40.0 0.78
Multi-physics Computational ’"‘A SIRQTIEI0I 1.
Science Research Team 40 < ,.-4A5m :ﬁm"lnxt,?“ﬁhf
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Calculation Results (2)

B Prediction of system pressure and gas temperature

160

ST2-CT-01 (Upward)

140

120 4

100 4

Temperature {°C)
3 3
. .

-
=1
I

n
S
L

o

= Exp. A
Calculation

14111141

o

06

054

Pressure (MPa)

00

T T T T T T T
1000 2000 3000 4000 5000 6000 7000 8000

Time (s)

Gas temperature along the elevation

= ExpST2CTO3

Calculation

0

T T T T T T T
1000 2000 3000 4000 5000 6000 7000 8000

Time (s)

Pressure in containment vessel

Multi-physics Computational
Science Research Team

Temperature {°C)

Pressure (MPa)

ST2-CT-02 (Downward)

= Exp. A
Calculation

*PPECEEER LD

20
0+ T T T T T T T
0 1000 2000 3000 4000 5000 6000 7000 8000
Time (s)
Gas temperature along the elevation
06
= ExpST2CTO01
0s Calculation

0.0

T T T T T T T
o 1000 2000 3000 4000 5000 6000 7000 8000

Time (s)

Pressure in containment vessel

41

Temperature (°C)

Pressure (MPa)

ST2-CT-03 (Horizontal)

140

= Exp. A
Calculation

120

100 4

@
=3
L

0
0 10‘00 ZUIOU 3{;00 40‘00 50‘00 EU‘GD ?GIUG 8000
Time (s)
Gas temperature along the elevation
06
= ExpST2CT02
Calculation
054
044
034
024
0.1+
00 T T T T T T u
Q 1000 2000 3000 4000 5000 6000 7000 8000

Time (s)

Pressure in containment vessel

A
T pRAHLT
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Conclusions

Validation of CUPID via international benchmarks

« Radiation model, turbulence model, wall condensation model, and liquid/gas mixing

Summary
> OECD/NEA IBE-4

«  Turbulence mixing(modified k-€ model) due to the density difference

> |AEA CRP
*  Turbulence mixing(low Reynolds number k-€ model) in complex geometry
« Diffusion due to the concentration difference

» OECD/NEA HYMERES-2

« Thermal stratification with radiation model
* Turbulence mixing in complex geometry

> DEBORA Benchmark
«  Wall heat flux partitioning model
 Bubble lift force model

» ATLAS-CUBE
« Wall condensation model
*  Turbulence mixing model

Multi-physics Computational CAL &
; 7 S SIERAXEARIAR
Science Research Team 43 < _.-4A5m Kores Atoic Energy Pesesnch instte
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Cl=2| CIEAAH Y 7|8H M8 CASL =2ME

Virtual Environment for Reactor
Q%ZE/\SL A virtual reactor simulation Applications (VERA) -

tool with predictive capability coupling
state-of-the-art fuels performance,

RA

Interoperability

neutronics, thermal—_hydrfm!ics, and with Extarmnal S d
structure models, with existing Components Solution Transter 1
systems/safety analysis tools ~ DAKOTA

MOOSE

=D | e Cilz
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Ct=C ChS271E JAE

MARS

CUPID/FRAPTRAN
CUPID/MASTER
Ec) 8 A

FRAPTRAN

CUPID

ST S A
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rEo|/gdsd=

r=d| 3E: MASTER,DeCART, nTER

> CUPID: 34X}l §XI2 =4 E& A

> MASTER: 3XI#l S/d%} e4tsl| M 3 = (R eHA|
S TH) [KAERI]

> DeCART, nTER: 3X}& S8Xl =& ol I E(S
[KAERI, SNU]

> CUPID/MASTER: X 20|E2{2| (DLL)

» CUPID/DeCART,NTER: TCP/IP 271l S4

-l A O

A 71E

CUPID

¥

SERVER

DeCART

¥

¥

EXIT

NO
CONNECT

INITIALIZE

CONNECT

EXIT

Science Researc h Team

YES

¥

L

ACCEPT
DeCART_FLAG=1
CUPID_FLAG=1

1l

¥

YES

RECEIVE SIM_FLAG

SEND SIM_FLAG

RECEIVE SIM_FLAG

<TCP/IC 271 E 4>
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AL
o S84 EMHE ALK} QIE{HO|A
> TCP/IP 271 M
- MH (Bl52) ¢> 220[HE RIELZX)
> AIEXF Eeo w2l AAE HitY 71s
- Gt HARE ZSSTH AL A
v LEZ|FEL pDLL A MARU 22 7|d

Window

Desktop App

li Paraview
Client Visualizer

Linux
machine(s)
AA E_.” Hé| > [ 7:" %aé —¢— E_1 Solver Solver Solver
(TH) (NK) (etc.)

«== TCP/IP Socket program
<«-- Existing coupling method
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WHY 3D Safety
Analysis ?

— 3D Safety Analysis
Issues

— High-Fidelity Safety
Analysis

nPYETER TR e

— Multi-Scale & Multi-
Physics (MSMP)
Approach to Safety
Analysis
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3D Safety Analysis Issues

B Steam Line Break (SLB)

» Safety issue of SLB accident
 Increase of heat removal due to steam line break

« Local power increase and radially asymmetric distribution
¢ DNBR Margin X DNBR: Departure from Nucleate Boiling Ratio

B System T/H Analysis for Non-LOCA

» 1D nodalization
« Hot channel modeling for DNBR evaluation

» Limitation of 1D approach
« Axial flow ONLY
* Neutron power using point-kinetics

« Simplified geometric parameter
v Hydraulic diameter, heated diameter

=» Conservative safety analysis results

(s}
[
=1
=3

i

B N P A Y R

Multi-physics Computational (P;” |
Science Research Team 4 JKAERL  Kores Atomis Energy Restarch nstite
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High-Fidelity Safety Analysis z11z= »uotxisi

Bl Technologiesgisezazn for High-Fidelity Safety AnaIyS|s

» Safety analysis considering entire RCS
 RCS modeling
* MultiD components as well as OneD nodalization
« High-resolved components such as RPV and SG
» 3D calculation capability in RPV
* High-resolved but practical assessment
* Fullcore visualization
» Fuel performance calculation capability
* Fullcore-scaled fuel behavior including power dlstrlbutlon
* Realistic fuel behavior during transient :

i Pin-by-Pin
fuel behavior

=» Multi-Scale and Multi-Physics approach

Multi-physics Computational 4|
) SHR XA
Science Research Team 5 ( 4AERI Kores Atornke Energy ¢ Resemrch ntiare
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Multi-Scale & Multi-Physics (MSMP) approach

B Multi-Scale T/H

» 3D (subchannel T/H) resolution for region of interest
* Reactor pressure vessel(RPV), steam generator (SG)

« Desirable spatial resolution for 3D resolution
v Ex. Subchannel scale for core

* Realistic multi-dimensional flow behavior
v" Radial flow behavior in core, two-phase flow in secondary side of SG

» 1D (Sys. T/H) resolution for the rest of RCS

n MUIti-EhySiCS (N/K, F/P) MSMPrategy“fOI;DPWR safetnalysis
» Pin-wise fuel behavior e i

« 3D power distribution
v" Neutron kinetics (N/K) code

« Realistic fuel rod status
v" Fuel performance (F/P) code

Multi-physics Computational
Science Research Team 6
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Multi-Scale & Multi-Physics Strategy in MARU

B MSMP Simulation Scope in MARU
> Entire RCS |s considered

System T/H ]

RPV
Subchannel T/H

Region features Code Coupling
RCS System-scale T/H MARS
RPV Subchannel-scale T/H CUPID-RV Source-to-source
Fuel performance FRAPTRAN
Reactor core
3D neutron diffusion MASTER Dynamic Link Library (DLL)
Multi-physics Computational f"',f'/ﬁ

P a3
Science Research Team 7 /KAERI"  Korea Atomic Energy Research Institute
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— Pin-wise F/P code
Coupling

Full core Pin-wise

— Evaluation of Pin-wise
Fuel Performance

Fuel Performance
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Pin-wise Fuel Performance code Coupling (1/9)

Bl Fuel Performance Code

» US NRC FRAPTRAN code

« Single fuel rod behavior
« Coupled with system T/H code

B How to Couple for Source Level Multiple Fuels

» Extend fuel code for multiple fuels
« Extend coupling variables for multi-rods
« Call fuel code as many as the number of fuels

r

CUPID-RV = FRAPRAN CUPID-RV FRAPRAN
Heat str. mesh Mesh Heat str. mesh mesh

nz nz x Nrod nz
Extension to +

multi-rods FRAPRAN
. call

Single rod multi-rods Nrod times
a(1:nz,1:Nrod)
L a(1:nz)

Multi-physics Computational
Science Research Team 9

)

(4AERI

SrR X} 1A
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Pin-wise Fuel Performance code Coupling (2/9)

B Single vs Multiple

CUPID computing cell

with
- subchannel type
. Real Subchannel - Porosity
Slngle fUEI rOd geometry - HYdraUIiC diameter
- Cell-to-cell (1:1) mapping . - Gap distance
] ] ) Multiple fuel rods - cell-to-cell pitch
SPACE-FRAP, MARS-FRAP = Geometric input
- Subchannel TH mesh (CUPID-FRAP)
= @ - Physical model in subchannel resolution
' fz_/ - Pressure drop
Eng - Turbulent mixing
L - Spacer grid
452
& el Information between TH subchannel and fuel rod

Y

TH transfer (averaged)

IS,

LA A

M

T
NN

~7
LA A

[N

[

1Mt
Vz

Multi-physics Computational =L simqurimioicigy
Science Research Team 10 C / e Tl e
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Pin-wise Fuel Performance code Coupling (3/9)

Bl Parallel for Pin-wise Full Core Simulation
» Prerequisite: Single fuel is not partitioned

» Domain partitioning by METIS
« Partitioned 2D plane
« Extrude along fuel height

Bl Local Index

Single fuel Multi fuels
a(1:nz) a(1:nz,1:nr) 2 &5 ooi=st M Rod index

s
RIS

1~6 (F1H|
o o S4ed griables: a(1:20, 16

o"1TEaE T
Before partitioning 20 6 1~3 (Domain 1)

3 - D1 fuel variables: a(1:20, 1:2)

After partitioning

20

subdomainl - 3 rods,
subdomain2 - 3 rods,

Multi-physics Computational
Science Research Team
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1~3 (Domain 2)
- D2 fuel variables: a(1:20, 1:3)
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Pin-wise Fuel Performance code Coupling (4/9)

interface2FRAPTRAN f90 = X [EUSEEIEIR{ETY reactor_vessel_model

Bl Call FRAPTRAN in CUPID /e sese

Laidiaiaa Compare problem time between CUPID and FRAPTRAN

IF(time.ge.time_frap)then
run_frap=.true.

ELSE
run_frap~.false.

ENDIF

=3 !

!
Reactor vessel modesl . IF(run_frap)THeN
) ‘
) i X J— Sent to FRAPTRAN
rv power transient € Call N/K code :
. x J CALL CUPID2FRAPTRAN(k_nqvel,punit_char2)
|
l interface2FRAPTRAN | TR Run FRAPTRAN
]
[ TILE(1)
cumnumnﬁ\ ] b
frapcallefrapcall+l
p N R IF(init_frp) THEN
( P . ] RunFRAP \] init_frp=.false.
| T Fagimea J . - \ CALL RunFRAPTRAN initial
|| i ELSE
i !
rv wall ht 2d | FRAP2CUPID CALL RunFRAPTRAN
1, - J ENDIF
' ) time_frap«time_frap+dt_frap
rv heat structure IF(time_frap.gt.time)EXIT
i, A
; n . | ENDDO
| rv int friction ] Ip sa e = Receive from FRAPTRAN
s L . !
rv int ht CALL FRAPTRAN2CUPID
. ) ENDIF
!
RETURN

END SUBROUTINE interface2FRAPTRAN

Multi-physics Computational AL &
. 7 SERAXRNAN
Science Research Team 1 2 < _.-4A5m Kores Atoic Energy Pesesnch instte
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Pin-wise Fuel Performance code Coupling (5/9)

CUPID=> FRAP = HY &
= Pressure Pa (nz, nr)
n Cal I FRA PTRAN I n CUPID Linear power W/m (nz, nr)
Heat flux W/m2 (nz, nr)
Heat transfer coef. W/m2K (nz, nr)
Coolant temp K (nz, nr)
Max linear power W/m (nr)
dt sec -

CLUPIDZFRAFTRAN fa0* & x Wbcprial sty B calc_scalar 90 reactor_wvessel_models_fraptran.fo0
[ Calc model ] G (Global Scope) -| = CUPIDZFRAPTRAN(K, punit_charz)
00 kk=1,ncell fuel rod
] irl=nrod_fuel_rod(kk)
Reactor vessel modesl tr=fjpern_rod{irl)
3 iz=nz_fuel_ rod(kk)
4 l "
rv power transient € Call N/K code [ )
- x . T8 index =L
interface2FRAPTRAN ] ncell_fuel_rod A =KX A Xt == (CUPID) nzxnr
nrod_fuel_rod Rod index (B2, Global) 0. 1~6
I CUPID2FRAP jiperm_rod Rod index (B Y28 2, Local) 0. 1~3
| nz_fule_rod = 4915F index 0fl. 1~20
[ . | [ RunFRAP o
| rv flow regime , . A EE = Rod index
| [ ] — 1~3 (B 41)
( ] FRAP2CUPID
rv wall ht 2d - 1~3 (B92)
L%
i u . I~
rv heat structure i —
| . , Multi fuels —
i bt
rv int friction a(1:nz,1:nr) —
: e : —
rv int ht — HHES ™ Rod index
L J - 1~6 (A )
Multi-physics Computational 4
- 7 TR AKX
Science Research Team 1 3 < /kaem S $m.c:w? b insttas
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Bl Call FRAPTRAN in CUPID

=

Reactor vessel modesl
i

r

\,

rv power transient \6 Call N/K code

l interface2ZFRAPTRAN

)

E—

N
CUPID2FRAP ]l

rv flow regime

RunFRAP

rv wall ht 2d

.

FRAP2CUPID

rv heat structure

rv int friction

rv int ht

Multi-physics Computational
Science Research Team
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Time RIyES ki

Pin-wise Fuel Performance EiE

m HeatSolution

calc_scalar.fo0

-~ 5 heat(G

MODULE HeatSolution

USE Kinds
USE Oxdidation, ONLY : metwtb, chitox
USE HeatTransferCoefficient, ONLY : htrc, gaphtc

IMPLICIT NOME

1

CONTAINS

|

SUBROUTINE hest (Gscale,Red I0)

USE Kinds

USE Conversions

USE GammaHeating

USE Variables

UsE UHcertainty_Ualﬂ

USE Material Properties, ONLY : MatProperty
USE HeatCond

USE Coolant

USE RadialModes, OMLY : Radheatsource, weights

USE AxialPower, ONLY : power

USE MARSLINK

IMPLICIT NOME

1

| =f@ibrief

1»This iz the top level subroutine for calculation o

1

! Input

1

| Gscale - Scale factor for rod average LHGR

1

INTEGER{ipk) :: Red ID

INTEGER({ipk) :: kthta, k, j, jchan, ntheta, nza, kz,
5 1, ngaps, ngapi, npowch, mpmax, kk,

REAL(rB8k) :: theta, tmpacd, delzl, achnl, qcool, dth

voidk, woidcp, gqctot, tsurf, tsurfa, ts

emetal, emeti, buoxide, tsi, tsi@, drod

hcoefs, gerits, ps, hflux, tempom, hcoe

zroft, zroi, roufih, roucih, ftempl, ct

angle, dofst, cosang, tshftm, pshftm, f

frcsum, hgpsum, gasgpi, pfci, fulori, b

hgapgs, fitcnt, hgpmxi, hgapmn, pmax, t

cpclad, tmpacc, tmpact, rt, asum, dps,

DefClID, DefClOD, DefFuRd, DefvoRd, gpt

=

oo g e o e e g
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Pin-wise Fuel Performance code Coupling (7/9)
B Call FRAPTRAN in CUPID

Calc model

Reactor vessel modesl

-

rv power transient \6 Call N/K code

rv flow regime

rv wall ht 2d

rv heat structure

rv int friction

rv int ht

Multi-physics Computational
Science Research Team

|
interface2FRAPTRAN ]
|
CUPID2FRAP
| |
RunFRAP

FRAPTRANZCUPID f30 & X RIuESE AL calc_scalar f90 pressure_solve f90 rv_geo_hts_
G (Global Scope) ~| s FRAPTRANZCUPID(

CILFLT

[P CUPID-FRAPTRAN Coupling Interface

CALL toCUPID(nn,heatflux F2C , cladtemp F2C , fuelradius_F2C , &
Fuelenthalpy F2C, HeatTemp_s_F2C , H2GEN_F2C , &
FuelfveTemp F2C , CladAveTemp F2C, ECR_F2C , &
H@apAv_F2C , GapThick F2C , HepStrn_F2C ., B
Oxit F2C » Oxot_F2C , PelletRadius_F2C, &
CladdiRadius_F2C, CldStress_F2C , RIP_F2C , &
RPT_F2C ,» BURSTnode_F2C , Gappress_F2C )

[ Copy Fraptran data to CUPID

i=p

DO Red_ID=1,N_Rods
gvol sum_frap=8.d@
D0 ii=1,nz

FRAP2CUPID

i =i+l

qflux F2C(ii,Rod_ID)gheatflux_F2C(1i)

twall F2C(ii,Rod_ID)dcladtemp F2C(1i)
tcent_F2C(ii,Rod_ID)4HeatTemp s F2C(i} !Fuel center temp (FOR MASTER Cour
fradi_F2C(ii,Rod_id){4fuelradius_F2C(i)
gpres_F2C(ii,Rod_id)foappress_F2C(1i)

gthik F2C(ii,Rod_id)94GapThick F2C(1i)

ht_area_F2C(ii,Rod_ID)=2.d@*pi*fuelradius_F2C(i)*dz_fueld(ii)
quvol_sum_frap=qvol_sum_frap+qflux_F2C(ii,Rod_ID)*ht_area_F2C(ii,Rod_ID)

ENDDO
ENDDO

RETURN
END SUBROUTINE FRAPTRAN2CUPID

—)
15 CTos SRUR AT

{KAER]  Korea Atomis Energy Research Institute
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Pin-wise Fuel Performance code Coupling (8/9)

B Parallel Computing in HPC Environment
» SPMD (Single Program, Multiple Data)

« Source-to-source compilation

(base) [ali@eddy_e00l cupidmarsfraptranl]$ 1l
total £6628

-rwxrwxr-x 1 ali ali 89 Apr 5 14:13

drwxrwxr-x 4 ali ali 46 Feb 9 18:37 CFRAPTRAN
-rw-rw-r-- 1 ali ali 163 Feb 9 18:37 cfraptran dir0.in
-rw-rw-r-- 1 ali ali 190 Feb & fraptran_dir.in

9 = AlSH Lol -rwxrwxr-x 1 ali ali
sE %' gO‘I Eg'u'l' = drwxrwxr-x 17 ali ali 7 CUPID_4244
CLE . . -rwxrwxr-x 1 ali ali 3:43
CUPID 5 make —f makefile_CUPID cupid.x -rw-rw-r— 1 ali ali 9 18:37 cupid dir.in
-rwxrwxr-x 1 ali ali r S 14:09
CUPID/MARS make —f makefile_MARS cupid_MARS x herdan Lakl el e
- - -rw-rw-r-- 1 ali ali r 10 15:13 libmpitrace.a
- - -rw-rw-r-- 1 ali ali akefile CFRAPTRAN
CUPID/FRAPTRAN make —f makefile_CFRAPTRAN cupid_CFRAPTRAN.x erw-rw-z—- 1 ali ali 2935 Feb £ile cuRID makefile
- - -rw-rw-r-- 1 ali ali 717 Mar 9 file_CUPID_MARS_CFRAPTRAN Ag=lE
CUPID/MARS/FRAPTRAN | make —f makefile_CUPID_MARS_CFRAPTRAN |cupid_MARS_CFRAPTRAN.X [  -rw-rw-r-- 1aliali 375 Apr € —— ==
-rw-rw-r-- 1 ali ali €02 Feb 9
Xrwxr-x 9 ali ali 15€ Feb
rw-rw-r-- 1 ali ali 1€1 Feb nars_(
drw: xXr-x 2 ali ali 10 Apr £ modules
-rw-rw-r-- 1 ali ali 333 Mar 9 16:55 outdta
drwxrwxr-x 16 ali ali 409¢ Feb 9 18:37 run wv

(base) [alifeddy e001 cupidmarsfraptranl]$ I

- Efficient memory usage for massive multiple fuels calculation.

Code region

Data region
Heap region

Stack region

Multi-physics Computational
Science Research Team

Weak-coupled code

Memory for Rod 1

*.exe

Global/Static
variables

Dynamic allocation

Local var. / argument

Memory for Rod 2

* exe

Global/Static
variables

Dynamic allocation

Local var. / argument

16

Memory for source level coupled code

Memory usage *.exe
reduced Global/Static variables
Dynamic allocation

Local var. / argument
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Pin-wise Fuel Performance code Coupling (9/9)

Visualization of fuel calculation results

» FRAPTRAN major results
> B | N ary vt k d ata g ener a'“ on "kai‘n"fé‘fr'c'iiﬂf‘ii’v;‘e"i'yfi?m for 3D computer graphics, image processing, visualization, etc.

Radius

Gap pressure

Gap thinkness

200002
0 0o? ' -
oooms uumu%
nmi 1
000005 oo, £
0poons € I g
Inmg 000000
000004
Multi-physics Computational (7/1 SHREUXIZIAAY
17 C/RRERI o sty v e

Science Research Team
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Evaluation of Pin-wise Fuel Performance (1/3)

B Verification of CUPID-RV/FRAPTRAN(1)

» LWR 3x3 steady state

Clad Temperature Heat Flux Heat transfer area Power Coolant temperature Coolant velocity
20 20 20 20 20 20
e CUPID-RV ONLY [ e CUPID-RV ONLY I
15|t transient 370 0 15|t transient 370 0 15k 15k 1 15k
E‘ s Time = 60.0 E‘ s Time = 60.0 'E | ’E | CUPID-RY ONLY ’E E‘ |
o — T\mEf'/Dﬂ o — T\mEf'/Dﬂ o o | _ s :’00 E-1 8
E — Tmezes E ——— E g [Nulttransient Time =500 E E
< —— Time =100.0 c — Time =100.0 c c s Time = 60.0 c c
= = = = — Time = 70.0 = =
3101 3101 310 310 Time =800 310 3101
3 O 9, £ e Time = 90.0 = =
£ £ = £ — Time =100, = = I
> > =2 =2 =2 > B
[} © [} —— CUPID-RVNEY D D e CUPID-RV ONLY D | CUPID-RV ONL|
I T T Null Time = 0.0 T T Null Time = 0.0 I Null Time = 0.0
sl sk transient I:x = gg:g sk 5 transient l;me = 20-0 5 ’_ transient Em: : gg-g
| m— Time = 70.0 —— Time = 70.0 | — Time = 70.0
Time = 80.0 s Time = 80.0 s Time = 80.0
— Time = 90.0 — Time = 90.0 — Time = 90.0
I u | e Time =100.0 o —— Time =100.0 — Time =100.0
MRS IR ST R I I R n n n n 1 n n n NI EFETENENI ARV SR n TR i n TRV 4 NS ETAE R S W
570 580 590 600 610 300000 600000 900000 0.00544 0.00546 0.00548 1000 2000 3000 4000 5000 560 570 580 590 600 48 5 52 54 56 58
Clad Temperate [K] Heat Flux [W/m2] Heat Transfer Area [m2] Total power [W] Coolant Temperature [K] Coolant Temperature [K]

Fuel results by FRAPTRAN Coolant results by CUPID-RV

» LWR Unit Assembly (16x16) steady state
* Fuel power — N/K coupling ( code)

l—SZW,WOg

élfi.DtX!g :ﬁxg

[elo.mg —2000.000 §

s - |ooo.ooo§

§ [D.NO g
— 590.000 =
Coolant o ke
Temperature Cimow &

(CUPID-RV) [==i

. . . e
Multi-physics Computational 18 (":/ < BrRQIX|EIoITeY

S KAERID  Korea fnomic Energy Besearch institute

Science Research Team
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Evaluation of Pin-wise Fuel Performance (2/3)

Bl Performance

» Computation performance with CUPID-RV/FRAPTRAN
-m-

Total time Total time Time of FRAPTRAN

Single rod 1 13.08 1591 2.56 [1.0]
1 FA (16x16) 72 127417 1932.54 666.19 [260.2times against 1x1]
2 FA 2 [vs. 1FA] ) 3373 4900.71 1380.35 [2.08times against 1FA] 45
4 FA 4 [ vs. TFA] 8012.16 10536.9 2742.81 [4.11times against 1FA]
9 FA 9 [ .vs. 1FA] 18893.85 24174.62 6066.43 [9.11times against 1FA]
16FA 16 [ .vs. TFA] 34732.58 45299.78 11275.77 [16.9times against 1FA]
Number of mesh (smaller than 1FA) Number of mesh (larger than 1FA)
=» Relatively larger portion of FRAPTRAN calculation =» Mesh ratio increases LINEARLY
CUPID FRAPTRAN => FRAPTRAN portion is about 30%
#. Mesh Mesh Ratio #. Mesh Mesh Ratio =>» CUPID portion is relatively larger
Single rod 4 . 1 - (due to Pressure matrix solving)
3x3 16 4 9 9 CUPID FRAPTRAN
16x16 289 72 256 256 #. Mesh Mesh Ratio #. Mesh Mesh Ratio

1FA (16x16) 289 - 256 -

Mesh of Single rod
-CUPID: 4 & Mesh of 3x3 rods 2FA 289x2 2 256x2 2
-FRAP: 1 . -CUPID: 16 [4-times] 4FA 289x4 4 256x4 4
-FRAP: 9 [3-times] n-FA 289xn n 256xn n

A

Multi-physics Computational AL simg
: ler PN S b
19 < .-4A5m ?uL?n.:rl..h

Science Research Team
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Evaluation of Pin-wise Fuel Performance (3/3)

Neutron Power

B Verification(2) — LWR Full Core
» Steady state of OPR1000 core region

» CUPID-RV/IMASTER/FRAPTRAN
« Sub. T/H & N/K & F/P coupled simulation

Liquid temperature ° X lod ) . 25934,
5'6e_+02 i 690 —02%02 T/ H (C U PI D) Coolant Temperature

(T/H Code)

Clad Temperature
(F/P Code)

Multi-physics Computational AL simq
Science Research Team 20 e 213
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— MSMP Simulation of
OPR1000 SLB Accident
MSMP — t of Safety
. mprovement of Safe
SECWAGEWAE Margin (DNBR)

of a PWR



CUPID Workshop

3D Reactor Pressure Vessel Modeling

B Subchannel-scale RPV Computational Geometry

» Body-fitted RPV mesh
* In-house RPV mesh generator (RVMesh3D)
* Reactor core, downcomer, upper/lower plenum, and hot/cold leg
* Practical number of meshes (Currently 1.3M)
« Subchannel T/H resolution for core regior

8-

Subchannels

177 FAs 1 b
1FA=16x16 rods e

385 2D meshes |

Assembly-scale 2D mesh

3D Extrusion

Body-fitted 3D Mesh

Multi-physics Computational
Science Research Team 22
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MSMP Simulation of OPR1000 SLB Accident
Steady State (End of Cycle Full Power)

. Coolant temperature —

Multi-physics Computational
Science Research Team
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MSMP Simulation of OPR1000 SLB Accident

B Sequence of Events and Maj

or Parameters

(| Sequence of events N 1 MSMP result
3500
“m 3000 :
Steam line break occurs g2500 Thermal Powert
18.4 Overpower trip setpoint reached 121 % =,2000}
s | Core power ;
= 1500 .
18.6 Turbine Trip o : ]
) Q- 1000 .
19.1 Rod begins to drop i ]
34.0 Low SG1 setpoint reached 5.44 MPa 500 - i ]
35.1 MSIV1 closed O5~"5 10 15 20 25 30 35 40
\ AN Time [sec]
~—1 System TH result
LA B BN B ELRRRAA T T 610 I B N A
N ——a—— Cold leg 1,2
1.5E+07| 600p—0—8—0-6-9-9-6-06-gg, —=—— Coldleg 3,4
- o Ny —o—— Hotleg 1
__s90f \
z gt
e I o i
o 1E+07 5 580
2 [ g |
8 S 570F 8~
a i = g s
5E+06 = 560:
. System pressure 550 f
Mult e 10 15, 20 25 30 3 20 S0 "5 I6 15 20 25 30 35 40

Time (sec)

24

Time (sec)

L ——

\m-a-.aas
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MSMP Simulation of OPR1000 SLB Accident
Bl Power & DNBR Distribution

Sequence of events

Time(sec)

0.0 Steam line break occurs
18.4 Overpower trip setpoint reached
18.6 Turbine Trip
19.1 Rod beglns to drop
31.0 Void begins to form in RV Upper P. ]l
34.0 Low SG1 setpoint reached
35.1 MSIV1 closed

. J

V4
R
X
Multi-physics Computational & / WEQJI}Ew!?QJ

Science Research Team 25 /KAERI"  Koren Atomic Energy Research nstiu
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MSMP Simulation of OPR1000 SLB Accident

Fuel Rod Visualization (Clad temperature & DNBR)

1l
5.7e+02 580 590 6006.1

-

Time: 0.00 sec

Clad.Temp

AAAAAAA
aaaaaa

. o
o o
=
3
8

OO PR
g g8
g 3 38

DNBR

i v
T

%s.zsu

ES.ODO

4 2,750

Y EZ.SOO

)( -
) ) ) -

Multljphy5|cs Computational ((:77 L eimaxizoinal
Science Research Team 26 JKAERL  Kares ftomie Eneroy Research insti .,.
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Improvement of Safety Margin (DNBR)

B Safety Margin in SLB Accident
> Mlnlmum DNBR |n fUEI assembly  DNBR: Departure from Nucleate Boiling Ratio
« Key parameter to ensure safety margin for SLB accident

» Enhancement of safety margin for MSMP approach
« 30% larger than 1D result

Methodology
1D System-scale TH 2.020
MSMP (w/o Turb. Mixing, w/o FRAPTRAN) 2.331
MSMP (w/i Turb. Mixing, w/o FRAPTRAN) 2.615
MSMP (w/i Turb. Mixing, w/i FRAPTRAN) 2.563

MSMP (+16%)
) Phy.model (+11%)

) Conservative
Fuel model (-2%)

=
:

n

- Axial flow ONLY

‘ System TH nodal for PWR

1D System-scale TH-..- b ==l \3D Full core rod-wise MSMP
- Radial flow dispersion
- Hot pin assumption “*"HthH: - Pin-by-pin power distribution
- Point kinetics —— - Channel-by-channel geometric parameters

Multi-physics Computational
Science Research Team 27
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Key parameters to enhance MDNBR in MSMP

‘D Key parameter 1: Non-identical geometric parameters W

» Various subchannel information
‘o Key parameter 2: Realistic fuel power (with N/K code) 1

» Power output of fuel assembly (pin-wise power)

‘o Key parameter 3: 3D Coolant Flow

» 3D radial flow dispersion with turbulent mixing
* Impossible to consider radial flow mixing in 1D safety analysis
« 3D Radial flow including turbulent mixing enhances coolability
« Ensure additional safety margin

Without EVVD With EVVD
n Liquid
me sl temperature

Without EVVD With EVVD

< J

Multi-physics Computational AL simaxzoing
Science Research Team 28 (-/ = .} .?‘—
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Performance of Pin-wise F/P in SLB Accident

B Performance of F/P-Coupled Code

» SLB accident safety analysis
« 33% increase of computing time
* Needs to optimize (On-going)
 Improve performance (using Parallel MG)

~
i Number time_pressure _| — reica(r.a0)
of Cells / time_total (%) il ke // \ x 13.6
191,800 78.8 - /
[ 1,533,600 757 |
4,773,600 81.6 1%+ /
12,357,600 86.2 | / At least
21,683,700 90.2 X2 Faster
107,968,000 92.9 108 ) ; ; . i .
104 103 108 107 108 10°
\ J
L . —
Multi-physics Computational (/ < SIRQIX}RCITR

Science Research Team 29
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— Summary

Summary



CUPID Workshop

Summary

B High-Fidelity Safety Analysis for Regulation
» MSMP (Multi-scale & Multi-Physics) approach

» Precise and practical 3D simulation capability
« Subchannel-scaled resolution of CUPID-RV

» Platform for T/H & N/K & F/P code

B Necessity for 3D MSMP Simulation - SLB

» Detailed Visualization inside of RPV
« 3D Visualization of full core fuel power distribution
» Pin-wise fuel evaluation by F/P code coupling
« Extend F/P code to pin-wise full core fuel analysis of LWR
« Qualitatively reasonable fuel behavior
» Enhancement of safety margin
* Realistic MDNBR evaluation
 Improvement of MDNBR designed by 1D safety analysis

Multi-physics Computational LUl o
. : OF= RIX}2{ 017 8l
Science Research Team 31 < 4A5m Kores Ao Energy Rsacnch nstitare
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— SMR and 3D Analysis
Introduction to Technology
SMR Analysis — SMR 81447 |& 7Hig &2
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SMR and 3D Anlaysis Technology

B Flow instability in low flow rate (startup transient)

» Inherently less stable due to nonlinear nature of single-phase natural circulation

NC oscillatory flow within an integral reactor*
B Mixed Convection: RCP + natural circulation (iSMR) ST Fe=owares
» Asymetry flow in the core (local RCP off) :ZR \\

» Forced-to-natural circulation transition flow y

TH

B Power transient by load follow operation N 1

» Local eddy flow at core outlet (power transition) T [ — Heat
Exchanger

I'TH
vy Heated
Fuel

Multi-physics Computational * |AEA, Natural circulation in water ceeled nuclear reactor

Science Research Team 4 power plants, IAEA-TECDOC-1474, 208 "ﬁ?ﬂxﬁﬂﬁﬁ
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3D Flows in Two-Phase Natural Circulation

Two-Phase Transient Phenomena under Accident Condition

Heat Structure Pool (UHS)

{0 >Reactor Pressure Vessel (RPV) Side
stearn Jet - Boiling in the core and downcomer
A  Flashing when the vent vale opens
g . »Containment Vessel (CNV) Side
condensation « Steam condensation on heat structure surface
« Accumulation of the condensed water

»Pool Side
» Two-phase natural convection
recirculation

boilin 2phase e Boil-off

natural
convection

accumulation

of condensed

Ywater
Multi-physics Computational

Science Research Team 5
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Atal ALtE[ 24

7FSRRIZ 7|8
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BT 2
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- EyS7 B 2R NE
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g9 20| o
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S SMR 7S IXIR 7=
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— 3D Mesh Generation

— MCP and Valve Model
3D Mesh and - Preceuriver Model
Component Models oo a0 Hoge
for SMRs ~ Internal Structure Model:

Heat Conduction and Pressure Drop

— Steam Generator and
Nuclear Reactor Core



CUPIDERS Workshop

3D Mesh Generation

Bl 3D Mesh generation (assembly and subchannel-scale)
> 58 9o 28

> Nonconformal mesh Assembly scale Subchannel scale
—— ‘—MEC: 2 — 3 —HH H4
+ tH\ = — — ]
g 1 i T fiag i il
t“: Nonconformal
| in H-HH HHH HH 1|
1 HH HH =R m
ir HH 1 T T
IEE HHHH HHH s L
HHH HH AR H
HHH H - o
256 F1 Too i . HH T mE
op view
Assembly scale P H i L L
H-HH HHH HH 1|
199,410 cells - - HHH s L |||
[ [ lele g g;r;ter HHH HHH - L
y L rlo L OL ® Corner W somm = a
Mrod\
I [ I H H
L3 3 Y — HH H
T H tH
H H
H al
HT H
4 H H
F H H
—E ; W g
" 14,153 cells 265,005 cells

16x16 fuel rods

Subchannel scale

! : : e

s

Multll-physu:s Computational (,/ R T PID VI
Science Research Team 8 “ [ KAERI" Kores Atomic Energy Research institute
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MCP and Valve Model

Flux Boundary Condition Model
> EHogtWeol TE Ateh R H|Of, AT CHY

> e AX HE 7S A= Hel

> MCP, Valve 2 Collocated grid based finite volume approach
> F7 M&: Critical Flow Z&

Pressure Pressure

Velocity - Velocity
Energy Flux an face Energy

A HAHDH VP )= cell faceOf| A1 2] S & HA|
Flux MH2|A| & HBlwvp) =H EHQ

Pump face

v

P1|P2 po

P1

Asymmetric summation of Vpi”C
Neumann BC at FluxBC face

it
=]

[El
o

x
[1s
lo

o

o
0
O
Jjm
0x

) ) ) e
Multi-physics Computational ’/ .
Science Research Team 9 < /KAERI"  Koren Atomic Energy Research nstiu
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Validation of MCP Model

Mass Balance and MCP RPM Control

» 4 MCPs (1 MCP mass flow rate=1000 kg/s)
» RPM control 3600 rpm to zero at 400 sec

*‘ Pump(;
I H<lq . ..
il 15! S =& HE (MCP, Distributor)
( e o-'",i‘ 1T Pump(2), MCP
MCP “1'\ 1 i i‘.(A ) |6 R =
LA
Distributor| ".t 6000 1 MCP initialization — Natural Circulation
‘ \*M, \7 E 1 (0sec-250sec) = = Forced Circulation
dan ! : 8l 5000 Steady with MCP model
5‘ ’\‘\“‘" ) iwne 1 (250 sec-400 sec)
SG @ 40004 = = = == = = = <
MCP2} Distributor 2 .
; ; Transient by 0 rpm MCP
o 30001 1 (405 sec-1000 sec)
6000 Core Inlet 0 ]
. - - McP B 2000 i
: R SG T I
@ 5000 ] .
) 1000 4 T
s ] ﬂatural
&5 4000_ .
5 °
% 3000 1) T T T T
§ 1 0 200 | 4bo 600 800 1doo
1 1 I Time (s) I
20007 - LA A 7| 3H i i
Core inlet e IS’.l: MCP | MCP off !
1000 T T T T T
0.0 0.5 1.0 1.5 2.0 25 3.0 : MCP RPM x‘"o‘l
Time (sec) Y = HIE x_IX
RCS Flow Rate 29I = HE (HA) .
Multi-physics Computational C 2~

Science Research Team 1 0
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Validation of Critical Flow, Valve Model

Henry-Fauske Critical Flow Model based on FluxBC Pressure Qutet Cel

Throat (broken face)

Edward Pipe Test
Mesh for Pressure Boundary 7MPa, 502K (liquid) \
e A O S S S i s [ [ 17165 ) D

\V Air
4.096 m
8000000
= ] — pressure (No Ve_locity Update) 10 _— .
g romon G e ety o s “17|ZEHet
£ 6000000 — = pressure (MARS) 2
3 S o8-
o >
g 5000000 - §
= | =
8 4000000 ohf-"-l:! ﬁgl' S 08 phase change
> z
2 3000000 S oud (vapor generatjon)
e 2000000 %
g ; 0.2 4 void fraction (No Velocity Update)
S 1000000 g - - void fraction (Velocity Update)
choked flow O void fraction (Exp.)
04 0.0 = = Void fraction (MARS)
ofo 071 012 073 014 ofs ofo Of i sz 0?3 01 4 055
time (sec) time (sec)
[ ] [ ) [ J
Valve Test with Critical Flow Model . .d.hr o
s ) it
st ;: entlcaLp ais;c lange 7|igﬁ2l‘
EEECERTY MK B "M~ TOr casel anc
3D Break Test R i SLS
‘ 5 0.6 ﬁw T i W — /
7MPa m‘ g f///
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Pressurizer Model

PZR with a Perforated Plate
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PZR
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Internal Structure Model: Heat Conduction

ET=H RA

Heat Structure Analysis

Heat Structure Pool (UHS) oT I .Hvijlm .
(CNV) pC,—=V-(kVT)+g :
ot 1]
steam jet Heat Structure (3D) ¢ o ¢ | u nput

RPV, CV +Z &
3XHA EHE

o

flashing

.
LM AR XN
2Xt2l M E (Radial-Axial)

Heat Structure (3D) o= N

= Radiation

Heat
Structure
recirculation
2phase = "‘\\\\ ‘\\\\\ SQHdsumsm:z
H accumulation canvection 2 ERREE jé“?;;%"""'mﬂllllllm E |
Stru?::ttlre i “'/////’l' "////////// —5428.71

(2D)

of condensed
water B
_2375.12

321.53

3.000e+02
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iSMR @14 A& (LOCA =) A

—

Multi-physics Computational =L s xiEioiag)
13 (.-4asm il
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Internal Structure Model: Pressure Drop

Friction Model for the Porosity-based Inner Structure in SMR
» Porous medium approach for component-scale resolution

» Pressure drop modeling
« CFD, experiment, friction model

dp/dz (dp +dpgnyor )/ d2
_ trol —
ka - V2 \ ka = Vzcon = \Y Fix - chCAHCVH ASHpuix |uix|
steady steady g
o
. .. . e ; oy p olgq 7t
1) S.State-based K-factor 2) Adaptive K-factor 3) Friction-based physical model & ——p O 1= Fressure s =m
) phy - 22 =& (K-factor X 0f)
1 2 ' ' ' ' ' ' '
St b:ﬁ‘{;--:"‘ a 0 50 00 150 200 250,300 350 400
altEall Adaptive & 3!
= 3 ]
LR a
i N ]
| . N
%wff‘ \xia;;/ \.:u;/ \\"\n;); \\g.;:/ \'c“_c;/ 4
Core-In Core Core-out  CEA CRDM UpperCavity MCP PZR Discharge SG DC LP . i i i i i i
0 50 100 150 200 250 300 350 400
EH 21 al o = [ ] Time (sec
Qo ChDE U YRS B HE Physicai B2
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- 7 DEAXIR IR
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Steam Generator and Nuclear Reactor Core

Multi-Scale, Multi-Physics Code Coupling ( %/ & =)
> MARU 7|2t socket E4 HAH7|=
> Nuclear Reactor Core (81Xl DLL, so ¥A)
- CUPID-Neutronics D& AA| (Diffusion Z=: RAST-K, MASTER)

AAAAAAA . o -

Coolant temperature, density

»
L

CUPID-to-RAST-K

22|28 |
2|12 |83 |3

Power
RAST-K-to-CUPID

A

M1 [ M1 | M2 | M1 | M1

CUPID (3D TH) RAST-K (Neutronics) :’g"fa s
CUPID-RAST-K ¢1A| 7§ = CUPI -RAST K H

> Stream Generator (8% socket E4I ._71|)
« CUPID-CUPID-SG ZE ¥

« CUPID-SG (7}%) for helical coil SG
CUPID3D-CUPID1D
BZH HA of ] sH A

Multi-physics Computational (1 D 7E:|J-|-I')
Science Research Team 1 5
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— Radiation Model

— Condensation Model

Appllcatlon t.O — Natural Circulation
SMR Analysis of NuScale

— 3D Full Core Analysis
Using Subchannel Model

— Conceptual SMR LOCA
Anlysis
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Radiation Model

Two Radiation Models
> Radiation HT in CV

e Radiation from steam
* P1 model

Time =281 [s] Time =281 [s]

> Radiation HT Test =S|

* Radiation from heat structure Esheiia no Radiation il

. Effect of vacuum Effect of radiation model-HYMERES2 project

Vacuum and air-filled CV (%3 AHALER)

.. Rad.
A Initial Pressure 2kPa.abs latm
Conv.(air)
Heat Loss(Total) 0.109 MW 1.040 MW
Heat Loss (Rad.) 0.089 MW 0.083 MW
Multi-physics Computational L 4|
- Y 210
Science Research Team 1 7 (:4:&“! %%?‘ILIL?Jh?M&i
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Condensation Model

"L L.
> Uchida £ 24/

0.7
Nenida —380[1WW ] WS

> Colburn-Hougen &

EEII
_p'/p S-S [=y:[ES
h (T, —T, h,i In v hin : = A=
c( vi ) fgbpvb [ B pVb/ pj
» Heat and mass transfer analogy 2 2 (HMTA)
.Y o) Au W, :SEHUoBI|NYLS
=y T W, Ve W, 3l Sy NYES
> Resolved boundary layer approach 2 2/ (RBLA)
F=m e L@ A D 2287|H g5
Vcell (Ws _1) an VceII

Multi-physics Computational
Science Research Team
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Convective Velocity Pressure . 2.0m
Case Heat Trans. [m/s] [bar] Gas T [K] Wall T[K] Quality o=y
P0441 Forced 3.0 1.02 353.23 307.4 0.767
P0344 Natural 0.3 1.21 344.03 322 0.864
v
COPAIN 4¥ A3 <z
16000 2500 160
' m  Data m Dat —m— MARS
oo\ #441 0 | Dehbi_RBLA #344 | D:r?bi_RBLA o 140- —e CUPID (HTMA)
¢ —— CUPID_RBLA 2000 4 —— CUPID_RBLA T
12000 Dehbi_WF : Dehbi_WF S 1204
' ‘.‘ CUPID_WF e [ CUPID_WF =
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Multi-physics Computational 0
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Natural Circulation of NuScale Reactor

Analysis Conditions:

»Power=100 MWth (Uniform heat source and sink: Core and SG)
»Problem time=100 sec (wall clock time=180.3 sec)

Power (MWe) Flow Rate (kg/s)  Tsub (K)

#_[; 50 617.3 25.1
s 60 656.2 20.1
77 730.5 10.1

2000 6004

1600

580

1200 4

Tout (K)

560

Flow Rate (kg/s)

800 -

Oy
400 1/
7/

540 o

0

T T T T
0 200 400 600 800 1000 0 200 400 600 800 1000
Time (sec) Time (sec)

Natural Circulation Flow Rate Core Exit Temperature

|
T

L

o Ref) Pressure=13.80 MPa (Tsat=608 K)
Wall BC 6 MPI Liquid (Ref) Fow ratecoaL.s ke e Difference with design value
Processors Temperature Velocity Teore.in=538.15 K - Flow Rate  2.29%
(9624 Cells) Tcore,out=594.15 K Tcore,out 1.05 %
. . . )
Multi-physics Computational -

7 - BER XA
Science Research Team 20 Céa:m .wa e
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3D Full Core Analysis Using Subchannel Model

Subchannel model test

»Natural Circulation in ISMR
» Turbulence Mixing by EVVD model, Friction by MATRA model

5.936e+02

—— No Model

- - == Subchannel Model

—— Subchannel Model (Friction*5)
—— Subchannel Model (Friction*20)

o

89.73

586,34

RCS Flow Rate (kg/s)

582.95

T T T T
200 400 600 800 1000

-
MMHHHMHmmlmm
o

o o ©.800e+02 Time (sec
Liquid Temperature . vogq RCS Flow Rate
8.200e-01
Eo&oom !L
—fo 72003 O\
—fObAOOS %
= =
E No Model
0.56003 - - == Subchannel Model
Subchannel Model (Friction*5)
Subch | Model (Friction*20
3D subchannel mesh s &S & E . : ubcl anr:e Mode (Frllctlon )
. . . N 5.000e-01 0 200 400 600 800 1000
for a conceptual iSMR Liquid Velocity ime (520 .
Multi-physics Computational Core Exit Temperapl/re_ Ol=I0) XIRI04 =1
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Conceptual Problem for SMR LOCA Analysis

Setup a conceptual problem to verify the CUPID code capability for

the application to SMR LOCA analysis

2D mesh model for RPV, CNV, CNV solid wall, and UHS

Heat Structure
(CNV)

steam jet

o

‘.
flashing wall 8

Pool (UHS)

. .
condensation 8

boilin recirculation

accumulation

of condensed
Twater

2phase
natural
convection

SMR LOCA Phenomena

Multi-physics Computational
Science Research Team

T
T T
UHS
water pool
L L
lll[ll IIIII IIIIIIIIIIIII
1 Solid [ CNV
1T wall
|
|
RPV [[I}

30 C water at 1 bar

100 C NC gas
at 1 bar

A
I

312 C steam
at 100 bar
Ug=0.1m/s

2d Mesh Model

22

Initial Conditions
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Conceptual Problem for SMR LOCA Analysis
10° seconds (27.7

h ou I"S) Of |O n g Liquid temperature in UHS Gas volume fraction
transient was 00 sec
successfully simulated i DIk Soe
»Water lever increase
In CNV due to
condensation
»Water lever decease in E

UHS due to boil-off

Numerical stability

» Simulation took 4300
seconds with 4 CPUs [

» Practical application
to Full 3D analysis is
achievable

Void fraction

E 1.000e+00

—0.75

o
o

o
[~
a

m\'umml‘hl“l naian

0.000e+00

e
Multi-physics Computational el == Py =c L pm Y
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NuScale 3D LOCA ofjAd: 2 AFAFEY

Initial & Boundary Condition
» Pressure=15.0 MPa Time: 300.1 Time: 300.1
> Power=192 MW -
» Tcore,in=538.15 K

» Decay heat curve: ANS-73
Grid (48Kk) Water Temp. in Pool

RPV €H

[T RERABN
(9]
@

i o >

: g
E B 337.5
Vv nitude

!
2
~

el
o
[t
n

.
Rk T IRAN
)
co

[}

o
(=}
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NuScale 3D LOCA ofjAl: HIH2 =

Condensation

» Wall condensation
at side wall of CV

» Upper wall of CV is
uncovered

» Accumulated condensatse
at lower part of CV

» Water level decreases

Time: 310.0

after RRV opening

Multi-physics Computational Condensation Rate (kg/s) Liquid Fragtldn
Science Research Team
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NuScale 3D LOCA sjjAl: RvV 7]t

RVV Actuation
Gas & Liquid Velocity

» Opens at 300 sec. (forced) e
» Henry-Fauske critical flow
model

Gas temperature in upper CV

550

—CV

500

vg Magnitude
—150

N

a1

o
1
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Gas temperature (K)
g
1

Rl
tn

350

300 T T T T T T T T
0 200 400 600 800 1000
Time (s)

o
o

Multi-physics Computational Condensation Rate (kg/s)
Science Research Team

Gas & Liquid Temp.
Time: 300.1

bl IATRIRTEL
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NuScale 3D LOCA j|Ad: RRV 7} &}

: Liquid Fracti
B RRV Actuation auig rracton

» Open at 780s after pressure equalizaiton
> Recover the water level in the active core

RVV 7|ttt
l
N ] \4 — oyl 2000 | |
] RV 1800 :k. —a— PZR P(NuScale) [
| 1600 \ —e— CNV P(NuScale)
] —a— PZR P(MARS)
@ 10 1400 —v—CNVP(MARS) | ——
: 1000 psia (69 bar) § 1200
2 % %5 1000
a ] E
g 6_. g 800 e ——— \
* 4 ad 600 .
] /]\ 400 1000 psia
1 CNV 200
0- RRV JHH* ¥ 'RRVIHEY
0o 200 400 600 800 1000 0 100 200 300 400 5C
Time (s) Time[sec]
CUPID NuScale & MARS*

Pressures in RV & CV

W“@“#‘C&C@@Wwﬂggﬁl 2|8t RCS-ZH 2| 13| sB-LOCA 051514, 2021.02.24.
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Summary and Future Works

D3kt 7| 7| 2= O
= 3XHR AKX 7]: Assembly 2 E Subchannel-scale 4 X}

Mcp 2 &

Valve &2 El

PZR & & Z O

= B2 {125 Y5 R REH 2475 =222

BiSMR 3XF2 AF D=7 Of|H| 8l A

= 3X}R isSMR HAHALEN ol A

= RV 70 (S 7] 100% CV)

= HIAZH| (RPV-CV 2F CV-UHS) ST

« cvHHIH
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