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Experimental data: -
0O Total swelling defined from measured °—||'I 'Fl'_'aé 7 I t'“ I:él'%
immersion density (Spino et al., 2005).
15 — l ITU data on matrix swelling (Spino et al., 2005). A 7E=l t-“ rgl e

7] Calculation: =
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40PT ZIRLO(tm)

Design Limit

Oxide Thickness (micrometer)
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Clad Corrosion & Design Limit Clad Failure due to Corrosion & Hydride @ ~ 55GWd/MTU
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Typical temperature distribution
(20 kWim) .
Heat flow resistances . . .
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% 280C 4. inner oxidation / bonding => T =T, OooOO
S layer
= . 470c 5. fuel - cladding gap . . . .
_'_5' +  numerous influences @ ~|rrad|at|on tlme
6. fuel
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Easily Removable
Reduced Rod Bow Integrated Top Nozzle
Top Inconel Grid
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Conformal Spring&Dimple |=> OE':'I—]'*J% -‘g:*o" MiXing Vane
= Rod Bow X Z
= Easily Removable C|X}2I

=

@ ~irradiation time
> 52 B4, W Hof

High Seismic Mixing
Vane ZIRLO™ Mid Grid

High Burnup
ZIRLO™
Fuel Rod

Debris Filtering Debris Filtering

Bottom Inconel Grid / Bottom Nozzle
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Improved Reaction Kinetics with Steam

.

02. ATF &t

o
ATF7/l2 Sl s =258 e

Nuclear Energy

Fuels with enhanced accident tolerance are those that, in comparison with the standard
UO,—- Zr system, can tolerate loss of active cooling in the core for a considerably longer

time period (depending on the LWR system and accident scenario) while maintaining or
improving the fuel performance during normal operations.

Improved Cladding Properties
+ Resilience to clad fracture
Robust geometric stability
Thermal shock resistance

Decreased heat of oxidation
Lower oxidation rate
Reduced hydrogen production

(or other combustible gases) Higher cladding melt temperature
Reduced hydrogen Enhanced Minimized fuel - cladding
embrittlement of cladding Tolerance to Loss interactions

Improved Fuel Properties of Active Core Enhanced Retention
Lower fuel operating Cooling of Fission Products

» Gaseous fission products
« Solid/liquid fission products

temperatures
Minimized cladding internal oxidation
Minimized fuel relocation/dispersion
Higher fuel melt temperature

3

) - Korea Atomic Energy
%“ﬁﬁ‘?.!’ﬂﬁ:r‘-?- ((Z.AERI Research Institute




02. ATF 7|=7|{'& sigh

B 7 st Aol 7| =7 SZ (Ataxs Stato S

Coated Zr-alloy

Zr D=2 FHO|| Ao} 2X|eF A8 o
Metal-alloy, Max phase, oxides, ODS-layer =

ot=, O|=, T2, 20},
=

Advanced Steels
(FeCrAl)

LH &t} FeCrAl AXY 71
LAl D2 FeCrAl-ODS XY 71 gt

ot=, O|=, 2=, 2{A[O

Ceramic Claddings
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U.S. DEPARTMENT OF

ENERGY Industry-led Development of ATF

Nuclear Energy Concepts
/ Framatome \ / General Electric \ / Westinghouse \

— Cr-coated M5 — Coated Zr cladding — Cr-coated Zirlo
cladding — Iron-based cladding cladding

— Doped UO, for (FeCrAl) — SiC cladding
improved thermal — ODS variants for — Silicide fuel with
conductivity and improved strength improved thermal
performance conductivity and

—  SiC cladding % . high density
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% Coated (Cr, Cr-alloy, AMOR) Zr cladding (PWR)
» Framatome, Westinghouse, GE-GNF, Rosatom, CN, KO
<+ ASHM(EHEE ) UO,: Framatome, Westinghouse, CN, KO
% Fe-base cladding (BWR) : GE-GNF, Rosatom, JP, CN, KO

ATF Stakeholder Collaboration
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Bl TH7| M8 ATF 7|= CfH| =2 s Hdc dig =%

% Coated Zr cladding, inner coating : Framatome, CEA, Mitsubish, CN, KO

% SiC cladding, channel box : Framatome, CEA, General Atomics, ORNL, INL, Hitachi, CN, KO
% Fe-base cladding, FeCrAl-ODS : GE/GNF, JAEA, Hitachi, Toshiba, CN, KO

% Fuel pellet with improved thermal conductivity : Framatome, Westinghouse, INL, CN, KO
% High U density pellet : Westinghsoue, LANL, INL, KTH, USTA, Rensselaer, CN, KO

% Accident Tolerant Control Rod : CRIEPI, Framatome, Westinghouse, Rosatome, CN, KO

ADOPT™ Pellets Uranium Nitride
(UN) Pellets

* <Cr-variant pellet with
high thermal conductivity,
Framatome>

R ‘""5& e et
I A }}I
\ol1 . SR

=,

N

Amorphous

<U,Si, pellet, LANL>

] e -i
] -

high thermal conductivity,

; : -- Westinghouse>

NS . <CrNCr-doped UN pellet, ) _
sz <SIGA™SIC composite, GA> KTH/Rensselaer> Som e
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Ceramic (SiC) cladding : Westinghouse, Framotome, JP, CN, KO
High density pellets : Westinghouse, Rosatom

Alternative metal tube(FeCrNiMo) : Rosatom, KO

FeCrAl - ODS : JP

Innovative concepts: All ?

+ Surface
Monolith CVD SiC (~100 um) Coatl ng

SICySiC Composite (300 - 500 um)

e

*

J/
0‘0

e

*

J/
0‘0

SiC Composite LWR Fuel Cladding

Monolith CVD SiC (300 - 500 um)
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Bl ATF 7|=2 H ZHOo|ME He 20| 7t

® Improved fuel cycle efficiencies:
« Improved cladding performance

« Potential increased burnups
* Enables increased enrichments
« Potentially yields longer cycle lengths

« Reduced waste generation and costs

® EPRI Burnup/Enrichment Workshop:
« Phased approach 62 to 65 to 75 GWD/MTU
« ATF enabling higher burnups that enables cost

effective use of increased enrichments
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« Surface Modified Zr

v Cr, CrAl, FeCrAl coated Zr «

v b §|‘% 2 A %:!' §|-(ODS) = Surf‘lecoating
« Ceramic (SiC) cladding e

»
° Metal_ceramic hybrid Cr, Cr-alloy, FeCrAl/Cr etc.
e ATF 2ZH i T‘

- . Zr Y,0, ODS-Zr
Microcell-, Microplate- UO, O —
H ig h density pel Iets Corrosion/oxidation resistance
Composite pellets

Microcell-wall (metal or oxide phase)

vo,
vo,
7607,
A\.Ii\.li\ / 4 \
Microcells Microcell
Microcell UO, pellet A
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Corrosion (PWR-simulation loop) — Creep (at 400°C) _

100 00 50
5 CrAl coated sample by arc ion plating FeCrAl/Cr coated sample by 3D laser coating
~

£ Uncoated sample £ b
o 80 = 5 804 _ a0l Il N f
g g E ¢’ @% | I

- 60 : ° - 60 Uncoated sample| = T « 7 s
= o ° £ ° g 30} 1| & o 3
(0] Coated samples o @ @ o4 N

40 ° O 404 = 24 @
S 5 = = = (=] © - ca\oY 3
= i b= = ated saﬁ\ples - = ° 1ed AT
=) ° . =) | m 20F 1|l @ 42N 02 §
D 0] o ° o D 40l v ] = € > AN g 2
=" g . o0 PR == |8+
, . ®® %10l Y e 1E ] e
0 T 0 - . . . - - = S eaa——
30 60 90 120 150 180 210 /240 2 60 90 120 150 18 ! + /
Exposure Time, day Exposure Time, day o i 0 - - - - -
0 2x10 4x10 6x10 8x10° 1x10 0 200 400 600 800 1000
Number of cycles Test Time, h

HT performance (semi-integral LOCA)

CrAl coated Zry-4 cladding by arc ion plating

As welded

CrAl layer

Un oxidized Zry-4
(prior f)

High temperature test;
- oxidized at 1200°C for 3000 s in steam
- water quenched at 800°C

As corroded for 120 day : Zr0,

&
a-Zr(0)

CrAl coated ¢ End cap

2000
| —
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Halen G112 HAAS

Assessment of the KAERI rods irradiated in IFA-790
~ ~ m -I
I—— J~5 MWd/ng (~135 FPD) I| 2 AT E 9

R EE R hlLIkl o

o Lot & 2t I

SR VO N (W W W o

i y A 15t interim inspection (cont.)
" — T ——

LTl QTR

== CEA/EDF pos. 2 im‘lluuluﬁlnulm’ulunluzlmnluﬁluuh
unluﬂuuhm,unluﬂlmlllmhuhmlunluﬁluul.

_ ———

\hl Muvm

= o % = o Figure 1 - Pow the lower and upper cluster, as functiop of time at
power (ie. the shatdown tme is not occounted for). The overalltime at power has
e ot or - s oe  been 350 days. As one can notice, the power in the two clusters is opproximately

e same, as the clusters are positioned symmetrically with respect to the axial
1 2 3 4 5 6 peak position. The rod-to-rod power scatter is small, especially in the lower cluster
. i 2 s KAER! pos. 4
= IFA-790 in the Halden reactor, entailing about 360 days of operation at power. O s AT O O O i
. . . . . . . tunh
= The average burn-up achieved during this time period is approximately P O PR R

16.2MWd/kgM
= All 12 rods in IFA-790, including the KAERI rods, have operated normally and

without any indication of failure. KAERI pos. 2

T ~16 MWd/kgU (360 EFPD) ;
EI %Jll:l- aﬁg E!-?_I CLADDING . Test rods

General core map Sisighauns
. . — Segment CEAAREVA KAERI . ORNL EPRI Ref.
- CrAl coated Z|rca|oy by AlIP Target operating conditions | . .= s 2007 Rt Rl | Bed3 N N T

Top Li~8pm

and instrumentation Ll P wozae [ zy4

- FeCrAl coated Zircaloy by 3DP _ - Gty starta, - 14K ALER [0 | | ] | " [ | o

The irradiation will last for 4-5 years with a Bonmd | Zotsm | oo e ~
target burn-up of ~ 40 MWdikg UO,, with a PEmE | coFeco ol sl

target linear heat rate of 25 kWim. Solop M7 m G ,'Z:;c';“""

FeCiAk2 MoZi2 6Nb Zy4

The water chemistry is 4.6 ppm Li with boron
addition aimed at maintaining a pH300 of ~7.3.

Assembly instrumentation

+ 3 et thermocouples

+ 3 outlet thermocouples

3 downcomer thermocouples

+ 4Rh(+1V) neutron detectors at four different elevations 100 mm ac
fnel stack

Rod instrumentation
ation (EC) on FeCrAl rod

*  cladding

+  Grods > 5 segmented (4 segments)
100 mm active fuel stack
Suelled with ~7.3 wi%s enrichment UO,

IF2
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Thermal conductivity of ATF pellet trial-product

-

O o

AR

ATF pellet oxidation test

8 . - . . )
= —m— ATF pellet trial-product (UO,+3 vol% Mo) Pellet trial-product
-_E._ 7k —@— U0, pellet a
= | Pellet structure
> 6F - L ) integrity
3 . » preservation
T 5r T
S
© Thermal conductivity
g 4r ~1.6 times increase |
(@]
® il
E
o ?r b
=
P 1 1 1 1 1 1
200 400 600 800 1000 1200 o
Temperature(°C) e oy
ATF pellet melting test

—— o, )10 MP;
..... - procnt
s ®
3
1
g . £ s
integrity H £
preservation % T S
G, _’_,""
No interaction st DY AP
btw UOZ-MO Pellot bumup (derkgu) Pellet burmup (MWdikgU)
ATF pellet § —w i,
melting test g gt e = Oiohenod
using i) T T2 %7 t gm [T ————
. . g - = I a MATPRO sweling model
induction i i g ) s e
heating E- i £ l §= i i
: - i 1, e ¥
S S Pl § oo
10 2 ’ ’
Pellet burnup (MWdkgU)
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E) Halen

HPLZ AL

AR HAAAH

Irradiation test power history e
0.001 MWd‘kg(BUA)

IFA-790 ALHR versus operation time

To 2018-02-2 215
16.258 MWd‘kq (BUA)

Upper cluster rods, kW/m
o

fecroyicy

R&I 7 %uo2 ef)

la0%Th)

" —8—£Rad8 1UO, § 2 vol% SiO-Ti ;
i —9—{Rqgi9 §7%Th) Rod /25%Th) 1 |
0 . - : S . i S { i : 8 P \
0 25 50 75 100 125 150 175 200 225 250 275 300 325 350 375
Fuel centerline temperature
1500+ ; ; ; : ; ; : : ; ; ; ; ;
—7-Rod7 (UO, (ref)) —3—Rod9 (7%Th) 5" Rod 12 (25%Th)
—8— Rod 8 (UO, + 2 vol% SiO-TiO,) ~0— Rod 10 (40%Th) A— Rod 11 (UO, + 5 vol% Cr)
1400
UO, (ref.)
3300 ; i
Q.
E
3200 y
8 i
S100
g N\--20%
o
=
141000
900 " —————_
- 5% Cr metallic microcell
0 25 50 /5 100 125 150 175 2 ) 375
Operation time, days
ol @

> ~16 MWd/kgU (~360 EFPD) 2ZX| =

MeE XNz Y

45 ME

Fuel rod internal pressure

N
o

(%)

Cr-microcell

Al Tt

Rod internal pressure (bar)

21 1

Hulden :rrad:at:an data (IFA 790} ‘ U OZ (ref ) ]

—r

i F }Fﬁf?

5% Cr metallic microcell ]

17h o, peret ref) ] ———

Cr metallic microcell peliet

16

0 2 4 6 8 10 12 14 16

Averaged burnup (MWd/kgU)

Fuel temperature decrease

Online data of Halden irradiation test (Thor Energy consortium)
Fuel centerline temperature difference between UO} and Cr-microcell

20F QO@)OOO OCO Oo‘x’%%ooooooo
o2

10

Average burnup ~16.2 MWd/kgM
0 1 1 1 1 1 1 1

0 50 100 150 200 250 300 350
Operation time (days)

2 & xto| S| ol

o
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Rod Average Burnup = 0 MW dikgU

N4

Pellet Centerline Temperature {K)

4 ----Ref.
_:I Rod Intemal Pressure
& '
=3 H
£
= 4
E i

‘-\1 ... CoolantPressure
30 80 80 100 120 140 180 180 200 220 240
Time (sec)
Rod Average Burnup = 0 MW dikgU
- Ref.
S Radial Gap Thickness
% o4 75
g : Gap Close
; l‘ : 2"] ';: 3 !‘
Time (sec)
Sl orHei 7L

Cladding Hoop Strain (%)

7t

=AF(LOCA) Y

U ALD 2tz g1t

Rod Average Burnup = 0 MW d/kgU

Node 11

-Ref.

Reduced Pellet Temp. |=—at¢

Fuel Burnup

-& - Ref. —e— BOL
—e—ATF —a— MOL|
—o— EOL

Cladging Hoop Strain

- - - ---B-

.
60 80 100 120 140 160 180 200 220 240
Time (sec)

Z 1AL (BDBA)

BDBA: £ Al =

PCT (K)

PCT (K)

=4 o 4

oM Afn2te} 2t

3000 o=
TMI-2 Accident —-7r4
, [===CrAl_coated
2000 - Zircaloy melting [
1000 PORY closed
@t=139min
RCP 2B activ.
@t=174min
HPSTacty,
@t=200mir
0 T T T T
0 50 100 150 200
Time (min)
3000
-
L]
SBO |
. L L]
2000 4 Zircaloy melting l
— - 714
= CrAl coated
1000 +
EEm— \ Turbine Driven Auxiliary
SG Level Low Feedwater Pump (1/2) ON
0 . . y . r
4000 6000 8000 10000
Time (s)
)
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https://www.nrc.gov/reactors/atf.html

EY What is Accident Tolerant Fuel?

* Accident tolerant fuels (ATF) are a set of new technologies that have the potential to enhance

safety at U.S. nuclear power plants by offering better performance during normal operation,
transient conditions, and accident scenarios.

* On January 14, 2019, the President signed the Nuclear Energy Innovation and Modernization Act

(NEIMA). NEIMA, Section 107, "Commission Report On Accident Tolerant Fuel," which provides
a definition of ATF as a new technology that:

v" makes an existing commercial nuclear reactor more resistant to a nuclear incident (as
defined in section 11 of the Atomic Energy Act of 1954 (42 U.S.C. 2014)); and

v’ lowers the cost of electricity over the licensed lifetime of an existing commercial nuclear
reactor.

e ; Korea Atomic Energy
=] A
=1 hog B=te] . Lo B = /KAERI Research Institute
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EY What is the NRC's Role?

* The NRC's role with ATF is to review the new fuel technologies and their associated enrichment,
fabrication, transportation, and storage aspects to ensure that they maintain public health and
safety when implemented by NRC licensees.

-_I-l-o:l (=]

https://www.nrc.gov/reactors/atf.html

* The NRC reviews the technologies against all applicable guidance, available data, and past
precedent applications to determine if the new fuel design continues to meet the NRC's

regulations.

Key U.S. ATF Fuel Milestones

SNC Hatch: @ Coated Cladding
GE/GNF @ IronClad
@ Enhanced UO, Fuel
SNC Vogtle: @ High Density Fuel
F @ High Bumnup LUA
+ Loadings
é é g + Loadings & Removal
Exelon Byron:
Exelon Clmton % @ g
Entergx ANO-1: . . .
Exelon Limerick:
Xcel Monticello: . . .
(F, t € o
L 1 1 1 1 1 1 | | 1
2018 2019 2020 2021 2022 2023 2024 2025 2026 2027
* USNRC
—~)
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Bl Accident Tolerant Fuel Technologies

Coated Cladding

Coated cladding is one of the
three near-term technologies
being pursued by nuclear fuel
vendors.

Image showing the internals of a
nuclear reactor and the thin
layer of Chromium on the
outside of the fuel rod.

Following advantages:
v' Enhanced protection of fuel
rods against debris fretting
v/ Oxidation resistance and
superior material behavior over
a range of conditions

The NRC Activities; This PIRT
report was then used to develop
interim staff guidance

solZotsoinE

Doped Pellets

Doped pellets is one of the
three near-term technologies
Possible advantages of "doped"
pellets over existing designs

include:

v" Reduced rigidity of the fuel
pellet to reduce the risk of
cladding damage

v" Increased ceramic grain size to
promote fission gas retention

Doped pellets have already
been approved by the NRC for
boiling water reactors
Westinghouse and Framatome
are currently developing doped
pellets for pressurized water
reactors

https://www.nrc.gov/reactors/atf.html

4

FeCrAl Cladding

Iron-Chromium-Aluminum
(FeCrAl) cladding is one of the
three near-term technologies
The possible advantages of
FeCrAl cladding are:
v"  Improved high-temperature
steam oxidation
v" Improved strength at normal
operating conditions and high-
temperature accident
conditions
v" Improved normal operation
corrosion performance and no
hydrides
Lead test assemblies containing
FeCrAl cladding have been
inserted into U.S. power

reactors. —~)
Korea Atomic Energy
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**Innovative concepts (multi-hybrid materials)

Corrosion Strength

Physical property 900-1400°C steam condition

Manufacturing 1500 1400 &?me:a;:e[ﬂm 1000 ggg
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