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a Requirements for multiphysics e e

Definition of the adequate scenario for the coupled analysis
dJ The fuel behavior should significantly influence the thermal-hydraulic or
neutronic response (e.g., fuel ballooning may cause flow channel blockage)

J Thermal-hydraulic or neutronic feedback should interact with fuel behavior
(e.g., the heat transfer coefficient determines the cladding temperature)

J Theresults from standalone code calculations can differ considerably from
those obtained with coupled code simulations due to the interactive nature of
the behaviors (e.g. PCI (not coupled) vs LOCA (coupled))

The individual coupled codes should be validated and qualified
J If not, it becomes impossible to identify the source of discrepancies between
the coupled code results and experimental data.
The coupled code needs to be validated against experimental data

J Even if each individual code has been validated separately, the coupled code

must also be validated, since the coupling scheme itself requires verification
through experimental data and benchmarklng among various codes



"~ Korea Atomic Energy

- 2
: /KAERI\ Research Institute
|

LOss of Coolant Accident scenario

Fuel behaviors affect safety factors during accident conditions
2 Fuel initial conditions: material properties degradation, oxide, CRUD etc.
J Accident conditions: Ballooning&burst — flow channel blockage, FFRD —

granulometry,
porosity) 1200

a/p phase change

.
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.
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Research approach

B Status of Fuel/TH coupled code in KOREA
J MARS-KS/FRAPTRAN (FAMILY) : Safety evaluation with fuel behavior (KINS)
J CUPID/FRAPTRAN : Core wide analysis in subchannel and multi rod (KAERI)
J CUPID/MERCURY : Subchannel and multi dimensional fuel analysis (KAERI)
J MARS-KS/MERCURY : Safety analysis evaluation of ATF characteristics (KAERI)

Time: 13.5 30e+04
...... 2oess % CL
1.0e+4 §- :
il - . Nodel
........ " Node2
3 Node3
, i I .~ Node4
»—="30000.0 !
[ PR00 2 : Node5
L 20000.0% -4 i
15000.0 £ ¥ : |
!:loouo.ng = ‘E BR - B : Node6
Ismo.o : ot B B m;‘bt?-: |
G BB iR 2
5 -
Real world MultiD approach 1.5D approach

* H.Y.Yoon et al., Nuclear Science and Engineering, 2020.



Research approach

B High-fidelity TH analysis code : CUPID
4 3D unstructured FVM incompressible solver
J Two-fluid Three-field approach

J MPI parallel computation and high performance
computing using AMG solver

J Component scale to CFD (RANS) Scale
J Multi-scale/multi-physics coupled calculation

J Nuclear power plant module-based solver :Reactor
vessel, steam generator, SMR, containment etc.

Neutron Power Coolant Temperature Clad Temperature
(N/K Code) (T/H Code) (F/P Code)

:
4

* H.Y.Yoon et al., )

- Korea Atomic Energy

NURETH-17, 2017. °* [KAERI' Research Institute
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Research approach

HRP IFA650.9

: ! ! : double ballooni
B High-fidelity FUEL analysis code : MERCURY > eimulation
« Transient thermal analysis <Stress update model> 5r:6(0r)

- 1 & (o, Tt :6—(Gn+])
Read input Input data file pCPT o (k{’FT.F )_:‘ + f m Q
fil (fuel info., : e
e Meshdata) | T TN e -z
' * Nonlinear mechanical analysis =PA\E o 05 .05
e Burnup data (@) \ Voo o
Set initial |, (e, FRAPCON b = pv in O -
conditions = file) G-r_'.r':_.r' +pP0,=pv, 1
ﬁ’é e e e e | ) ) <Fuel material properties> —
Coolant temperature Material * Thermo_n“eChanlcal anaIySIS —=—GEGIG [PREleint ?—‘é—;
Thermal Multi-D gap Oxidation and heat transfer roperties of | . X 0207 clad4,F:3.03e26  o1ad6 F:3.93e25 7030 !;'-";'-f
analysis conductance model coefdent (T4 code . | *  Bumup dependent material properties IO By abesin :
. ——clad 4, F : 3.93e23
: f Transient Cree . Material * Mutti-D gap conductance g o020 020 3
Mechanical el P Cladding burst (Hcodeor Loy | oo ies of | L. . 2" S
b analysis (ballooning) model [ | ;t BC ert . Oxidation model at high temperature % o i | 7
3 . . o z | £ e
+ p\‘\o\ |- Cadding failure model SR o E :
5 No \mM I + (ladding creep model at high temperature i
" = *S - " ¥ mmmmememmm—m—— ® O><ide ar‘d CRUD ﬁ-\errr‘al rrmel 260 460 660 860 10‘00 12‘00 14‘00 1é00 18‘00 2000
= Calculation of . -
+ Rod internal Transient FGR Temp. (K) e ==
pressure model E — A ex _ E Jﬂ
eff eff €XP\ ™ grr) %err
O o _ g
i . eff . . . =
Material phase (MPas-). n Q (K) F/GH =
0956,  « =
?Iihzli;ess;{) 87368.  5.89. (5?_29]?30?:)2?.69 /0.304. =
+  MERCURY: Mutti-dimensional Entire fuel Rod Code for Understanding Reaction Yield /0.24.
behavior at B ] ‘
1085K < 0.24+ 233, 102366+ 0.5/0.5/0.5 - :
»  Characteristics : Finite element method, multidimensional analysis, parallel processing T<1248K)- :
*  Environment : Intel Visual Fortran XE2019 or upper version B 79. 378, 141919, 0.50.5/0.5- R
(1248K < T)« Spemmen

*  Input/Output : fuel input file, mesh file, fuel output file, FEM output file (vtk format) image
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Research approach

B Coupling methodology: Conservation of energy between Fuel and
Thermal Hydraulic code

q”n+1 Tnﬂ (T n T )-I—h n+1(-|- n —T )+hdn+1 (-I-Wn _Td)+hstdn+1 (-I-Wn _-I-Stn)
h

gn+1 (Twn _Tg )_|_ hstg n+1 (Twn _Tst )+ h n+1 (Twn _Tspn)
+(hln+1 n h3t|n+1 n hd n+1 n hstd n+1 n han+1 h n+1 hsmn+1)(-|-wn+1 _-I-Wn)

st

Total HTC
‘ T, and averaged HTC are not required for coupling.

conduction convection /\

q” n+1 AT n+1 + B qo + htotal (T n+l Twn) Ti ceeres TW
B+h,,T q 0

TWn+1 otal 0 ”
htotal ;

Major coupling variable

Explicit —
heat flux A qg + Z hk (Twn+1 _TWn )
k
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Research approach

Coupling methodology : Space and time

Space Coupling Time Coupling
’ E:ecause Ohf the diffedrencehin mesr Zize . Area-weiahted wall temperature » The time-step size of individual code are different
etyveen the two co es,.t € couple 9 P « Considering the characteristics of each code, calling sequence needs to
variables should be defined based on * Interpolated wall temperature be optimized
the conservation of energy.
1
_I '-1-I-r9- ________ CUPID calculation MERCURY calculation
Mercury node J: 3 with n+1 step MERCURY data with n-step CUPID data
R
cueo. @ @7 |
cell Y= O Lr' ___________ CUP'D MERCURY
Mercury 1 _ . .
f1 —e element j_ ® s
r ---FS- -------- Atc AtM:At1 +At2+...
#@-interfacenode] — =
fOO O L-l- ___________ n Step v ® \{
_|—>Q 1@ r4 ®
e © ®
cell-averaged i 3
o o
l n+lstep ¥ y
Lomlbooooooooad
o 1
® :. r2
L P —
! PNs

CUPID to MERCURY MERCURY to CUPID
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Research status 1 51ee, 2O E AP ZT A

OHA M E I 7] % il 53] 2022.

B MARS-KS/FRAPTRAN (FAMILY) : Safety analysis + fuel behaviors
J As afirst work, modified FRAPTRAN source code was embedded in MARS-KS

Slngle heat structure and smgle flow channel

1100
FAMILY et
(FRAPTRAN And MARS-KS Integrated for Safety AnalYsis) = ! o %
g P 15507 Pa P 10e7Pa : ~
TS563.7K 673.15
< . : | -
= ' 20 cull heated) § 700
- @) | 8
143 o
= Time comntrol > o @ % | - - =~
Transient fuel + Fuel power g } Ty " T B W w5 W
performance Coolant pressure g lihend Time (5
1 = Coolant temperature
= H nsfer coefficient
+ g y HRP IFAG50.5 LOFT L2-5
1400 1200 T I X T
[ Bomm &mr _:/ —— Expenameant
N " 1100 - omy | —— MARS-FRAPTRAN
o 190 — —— WARS FRAPTRANRevsad)|
c I3 B ' |
+—- g EIDDU— E 0
+ Crud thermal layer « Cladding deformation T B § ]
» Oxide thermal layer + Heat "E = IFES ER ]
: c &
Fuel fﬂl’ﬂﬂﬂtlﬂﬂdhﬂﬂrﬂl . l:lﬂd-ﬂil"lg tﬂmpﬂl"ﬂﬁlm > g - -'g 800 -
* Fuel temperature 5004 4
400 ! T T 4007 £ 1:
10 -500 o 500 1000 1500 0 40 80 120 180 200

Time [sec]
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*J.5.Lee, NuSTEP
meeting, 2024.

B MARS-KS/FRAPTRAN (FAMILY) : Safety analysis + fuel behaviors
J Fuel safety issues evaluated taken into account relocation (QT), rod contact,

flow blockage (volume change), subchannel analysis, UA/UQ etc.

QORHOOCOC000  Hot pin 1400
0860 S 30 MWd/kgU ~ Baso
OOOOGmggg 5X5 array 1300 == —\ol.Ghan
DOOOOOOOOODO@DOO T/H MultiD +Vol.Chan+Relo
DODOOOD ietetetetelet ultl 1200 - —+\ol.Chan+Relo+Contact{conv)
HOOOOOOGHOO00000 (subchannel) = +Vol.Chan+Relo+Contact(conv+{ond)
0000000000000 1100
o0 QOOQOO QO X
0.0 000000, o0 e
DDODDODDDDDDDDDD O 1000
9.0.0/0.0.00.0000000.00 a _
DOODOODOODDOODDD 900 \:, \
= : ;‘ggg,afgzzo,,' Contact Area Fa{ctorrq.
084 4 PHEBUS215P model - 800
] LN ;i -
gu- — Contactmodel 2) % ., " !: !
: = I -" A @ 4/-/'/7.
_ B = 600 -
e Y CAE =00 0875 K- ‘-A.‘ 00 250 500 750 100.0 1250 150.0 1750 200.0 225.0

1 - ]
0.0 WJ{:.-.} I!"“ ¢ -2 J
Ll |l v L\l » T Al x T T
0.0 D1 0 2 0 3 04 05 0.6 07 08
Hoop strain, (-)

ORNL MRBT 2
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Research status

B8 CUPID/FRAPTRAN : Subchannel + Multiple rods

J Extension to multiple fuel rod conditions
 Extend coupling variables for multi-rods
 F/P code modification(array)

J Parallel for pin-wise full core simulation
« Partitioned 2-D plane and Extrusion

Single fuel Multi fuels
a(l:nz)  a(1l:nz,1:Nrod)

Weakly coupled pressure

solver
E:(Ot:‘mje DO i=1,Nrods
2D Plane g\ Call FRAPTRAN(i)
A\VE fuel height ENDDO
Partitioning
MPI domain Repeat single fuel performance
12 analysis

decomposition
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Research status

Analysis for SLB scenario

B8 CUPID/FRAPTRAN : Subchannel + Multiple rods

CUPID computing cell

with
- subchannel type
- Porosity
Real Subchannel - Hydraulic diameter
geometry - Gap distance
. - cell-to-cell pitch Gap thickness
MUItlpIe fuel rOdS =» Geometric input

- Subchannel TH mesh (CUPID-FRAP)

- Physical model in subchannel resolution
- Pressure drop
- Turbulent mixing
- Spacer grid
Information between TH subchannel and fuel rod
TH transfer (averaged) PW transfer (1/4rod sum) Gap pressure




-~ Korea Atomic Energy
-/ KAERI" Research Institute

Research status

CUPID/MERCURY : Subchannel + Multi-dimensional Fuel

Linear power [mW/mm)]

CUP'D Coolant temperature [K] MERCU RY

Convective coefficient [W/m?-K]
Coolant pressure [MPa]

Time increment [sec]

Space and Time
coupling scheme

introduced for the
coupling

Heat flux [W/m?]
Cladding diameter [m]
Cladding surface temperature [K]

Analysis time synchronize between two codes

T T T T ! !
CUPID ' ' ' ' I ”

Time step

MERCURY g
. < > A ]

Time step ‘Time increment
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Research status

B8 CUPID/MERCURY : Subchannel + Multi-dimensional Fuel

|
gt 7] <8 EXP exp |
[ = C-M (wo rad.) o CUPID SA
| - C-M (rad.) Failure v C-F
o - = C-M (rad. w/ big HTC) at 909s iire A CM
; | —— C-F (rad) : 59s
: .: —-— = ! Failure g
3] , at888s o
1 - £ | 2
— M2 e : 2 |
. t & | HeatLoss i = EE!EAW‘ M A
O AA
4 l i v v | O [M
=== M1 | — L v
iUI [ A"~ Steady———» —» Transient
60 |eso 700 750 800 85 900 950 1000 400 500 600 700 800
1 Time (sec) Clad temperature at M1 Time (sec)Fluid temperature at M1
I \
I EXP EXP
Experiment facility (CAD) L
l : Schematics of the facility = C-M (wo rad.) @ CUPID SA
1 :( . . C-M (rad.) v CF
| : — — C-M (rad. W/ big HTC) - A CM =
. —— C-F (rad) 2
o <ICARUS* experiment z | o
> !
. result> 5 X
T ™ g | =
1 IS
I i
|| . K
| k-
o *|CARUS(Integrated and Coupled 2
It Analysis of Reflood Using fuel
m., E""ﬁ:[ Simu|ator) 600 650 7005 750 800 850 900 950 1000 o 500 o0 700 800
g rime (see) Clad temperature at M2 I i R




+ J. Hong et al., Measurement of local mechanical properties for Cr-coated accident
tolerant fuel cladding, Journal of Nuclear Materials 579 (2023) 154407.
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Research status

B MARS-KS/MERCURY : Safety analysis + ATF characteristics

(" Start )
28e+02
280 .
Input Data Process / l [200 Ballooplng
Init\alifation ] anaIyS|s by
T/H code call —150 £
O g
Stand :\Ione StreSS ORI M E RCU RY
Time Step control . . .
No distribution of »
e Coated
Coupled with Heat Structure of .
MERCURY MERCURY Read problem | | Input data file Claddlng
file (mesh data)
= A T
<] =
Set initial Burnup data
+ He?\hihnécwée of conditions  |* | (FRAPCON40P1) ':Q-Oem
| - 08
L
| J ——Q 05 §
S : £
+~ Hydraulics Solver v e e 04 §
Thermal Multi-D gap Oxidation eundary ko
| I analysis conductance energy H COndl(I?ﬂ:i proparties 02 *
e No 2 v , 92603
At = Mechanical Transient Clad burst p':)apf:;iaels
u: ans creep model model MATPRO) ’?‘Vrr‘spm I
. 3 ) s h : -
Update & etc g Update stress 31 8.49pm‘ \,ﬁ e _ix i 2000 = =
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Converge? Localized material W bl 3 o
No ) 1 & STy
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Print out results
e
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o 5 10 15
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B MARS-KS/MERCURY : Safety analysis + ATF characteristics

Single heat structure and Single flow channel
problem for the verification of the coupled code

tmdpvol 300 .
Pellet width: 4.134 mm

sngljun 250 Gap thickness: 0.078 mm
Cladding height: 1270 mm

F--== r——"1

/
S

Heat
structure

Pipe 200 1

T I rrit ()

tmdpjun 150 |
tmdpvol100 I—”

MARS-KS model MERCURY model

* The coupled code predicts a lower surface
temperature than the standalone MARS
calculation due to fuel ballooning, which

: reduces the surface heat flux.
Calculation result of - The MARS/FRAPTRAN calculation was

MERCURY

1 7e+03

terminated because of numerical instability.

t=1.09s ' t=45s

““’“ Eath s MARS
_ 1500
o | |- - ~MARS/MERCURY
[ —— FAMILY .
1200 o Q 1000 s
s = Vs
= Q 7
moo e ;
O
L 900 —
3 /
800
4]
5
600
5.3e+02 v
ge]
o
(@]
600 J
—
400 T T T T |
0 10 20 30 40 50 60

Time(s)



F ~ Korea Atomic Energy
= { KAERI" Research Institute

NURETH21 panel discussion on the issue

B Panel session regarding Fuel/TH coupled analysis

2 5speakers are invited to discuss the issue on the coupled analysis based on

the panel’s presentation
« Jinzhao Zhang(Tractebel), Pierre Ruyer(ASNR), Tongsoo Choi(KNF), Joosuk Lee(KINS), Hyochan KIm(KAERI)

d secondary hydriding

st
sometry of a balloon (size, shape, etc.)?

0metry of the blocked zone (coplanar vs. non- '
configurations, extent within the assembly)?

« of fuel is relocated, When ? What is the impa
-ature?

wndle aiways coolable? GEEESNENY . _0TT 0

sloped several codes (FUELY

d launched an experimental program (PERFROM) t C
ese questions, in particul X il ke el aastes

e last ones.
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NURETH21 panel discussion on the issue

Need and challenges of coupling for reactor safety analysis

J T/Hand FP coupling is important for Best estimate simulation of
iInterdependent fuel and T/H phenomena:

« Ballooning and burst, fuel fragmentation, relocation and dispersal (FFRD), reduced flow due to
blockage, increased heatlng due to ballooning and relocation.

* Improve accuracy by capturing feedback between fuel and coolant during certain specific accident
scenarios (DBA, DEC)

Regulatory perspective

J Itis necessary to evaluate reactor safety because the coupling effect may
Influence the safety criteria

Industry perspective
J Partially fuel behaviors can be considered in the T/H code, Not coupling code

Research institute perspective

J To investigate the realistic fuel and thermal-hydraulic (T/H) behavior under
accident conditions, studies on T/H and fuel performance (FP) coupling are
ongoing, including validation against experimental data



Possible contribution of TH/Fuel coupled comél ‘for
IJAEA CRP regarding fuel safety evaluation

Safety evaluation of ATF fuel

J Based on single-effect tests (in-pile and out-of-pile) conducted with fabricated ATF,
various models for ATF fuel will be incorporated into the fuel performance code

J Considering the developed ATF models, the coupled code can be used to evaluate
the safety contribution of ATF under specific accident scenarios.

= ATF models and accident scenarios should be clearly defined prior to the safety
evaluation

Code benchmark for IET experiment (e.g. QUENCH, CODEX,
DEGREE etc.)

J Integral Effect Tests (IET) with fuel bundles can be used for code benchmarking
among participants for code validation and inter-code comparison.

= The IET dataset for validation should be discussed in advance, and at least three
organizations should participate in the benchmarking to ensure a meaningful

comparison 9

""""" Atomic ner gy
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