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1. Development of GIFT
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Code Development

 GIFT, Fuel performance code for steady-state
- Language: C++ 14
- Material Property Library: MATPRO 1.16

- Matrix Calculation Library: Eigen 3.4.1-rc

Pressure Iteration Convergence Criterion < 1% AP

Input Data

!

Initialize
Condition

Gap Iteration Convergence Criterion < 1% AT

>l
i

Power, Burnup,
Coolant, Cladding
Temperature

!

Cladding
Deformation

N |

i 4

Fuel Rod
Temperature, Fuel
Deformation

L

Gas Release,
Volume, Gas
Pressure

L

Next Time Step




Code Structure (total ~100 individual subroutines)
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Cladding mechanical model development

e 2D axis-symmetric cladding mechanical model

- FDM method used
- Multi-layer model

- Full-length calculation

- More accurate than 1D model(thin-wall approximation)

- Faster than FEM methods

o.=—F
T, =0

or

r

2D (axis-symmetric) full length fuel rod

o =—F

/ Tz =0

u,, U, = constant
(when gap closed)

z

< 4, =0
;

Boundary conditions

.zzzz.
4|5|s|s5|5]e
4|s|s|s|s|e
a|s[s[s]s]e
4|s5|s|s|s|e
4|5|5|5([5]6
a|s[s|s|s|e
a|s|s[s|s]e
4|5|5|5|5|6
a|s|s[s]s|e
4|s5|s|s|s|e
4|5(5|5|5]|6
a|s[s[s|s|e
a|s[s[s]s]e
4|5(5|5|5|6
4|5|s|s5|s|e
4|s|s|s|s|e
a|s[s[s|s]e
4|5|5|5(5]|6

=] =]5]

Fine meshing
in some top
meshes




Cladding plasticity

Stress (MPa)

Creep model

Plastic model

New Condition
(time, T, P, ... etc)
input

'

def
computed

Elastic problem solved
for strain & stresses

oM
computed

NO Over yield

YES

:

ds:’

Elastic problem solved

estimated

!

de?
computed

!

T, sy obtained
from o — € curve

for strain & stresses

!

New estimate of
dEF obtained from

Prandtl-Reuss Eqn.

stress?

P _.p P

ELnew = €ioa T A€
p P P
Enow = €gig T d€

180 . , , .
160 —
140 - -
120 —
100 -
80 FAY ]
60 e ﬁ i
40 oF ]
20 - .
ofF 5 —
r — Radial stress (GIFT)
-20 N oA Hoop stress (GIFT)
40 Axial stress (GIFT)
L Effective stress (GIFT)
-60 - O Radial stress (ANSYS)
r O Hoop stress (ANSYS)
-80 N 4/ A Axial stress (ANSYS)
-100 v Effective stress (ANSYS)
1 I f |

4.2

4.4

46 4.8

Cladding radial positon (mm)

<ANSYSete| AAdo| ¥l XS Za HlED HS>

Te

.
uTs
de /’
i PLS —
w ——
g
“ Eery
E E E :
1 1
E I -
eF . o
o Strain
Prandtl-Reuss flow rule for zirconium-based alloy Pseudo-ductile behavior for ceramic composites

Material-dependent plasticity model

- Plasticity model enabled and verified against
commercial FEM codes.

- Plastic behavior of the coating layer can be
modeled by using a stress-strain curve of the
coating.

- Pseudo-ductile behavior of the SiC /SiC
composite is modeled.



Pellet-Cladding Mechanical Interaction(PCMI) model

Radial displacement (um)

Fo

PO Pl PO PO
.»
.»
> —
] 3l
> « L
Open gap closed gap
T : T L 1717t ! 1 T
. Gap open | 11 Gap closed
1
[
I
\ L
0 111
i Ll
[
E L
11
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) v
|
Jr
.«:"‘I,, 1, FRAPCON
-20 - A 1, GIFT —
I | I 3:GIFT
-30 LI VRN B A ! y — T
200 0 200 400 600 800 1000 1200 1400 1600
Time (days)

Hoop stress (MPa)

100

ﬁ
ﬁ
Ax =Db
Discretization Boundary conditions
scheme & inter-node interaction

( J
|
Matrix and B.C conditioning
for every different pellet-cladding
interaction state in the fuel rod

80;
60:
40
20;
0
_20;
40

-60:

-80:
400:

9, FRAPCON

9, GIFT -

3, FRAPCON
3, GIFT -

-200 0

T T T T — T
600 800 1000 1200 1400 1600

Time (days)

— T
200 400

<Cladding performance comparison with FRAPCON>



GIFT oM = 45 21}
H

2 322N E GIFTE S5l FE

= A Z1e} Hl
- FEAE H X9l (Reference solution)2 60 I E

H=
o
5 <Yyt I SH> <RT WSH>
5
Symbol: FEA O FEA-90MPa Symbol: FEA O FEA-90MPa
| 24 GIFT O FEA-110MPa 1 A GIFT O FEA-110MPa
A FEA-125MPa A FEA-125MPa
—— GIFT - 90MPa 7 —— GIFT - 90MPa
—— GIFT - 110MPa —— GIFT - 110MPa
—— GIFT - 125MPa —— GIFT - 125MPa

Hoop strain (%)

Hoop strain (%)

T T T T T T T T T T T T T T T 0= T T T y T T T T T T T T T T
0 500 1,000 1,500 2,000 2,500 3,000 3,500 4,000 0 500 1,000 1,500 2,000 2,500 3,000 3,500 4,000

Time (hour) Time (hour)
2435 81
- ALY O S0 AAE I8 HHE 0= 715 (as well as excellent agreement with FEA)
- YUt O e HY of|F Fetr | (HYE 1% O| MM EE 22X} F1)
-GIFT oM B &: 0| HY 7|4 - it GHoAM 2K} 2l
-CHY FY off M Pt S S 1T formulation W A E £ T h
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Strain(%)

B Uncoated

®  Coated
4
380°C,
, 2233 90 MPa
87.9% 4
2 /./
./l
1 ./
/./
0 ./=/: m = 0w =" )

0 500 1,000 1,500 2,000 2,500 3,000 3,500 4,000

Time(hour)

Strain(%)

* Cladding tube creep tests with internal
pressurization at Korean Nuclear Fuel (KNF)

Coating thickness: 16.8 um

e Base material: Zr-Nb cladding

= Uncoated
= Coated

380°C, 71
ZZ23 110 MPa =

83.6%

3 ./.
-
2 _ /
I/
1 -
-
-

I/ n = =

0 ./- ] L] = = "

&
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./ n
I/
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El —|E.T'_ |0|-* Alo 'l|- El
I8 o2 N2 Ys dea 3 E
*  ~
- DE|YE MY
1,000
800
600
z
°
©
S 400
200 o Uncoated Zr-4 (Exp.)
Uncoated Zr-4 (FEA)
: ‘ o Coated Zr-4 (39.6 um, Exp.)
0 ] \M‘/ Coated Zr-4 (39.6 um, FEA)
o 1 2 3 4 5 6 71 8
Displacement (mm)
Center

<Uncoated>

Free surface

Brute-force
multi-layer model

Equivalent plastic strain

Q Cr-coated Zircaloy

Modeling choices

0.10

Composite model

<TE mED g epyE

[

Bare-Zircaloy
Approximation

0.08

0.06

0.04

0.02

0.00

____________

Uncoated, Free surface
—— Coated, Free surface

- - - Uncoated, Center

- - - Coated, Center

1 2 3 4 5 6
Displacement (Stroke) (mm)
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TRANOX : Mechanistic model of Zircaloy oxidation

o Experiment

Current TRANOX 2.0 Capability * = TRANOX

- Oxygen distribution, ECR, @ and -phase thickness
- Transient temperature

- Presence of hydrogen (high burnup)

- Pre-transient oxide layer (high burnup)

- Coated cladding

N
o

Oxygen concentration(wt%)
o

Temp=1200°C Time=1s H= 350wppm

[0
o
|

X 180 B S K 10. 11:
0 100 200 300 400 500 600

-
~
T

Distance from cladding inner surface(um)

:

|

|

|

|

:

3 1 EPMA
! = TRANOX
|

|

|

|

|

:

|

|

|

-
[\S]
T

-
T

Oxygen concentration(g/cm3)

08 Cr coating
06 -
of 3 A
04r |
|
02+ |
k
I
0 1l L L L L
0.42 0.43 0.44 0.45 0.46 047 0.48
Position(cm) - ition(um

[1] 2021. D. Kim et al., TRANOX: Model for Non-Isothermal Steam Oxidation of Zircaloy Cladding. Journal of Nuclear
Materials , 556, 153153.

[2] 2022. H. Yook, et al.,. Post-LOCA Ductility of Cr-coated cladding and its embrittlement limit. Journal of Nuclear
Materials, 558, 153354.

[3] 2022. D. Kim et al., Study of high burnup effect on steam oxidation of Zircaloy and its regulatory implications via the
development of pre-transient oxide model of TRANOX. Journal of Nuclear Materials, 567,15 153801 13



Hydrogen migration model

oC Q*DC
atss = —V(Jrick + Jsoret) = —V| —DVCss — TZSSVT

+ mMHNGD model for hydride phase change kinetics by Penn State and INL

<mHNGD model of hydrogen phase change kinetics>

Fuel length, end time, mesh number

Reaction Condition Equation
a C Allocate hydrogen by ’
SS T(x, o). Crar (X, to)
o —Ky(Css —TSSp)
Nucleation Css > TSSp Caleulate initial Css, Cp |
ac, Css(x t). Cp(x, to)
Tt (Css —TSSp)
1 Calculate initial Kinetics coefficients ’
X 1——
Ces >TSS — = — — — P
ss b Kep(1 = x)(=In(1 - x)) Calculato efective TSS lines
TS (3, 6), TS (3, ta)
Growth & ac ac C off o
ss P P
c,>0 = —— X = , - -
P at dt 4 C — TSS Determine the reaction type, Calculate timestep ’
tot D dt
acC. !
Css <TSSp =SS _ g p(Css — TSSp) I Calculate diffusion, kinetics equation l
. . at C5(tns1), CP(tnsr)
Dissolution & ac
p_ _ _ tosy = by + dt
CP >0 dt - Kp (CSS TS SD) | Caleulate (lcnlpc?nhu’c change |
S ac ac -
Phase equilibrium Else 6_55 = a_p =0 fus > end time
t t True
Output
Css, Cpp
T — T T T T T 1700
i;ﬂ;m’mmm 800 Téh‘s S‘udv‘ - 800 i v This IStudy (neralmu I T I I I - 800
T o 20hours -2 Temperature 1600 ° ;:;ﬁ:g:l(owmuum
§ - Anaic 20 hours 0L : o750 £ 1500 [| —— Tamperature * {700
2 a a
E. Analytic 30 hours S ool e 1 700 S 1400k ’_‘&_,_,_49__\&_&‘
c Z . : B o e 800
— < -
2 5 500 {650 X 5 10 e o
£ g 400 600 : g eoop 1™
S B L N 3 5
< § g é s00 -, - 400
8 € 300 [ {550 & <
e 8 £ g 400}
= 3 2 c v - 300
2 S 200 - 500 g wre vy
3 g 2 200 2 ¢°3
T -1 100 - - 450 B, . - 200
ok I T 10} ve °
o 4 400
| | | L L. L | oL | 88 % v w v v w w9 @ YVY |,
0.4750 0.4875 05000 05125 0.5250 00 05 1.0 1.5 20 25 3.0 35

0.0 05 1.0 15 20 25
Position (cm)

<Validation Sawatzky’s
experiment>

Paosition (cm)
<Validation Kammenzind
experiment>

Position [ml]

<Code verification>

Temperature (K)



Spent fuel simulation module of GIFT

Cladding average temperature (C)

400 |-

350

300
20|
200 ~
150 >—

100 |-

50

Spent fuel simulation module
- Dry storage pellet swelling
- Dry storage cladding creep
(EDF Creep correlation)

- Dry storage temperature distribution

- Hydrogen transport model (mMHNGD model newly incorporated)

T 100 T — T
o —PWR
[ — 75 |—— NuScaleH
N K
':\ = 50f N
(2]
(7]
L o5
[
& of
o
i =
2 -25f
°
l B
[ ] -50
R T -75 —}‘
r 1 1
] ! 1 1 1 1 1
0 20 40 60 80 100 -100—+ . . : : s
n 0 20 40 60 80 100
ime (year, .
(year) Time (year)

Cladding hoop strain (m/m)

0.015

0.010 -

0.005 |-

0.000

-0.005 |-

-0.010

—PWR
NuScale

I
20

40 60
Time (year)

Simulation of spent fuel in a continuous manner from the steady-state operation

2022. D. Woo and Youho Lee., Spent fuel simulation during dry storage via enhancement

of FRAPCON-4.0: Comparison between PWR and SMR and discharge burnup effect.

Nuclear Engineering and Technology

1 1
80 100

15



Other pellet and cladding model features

« Gd,0; central pellet for i-SMR fuel

- Statistical failure probability

Zr Cladding

Simulation for soluble boron free SMR(e.g., i-SMR, Korea)

U0, Pellet

Elementary model that captures the thermal effect of the 4
central void ™

Further improvement is possible upon the availability of

U0,-Gd,04 reaction and resulting effects.

Multi-layered SiC composite cladding

monolithic
State-of-the arts SiC cladding models/properties afSAa S
composite | \

Pseudo-ductile behavior of SiC composite ’aye’\_,;g‘ff.,-

1000 pm

[1] 2022. Hyuntaek Rho, Youho Lee. Development of a 2D Axisymmetric SiC
Cladding Mechanical Model and its Applications for Steady-State and
LBLOCA Analysis. Journal of Nuclear Materials, 558, 153311. 16



Code interface: input, and output

o HE 27|
1 s =4 o #dE EIJ| E %
I* input. txt 9 X =
X vll10 « 7F 7 Y XIS = b =S v ﬁ 533 o=
/* Please keep order in text for input of variables. If you change it, this pr| J f‘l E@ g k2 oNSEHE i ﬂ =T
=04 EHE
/* Enter the Number of pPellet-Related variables You want to See. */ 02 ~ S b yestn e s v @y % 9 % 9N =d =8
/* write 0 to quit, and Teave blank if you want to run this program without chf 4 6 Al ZAp - LR |
721 ge'l'let surface temperature, 2: radial temperature distribution evolution| R
e inear power (center), 5: average burnup, 6: nodal burnup (center) */ A HA ECEIS 2 ] o= 51 EA EA 5]
/* 7: average temperature, 8: centerline temperature, 9: thermal conductivity
/* 10: pellet surface deformation, 11: thermal expansion, 12: swelling */
7% 13: densificaiton, 14: relocation, 15: fission gas rejease fraction, 16: fi| AB38 W
/* 17: fission gas re'lease, 25: rad'la'l power profile evolution (center) w7
/* You can write multiple numbers which are distinguished by blank. */ A B c D G 1 J K L M N o P Q R s T u \4 X ¥: Z
: Pt fie sin swme
variable number: 2 T ety sl Losd Pt Fe
ntmax: 200 4 | Plot File : draw.giot
= —
RS 2 | o pra | 7 P an s .
57%06 19.906 19.906 19.906 19.906 19.906 19. 906(; Cladding Hoop Stress (MPa ) A
19.906 19.906 19.906 19.906 19.906 19.906 19.906|; O Auial Power draw.plot TN
19.906 19.906 19.906 19.906 19.906 19.906 19.906|5 O Nomalized Asial Node Powe] —
19.906 19.906 19.906 19.906 19.906 19.906 19.906/7 |0 Suface Heat Flux 8.00E<01 iy
19.906 19.906 19.906 19.906 19.906 19.906 19.906/'7 |0 Nodal Bumup S
19.906 .906 .90 .90 .906 19.906 19.906['2 |0 Ayial Fast Fluence i
19.906 19.906 19.906 19.906 19.906 19.906 19.906|2 |0 Fel Conterine Temperature 6.00E<01 e |
19.906 19.906 19.906 19.906 19.906 19.906 19.906]% 10 Fuel Pelet Surface Temperal s
19.906 19.906 19.906 19.906 19.906 19.906 19.906/'* 10 Fyeivolume Average Tempe A
19.906 19.906 19.906 19.891 19.846 19.801 19.756M8l0 &0 i erade Temperate 4.00E-01 1 s Y OO
19.711 19.667 19.622 19.577 19.532 19.487 19.443|¢ o Cla?ﬂdinuInsideTe?noevalwe
19.398 19. 19.308 19.264 19. 19.174 19.12917 |g (i Average Temperat, i
19.084 19. 04 18 995 18.95 18.905 18. ss 18 816 216 Ciadi ED t'dq T o " 2.00E-01 a
18.771 18.726 18.681 18.637 18.592 18.547 18.502['% | Da'd "’5'0 iumTe emn?raw - “
18.457 18.413 18.368 18.323 18.278 18.233 1818910 | o T ermeratars s .
18.144 18.099 18.054 18.01 17. 965 17.92 17.875 E'lo g lant Temperature = 0.00E00 8 .
17.83 17.786 17.741 17 17. o 17.562 3 = 200 400 B0 0 it} e
17.517 17.472 17.427 17.382 17.338 17.293 17.248p2 3 Lle E i
.203 17.159 17.114 17.069 17.024 16.979 16.935p+ |3 Cladda Hoo Stiain 8 -2.00e401 T
16.89 16.8 16.8 16.755 16.711 16.666 16.621 lo5 | Cladding Avial Strain @
16.576 .532 16.487 16.442 16.397 16.352 16.308pz |© Claddina Radial Stain g
16.263 16.218 6.173 16.12 16.084 16.039 15.994p7 |© Cladding Elastic Hoop Stiain S -4.00E<01
15.949 15.904 15.86 15.815 15.77 15.725 15.681 2 © Cladding Elastic &xial Strain i
15.636 15.591 15.546 15. 50; 15.457 15.412 15.367ps © Cladding Elastic Radial Strair g
15.322 15.277 15.233 15.188 15.143 15.098 15.054f5 © Cladding Perm Hoop Stiain 5 6.00E+01
15.009 14.964 14.9: 14. 87 14.83 14.785 14.74 2+ |© Cladding Perm Axial Strain | 8
14.695 14.65 14.606 14.561 14.516 14.471 14.427 2 g gladldénu Peém Hat?lalguain O ooeso
14,382 14.337 292 14.247 14.203 14.158 14.113f, wial Strain due to lradiation . 01 S
14.068 14.023 13.979 13.934 - O Cladding Inner Radius Total | e
5 © Cladding Duter Radius Total
22 O Fuel Surface Displacement L00Es 02
27 © Fuel Thermal Expansion
eI 16106 24.293 32.392 40.489 48,588 56. 685{% (S Flel Swetng 1.208402
64.783 72.881 80.979 89.077 97.175 105.273 113.370% o pﬂzlgzﬂﬂ';f;‘f"
121.468 129.567 137.664 145.763 153.860 161.959 170.05" © -
178.155 186.252 194.350 202.448 210. 546 218.644 226.74]'" 2 -1.40E+02
234.840 242.938 251.035 259.134 267.231 275.330 283. 42|22 MIN VALUE M7 477
291.526 299.623 307.721 315.819 323.917 332.015 340.11[43 |MAX VALUE 02.5805/ y
348.211 356. 309 364.406 372.505 380. 602 388.701 396, 70[#4 |AXAL PLOTTIME | 1640.222 Time (days )
404.896 412.994 421.091 429.190 437.287 445.386 453.48* 18
461.582 469.679 477.778 485.875 493.973 502.071 510.16[%
e owe mw B o sl o« Code out: Text file and plotting file for excel process
574.953 583.050 591.149 599.246 607.344 615.442 623. 544
631.638 639.736 647.834 655.932 664.029 672.128 680. 224 18 ”
688.324 696.421 704.520 712.617 720.715 728.813 736. 910 8097 sasrss 888 -sssme e 8858 -save‘ -sevm -sesezs -snsm wEw «879 -sass‘s 88.8965 88,9477
745.009 753.107 761.205 769.303 777.400 785.498 793. 5951 16.198 -87.0875 -86.977 -85.9439 -85.9333 -86.9321 -86.9299 -86.5322 -86.5321 -355316 -86.9347 -85.9354 -85.9391 -86.5402 -86.9545 -87.0207
801.694 809.792 817.890 825.988 834.086 842.184 850. 282 24293 BA.SATT BH.B477 828115 BA.7989 BA7973 BA7941 BO7957 847940 BATE4 BATIEE BHTIE5 BATT BT 2.8124 88,8258
858.380 866.477 874.576 882.673 890.772 898 869 906.9653 32392 $5.8721 857447 86706 858933 8569 -85.605 -86.6873 -8.6855 55,0857 -80.6854 86,6847 -8A.6B77 -86.6874 88702 -8A.7787
915. 065 923.163 931.261 939. 359 947.457 55 63. 65]54 40489 $5.7752 -$6.6411 856003 855888 -86.5828 -BA.5TS2 -88.57S2 -88.5783 $6.5767 -$0.5T59 885748 -8B.5778 -86.5769 65919 886722
971.751 979.848 987.947 996. 044 1004.143 1012 240 1020. 338 es 43588 85,8824 855434 85007 -B5.4881 854818 BBATET BO.47T4 BH.4T4E BAATAI B5ATI BAATIT BAATA4 8547 855723
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Bare Zr vs. Cr-Coated Zr (16um)
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PWR vs. NuScale
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r-4vs. SiC (CMC)
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2. Image analysis of hydrided Zircaloy




High burnup nuclear fuel characteristics

@ Thick oxide layer (limited to ~100um)
Steady-state corrosion

* Noload carrying capability, hence effectively ~16% thickness
reduction effect in load carrying capability

* No-oxygen diffusion into Zr matrix in steady-state (~350°C)

*  Oxygen may diffuse into Zr matrix in accident (>1000°C)

Degrading load carrying capability in a limited extent based on the
oxide scale thickness

@ Hydride formation
Hydrogen pick up as a consequence of steady-state corrosion
and following precipitation

* Formation of FCC phase

* Degrades the mechanical strength Zr matrix

hoop stress > threshold stress Hyd ride reorientation
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PROPHET : SNU-developed hydride image analysis code

@) ; Radial Hydride Fraction (RHF)
- | I
o | | RHF = LiLifi
»4Jujhlﬂ%A_ﬂhh!j.mwlhbbmﬂm' Zi Ll
Consider 40~65deg as mixed and 65~90deg as radial 0: OO S 9 < 4‘00: Circumferential
Radial Hydride Fraction : 40.4381% fl — 05 400 S 9 < 6501 mlxed
Total length : 38579, cut length : 35391 1: 650 S 9 < 900: radial
(b) am’ . . .
R Radial Hydride Continuous
' Path (RHCP)

X 0.5
o \j . RHCP = Lwzy — (xzeWzr + XzruWzrn)
L(WZr - WZT‘H)

Use deflection option?

.Claddnglength| e wn O COCUMERAC iies SBEres Relative cost of Zr matrix and hydride:

T = wz, = 50 MPa+/m, Wzry = 1 MPa\/m

0= Minimum cost path consists of

100% Zr matrix (Straight Zr path
Dijkstra’s algorithm: ’ (Straight Zr path)

Finding the least-cost path 1= Minimum cost path consists of
100% ZrH (Straight hydride path)

[D. Kim, D. Kim, D. Woo, Y. Lee, Journal of Nuclear Materials 564 (2022) 153647] 24



PROPHET : SNU-developed hydride image analysis code

(a) < Input data, parameters, and ROI > (b)

Original Image
SR &

| Binarizing and filtering image |

| Hydride detection |
I
< Evaluate RHCP > < Evaluate RHF >
! l
/ Input initial and end area / Calculate cladding surface
angle
| Initialize cost map | l

| Delete hydride junction and

v .
- —, measure angle of each piece to
Firgl e minipm Gasher distinguish radial, mixed,

unrecorded pixel on the map : : :
and record the history of circumferential hydrides

previous pixel l
| Calculate and display RHF |

Allocate cost to adjacent pixels |

Has it reached
the end area?

No

Yes

Back track to get the shortest
path

l

/ Calculate and display RHCP /




PROPHET : SNU-developed hydride image analysis code
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PROPHET : SNU-developed hydride image analysis code

* RHCP assessment of various hydride morphologies

20 wppm / 0.1625 116 prrh / 02756 ‘ 113Awppm

668 wppm / 0.626 307 wppm / 0.7705 186 wppm / 0.8519 83 wppm / 0.94
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PROPHET : SNU-developed hydride image analysis code

* RHF assessment of various hydride morphologies using PROPHET

229 wppm / 0%

233 wppm / 49% 381 wppm / 11.9% 466 wppm / 15.9%

e 5 -~ 4 g R\ " . ¥ &
NG S AR AN

312 wppm /210% 187 wppm / 27.6% 171 wppm / 39.1% 167 wppm / 46.5%
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PROPHET iIs accessible at our website

PROPHET is open to public via http://fuel.snu.ac.kr.

S

Professor Members Research Publications = Press Alumni @

Prof. Youho Lee

Prof. Lee studies nuclear fuel materials, reactor safety, and various solid-fluid interface phenomena in
extreme environments. His research interests include nuclear fuel design and safety, nuclear fuel mechanical
modelling, spent fuel behavior, material compatibility in advanced reactors, material behavior under strong
interaction with fluids, and low-power density reactor.

Prof. Lee received a B.S. from the Korea Advanced Institute of Science and Technology (KAIST) in 2009, and
an M.S. and Ph.D. in nuclear engineering from the Massachusetts Institute of Technology (MIT) in 2011 and
2013, respectively. Prior to joining Seoul National University, he served as an assistant professor at the

Restart

PROPHET ver.2.0.4 () sy negamas prooress

put | RHFOulpen  Longest Radal Mydrice | RNCP Output

> | 4, Set Standard Line 5. Calculate RHF

3. Hydride Detection

1. Upload image

Image Resolution To Calculate RHCP=> | 4. Set Cladding Region | Bin image

.......

Statistical nature of image analysis:
For both RHF and RHCP, the results in four directions were averaged and used.

RHF : 8.12%

9.5mm

T II"

&K D

IFFrTFs

7mm

<Cladding tube>

RHF : 7.58%

<working screen of PROPHET>

RHF : 6.89%

RHF : 8.03%

<Average RHF : 7.65%>
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Hydride reorientation

¥ Total data points : 92
18 © o 00 o Reoriented (2% < RHF) .
% No-reoriented (2% > RHF)
L (@ o o |
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Hoop stress [MPa]

<Hydride reorientation with regard to hydrogen contents and

rod internal pressure>

* Hydride reorientation occurs with P; >9.32 MPa
(>73.3 MPa of hoop stress).

* The slightly early reorientation is considered due to the

multi-stress state and constant pressure.

17.96 MPa, 206.9 wppm, 46.01%

\¢ o

10.8 MPa, 1023.6 wppm, 3.13%
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Structural integrity with various hydride morphologies

Internal pressure (MPa)
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<Strain Energy Density (SED) of various hydride
morphologies induced by various H concentration

and applied pressure >

Hoop stress (MPa)

0.35

10.3
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o
—_
(&3]

= 0.1

0.05

SED (kJ/m)
SED (kJ/m)

0.45

0.40 !
0.35 -
0.30 !
0.25 !
0.20 !
0.15 !
0.10 !

0.05

0.00

O 14.5MPa<P<15.5MPa
A 17.5MPa <P < 18.5 MPa

O P <9.32 MPa (below threshold)

800 1000

H concentration (wppm)

<SED change with H concentration along
Region O (below reorientation threshold)

* Hydrogen concentration is a key parameter for Zircaloy without hydride reorientation.

1200

and Region 2 (well above reorientation threshold)>

* With a presence of appreciable radial hydrides, the strength exhibits a complex behavior:

Increasing H concentration is shown to increase SED (i.e., Region 2)
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Beneficial effect of circumferential hydrides

--

143.7 wppm / 18 MPa RHCP=0.902 SED=4 J/m RHF = 47.3%

--

522.4 wppm / 18 MPa / 0.012 kJ/m RHCP =0.883 SED=12J/m RHF = 15.9%

<OM, RHF, RHCP images for applied pressure of 18 MPa: (a) low total hydrogen case of 143.7
wppm, (b) high total hydrogen case of 522.4 wppm>




Mechanisms of circumferential hydride-aided strength

S =

Circumferential hydrides do not affect

RHCP (a-1) < RHCP (a-2)

LT
=l

distribution of radial hydrides
<ldeal case: introduction of circumferential hydrides without
affecting radial hydrides>

H} S

Circumferential hydrides reduce ( \
connectivity of radial hydrides

1 ﬁ RHCP (b-1) = RHCP (b-2) ( ‘ s

“net effect”
Beneficial effect of

-,
AL
C
@}’ 7, }26 A I 6 *
% e, Y~ <O X
R SSONPHL St
P 7 > N Co eé'
7 N é{\
’ S .
s N
7 N
e S
P N

<Real case: introduction of circumferential hydrides decrease
radial hydride connectivity>

v

Circumferential hydride amount
(in the presence of radial hydrides)

<Schematic diagram of two competing
mechanisms of circumferential hydrides

on SED in the presence of radial hydrides >

Effect of increasing circumferential hydrides in the presence of radial hydrides:

@D: Increasing embrittlement (strength { )

(2: Decreasing radial hydride connectivity (strength 1)
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RHF (>5%) is a powerful metric

SED [kJ/m]

o9

RHF=5% — — — RHF>5% Exponential Fitting

O bem———————

O
%G@®4 OO .m0 @n
10 15 20 25 30 35 40 45
RHF [%]

<SED change with RHF>

50
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Predictability of SED with H concentration and RHCP

SED [kJ/m]
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<SED vs. H Concentration>
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<SED vs. RHCP>

 For RHF < 5%, H concentration plays a predominant role in determining SED.

 RHCP alone presents limited accuracy in predicting SED.
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Maximum radial hydride length is another powerful metric

04 T T T T T 300 T T T T T T T T T
O H concentration < 650 wppm
035 O  H concentration > 650 wppm -E- o) o
=250
4]
03 2
k4
£ 200 o]
025} =
E 5 0
= @ Q)
= 027 5 150 | o) Q
Q c O 0 )
» ) S 8 o
0.15 5 % 8 %o @)
£ 100 ¢ % 8 o
01+ = O O
@]
£ PR
X 501 OfF
- (] X
0.05 S B3 O
0 0 - L L 1 1 L L L L
0 150 250 0 5 10 15 20 25 30 35 40 45 50
Maximum length of radial hydride [m] RHF[%]
<SED vs. Max radial hydride length> < Max radial hydride length vs. RHF>

* Exhibiting a notable correlation with RHF, maximum radial hydride presents a strong
correlation with SED. This is consistent with the principle of fracture mechanics which
states that the brittle fracture occurs by a critical flaw.
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