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Outline

* Introduction to CRUD?
* Simulating CRUD's Effects on Fuel Performance
* Validation & Coupling Activities

* Experimental Thrusts
— CRUD Resistant Materials

— PWR CRUD loop Construction

1Chalk River Unidentified Deposits
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CRUD: Porous Corrosion Product Deposition

Problem Definition

* Reactor internals corrode,
releasing products into
coolant

* Sub-cooled boiling creates
porous deposits

* Boric acid in coolant hides
out in CRUD pores

Effects on Plant

* CRUD-Induced Power
Shift (CIPS) due to boron

* CRUD-Induced Localized
Corrosion (CILC) due to
degraded heat transfer

LY
------

* Increased worker dose
due to CRUD activation

.‘—.,‘,.:.__:__‘ U.S. DEPARTMENT OF

" ENERGY

Images: D. Wells. “EPRI Chemistry and Radiation Management PWR Primary Water Chemistry Guidelines Revision Nuclear Energy
Project Updates — Optimized Fuel Crud and SRMP Revision.” EPRI P-TAC Summer Meeting, Atlanta, GA, 8/29/2012.



The Anatomy of CRUD

Porous CRUD precipitates underneath bubble

Nucleation site Evaporation under

bubble causes precipitation

, : . ‘.‘» '..\‘ ‘ "." .'. : : ; ‘ '}ﬁ :'.:‘. ‘:
Images: J. Deshon. “PWR Axial Offset Anomaly (AOA) Guidelines, Rev. 1.” EPRI Technical Report #1008102, p. 51 (2004).

Major Features

Consortium for Advanced Simulation of LWRs

Porous deposits on upper
spans of fuel rods

Skeleton of (Ni, Fe, Cr, Zn, Zr)
oxides from steam generator,
reactor internals

Boiling chimneys from bubbles
1-100 pum thick

Solubles (LiBO,, Li,B,0;, B,0,...)
precipitate in the pores
Side View
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The CASL Approach to Multiscale Materials
Modeling: CRUD as an lllustrative Example

* Top-Down Approach

* Ultimate Goal: 3D Engineering Framework (MAMBA)

— Predict:
— CRUD thickness

— Peak cad temperature

- Boron loading

— Couple to fuel performance codes

* High-Fidelity Info from the Mesoscale (MAMBA-BDM)
— Finer level of granularity
— Couples CRUD to cladding corrosion
— Same parameters at MAMBA
- Higher computational cost

* Filling in the Details: Atomistics & Thermodynamics
- ldentify & compute missing fundamental data
— Pass info up to MAMBA-BDM, such as:

— NiO cluster formation

-‘ U.S. DEPARTMENT OF

— Species-dependent boron compound precipitation L (17, ENERGY

- Thermodynamic phase stability ~ Nuclear Energy




side view

: | Boiling Chimneys |

10 — 400 cm

100 — 200 microns

L e
ErPRI | .,

— MPO Advanced Materials/Boron Analyzer

— Examines CRUD buildup on upper spans of core
— Node size: ~1cm x ~10pm (pancake shaped) ENERGY

Nuclear Energy




Engineering Scale: MAMBA Framework

time= 200.0 (days)

400

Z (cm)

e 400
0.72
0.675
0.63
0.585
0.54
0.495
0.45
0.405
0.36
0.315
0.27
0.225
11 fo1s
0.135
0.0901
0.0451
0.0001

Z (cm)

r (microns)

— Empirical or physics-based relations for key phenomena
— Boiling rate, CRUD skeleton growth, soluble precipitation

— Soluble precipitation is binary in nature (fills pores)

time= 400.00 (days)

r (microns)

0.72
0.675
0.63
0.585
0.54
0.495
0.45
0.405
0.36
0.315
0.27
0.225
0.18
0.135
0.0901
0.0451
0.0001

. U.S. DEPARTMENT OF
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Engineering Scale: MAMBA Framework

time= 200.0 (days) time= 400.0 (days)
400~ e _ 400~ e _
Boiling heat | B 605
power density _ ':
300 (Wiecm?) — e 3004 k
] Te+04 ] ]
5 200 11 E 200—: \ k
N N ] ]
le+04 ]
] i Boiling region |
100 Coolant Tt 1004 moves away |
] Flow 1N, .. from clad as |
- ] CRUD fills with
0: .................. ] | 1er03 05 ' .N.'F.e.294 & I"2B407
0 100 200 0 l(l)O 200
r (microns) r (microns)

— Boiling region moves as CRUD pores fill w/ precipitates
— Cladding heats up as boiling heat removal departs .
- ThIS can Iead tO CIPS & CILC e Nuclear Energy




Engineering Scale: Limitations

Consortium for Advanced Simulation of LWRs

time= 400.00 (days)

400 °C
] 460

400
385
370
355

w  GAP!

325

310

295

280

0 100 200

r (microns)

— Can’t address CRUD microstructure
— Too computationally intense for full core simulation

— Lower fidelity for key parameters (peak clad temp.)

— Higher accuracy required to address corrosion risk

U.S. DEPARTMENT OF

ENERGY
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T K
Coolant v_f (mm/s)
' 631.964 0,163
[_coolant —
ty I_symmetric
[_chimney Q
I clad
q
Clad
— Addresses fine details of CRUD microstructure =

— Pore size distribution, boiling chimneys, multiple chemical species

— Fully coupled distributions & material properties
— More computationally intense, but it's worth it!!!

CASL-U-2015-0109-000



Precipitation
Prediction
HBO2(s)

HMOOSE

3D Single
Chimney

— Written in INL’'s MOOSE framework, geometry/dimension
agnostic, highly parallelizable

— Allows rapid treatment of many types of problems J7A) U.3, DEPARTMENT oF

" ENERGY

— Single chimneys, regular arrays, real CRUD microstructure... Nuclear Energy



Micro/Meso: 2D Results

Simulation Parameters:
Clad heat flux =1 MW/m?
T =600 K

coolant

P =15.5 MPa

coolant
Skeletal porosity = 50%
I:H3BO3]cooIant = 1200 ppm

h =12,000 Wim’K

conv,CRUD-coolant

Boiling chimney maintains T__

|
E

~620

Hot spot on cladding, away from
chimney

(o)
— T
~
O
G

— Peak clad temperature at cladding, away from boiling

— Heat transferred by both conduction & convection

5%, U.S. DEPARTMENT OF

(7 ENERGY

— Wick boiling assumed at CRUD/chimney interface

Nuclear Energy




Micro/Meso: Modeling Real 3D CRUD

Acquire Microstructure Extract Boundaries Create CRUD Mesh

| 7 A
10 um ' U O
s o QOD{:/\: 09 .
.E_';_ 9 -|v, 3 9
Rs ¥ o) )7 9%5 7 o)
A8 A 5 QQ 0 < 6
’ -r‘:‘.‘ L ., D a DG f
) | Q © O
Roollg & Ok RN cQ
e B ey S 2. (0 g
J. Deshon. “PWR Axial Offset Anomaly
(AOA) Guidelines, Rev. 1.” EPRI Tech.

Report #1008102, p. 51 (2004).

Develop Separate Physical Model
Vs

AN
Image: http://lwww.reptilienzoonockalm.at/Tierbestand.htm

— Use image processing techniques on plant CRUD
— Apply MAMBA-BDM models on new mesh
— Map boundary conditions appropriately, run!

Simulate Real Microstructure

Temp. (K)
639.7

630

620
6164

“» U.S. DEPARTMENT OF
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Peak Clad Temp.

/

Clad Temp. (K)
639.7

630

620
616.4

HMOOSE
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Coolant

Precipitation
Prediction

HBOZ2(s)
]

HMHMOOSE



S A

T | No Convection 25um Importance increases with
635 1 \ ——— With Convection 25um| . .
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Distance from Cladding (mm)

— Convection is non-negligible for tight spaced chimneys
— Can change peak clad temp. by 2K, corrosion rate by 10-15%

U.S. DEPARTMENT OF

— Realistic case for plant & synthetic CRUD ) ENERGY

Nuclear Energy



Micro/Meso: Effect of Reallldeal Geometry ;

. E
i

CRUD Thickness vs. 3D/2D Peak Temperature Difference

4.5
4
3.5

4l \ Balanced |
25 | ance /

Thin CRUD \ effects /
2| can't boil \ / Thick
1.5 | off heat \ \_// CRUD
05 insulates
0 T T T T T T 1

(3D - 2D) Peak Temp. Difference (Kelvin)

0 1 2 3 4 5 6 7
CRUD Thickness (microns) x10

— 2D case: Idealized geometry
— Revolved cylinder, symmetric boundary conditions

— 3D case: Real geometry NERG
— Slah with corners, periodic boundary conditions car Ene
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Micro/Mesoscale: Limitations

Clad Temp. (K)
639.7

| léSO
Bl

1620

5 Y

— Fundamental data haven’t been computed
—  k..nq Of NiFe,0,, solubility of Li,B,0,, (Ni-Fe-Cr-Zn-O) phase stability

— Without this data, MAMBA-BDM can’t capture the full @&

complexity of CRUD, can’t make true predictions



Upscaling: Microscale to Engineering Scale

Tmax_BDM - Tmax_ MAMBA (K)
40

30

20

10

0
50
100 10
150 50 crubp
Chimney Density (#/cm?2/1074) Thickness (pm)

— MAMBA & MAMBA-BDM run with identical parameters

— ldentifies regions of parity, and where microscale input is required

— Pre-computed lookup table most likely, with P us perarmuen oc

"/ENERGY
on-demand MAMBA-BDM as backup/sanity check ~ Nuclear Energy




Validation: Microscale

crug et
Rod | TC | Thickness
| Conductivity
EPRI Report #1022896 (microns) ottt
u 110 1 &6 0.4130
— Measured effective thermal TN FT T e
conductivity of synthetic n T w 10
CRUD ui | 2 43 03450
111 3 46 0.31.20
111 4 42 0.3110
112 1 61 NA
= Showed very low values o = v
12 | 3 58 0.3840
compared to MAMBA-BDM w o] @ m
116 1 99 NA
Ref This Models Experiments 16 | 2] 66 NA
Wk [0 [ 1| D | @ [l oo
Kegr 0.519 - | 0.82- uz [ 1| 10 A
[%‘:} 504 | 440 | 2.29 139 182 P - "~
*Boiling cases (rods 110-117) used 11—
E} F'H:znétBé|GN£?e,:-S,;; ngé: Jé ﬂ?:?f :335_%]; I(Z%Iﬁ) Des. 99:317-3217, (1987). [3] J. Deshon. Simulated fuel crud thermal conductivity
X Bt g T : o . measurements under pressurized water reactor conditions.
[4] J. L. Uhle. Boiling Heat Transfer Characteristics of Steam Generator Technical Report 1022896, EPRI, October 2011,

— Comparison of effective thermal conductivity
— MAMBA-BDM overestimates compared to data

1< U.S. DEPARTMENT OF

~ ENERGY

Nuclear Energy

— Two-phase fluid would correct this, more realistic
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— MAMBA coupled to DeCART (neutronics) & StarCCM+ (CFD)

Turbulent kinetic energy enhanced CRUD erosion

Positive feedback between CRUD temperature & deposition PP U.s. DEPARTHENT oF
zu, 'ENERGY
Negative feedback between boron buildup & power level Nuclear Energy




Linking CRUD and Corrosion

stress [MPa]

200
° .
0 : &
- e
° .
200 %y SN s
-400
600 ASF
-800 -..—"' Cﬂg’ (o in-plane
QW e  out-of-plane
-1,000 &L s ‘ P .
- | = = = predicted in-plane |

0 10 20 30 40 50 60 70 80
distance from the metal/oxide interface [um]

tetragonal phase fraction [%]

0 10 20 30 40 560 60 70
distance from the metal/oxide interface [um]

Start from Zr-O phase diagram (from CASL)
— Back out O diffusion coefficients in Zr, ZrO, ZrO,

Consortium for Advanced Simulation of LWRs

Ttranal Zr2

Zircaloy metal

Images: M. Preuss et al. “Studies

Regarding Corrosion Mechanisms
in Zirconium Alloys.” J. ASTM Int.
8(9):1-23, 2011.

>, U.S. DEPARTMENT OF

— Develop pseudo phase field model to track oxidation ") ENERGY

— Incorporate stress in monoclinic/tetragonal phase change

Nuclear Energy




Diffusivity (m*2/s)

Hognose Uses CASL Atomistic Data!

Consortium for Advanced Simulation of LWRs

M. Youssef, B. Yildiz.
LO0E0S Modeling of Oxygen
1.00E-016 Transport in Zirconium
1.00E-017 P Oxide. CASL Atomistic Data.
1.00E-018
1.00E-019
1.00E-020 w 1400 1 T ." ! T T I 1
1.00E-021 : : ; : . . . i
0 02 5 075 1 1% 15 17 2 1200 B | [ o
o Solid Solution |
en Concentration x in ZrOx
|
) 1000 |- :,F I
A 0210,
E] +
g 800 - — . %
IE / W\ 20y, | z'?m ﬁ'-flﬂ
600 | &-Zr0 a-Zr,
200 b &-Zry
Diffusion Coefficient in\zZrO2 at 800 K * ' :
L00E-17 0 04 05 06 07
[ i CASL Data Atomic fraction O
M Fitted Spline

B, Puchala, J. Thomas, A. Van der Ven.
“First-principles prediction of corrosion
processes in extreme Environments.”
CASL Telecon, 2012-12-06

1.00E-18

Diffusion Coefficient (m”2/s)

1.00E-19 I S S S S S S S S S ST S S R )
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55

< U.S. DEPARTMENT OF

ZrOx Concentration o \ E N ERGY
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Self-Diffusion of Oxygen in ZrO,

D, = Z concentration X migration
d

efects

L

N

- Defect formation free energy
computed using Density
Functional Theory.

- Concentration was determined
by imposing the charge
neutrality condition.

Migration barriers computed
using the Climbing Image
Nudged Elastic Band Method

._ U.S. DEPARTMENT OF
\”/ENERGY

Nuclear Energy




Iogm[D] (per ZrOz)

-7.5¢

Self-Diffusion of Oxygen in ZrO,

Concentrations / Sample Migration Barriers in eV

o
wn

b
wn

'
=~

'
(83

1500 K
Band Gap 4.2 eV

<001> <100>

-1|0 -
log, P, (atm)

M. Youssef, B. Yildiz, Phys.
Rev. B 86, 144109 (2012)

5 0

x 1.24 1.48
VO
' 0.58 0.38
VO
V> 2+ oxygen vacancy
e neutral oxygen
0 vacancy
Vz/i// 4- zirconium vacancy
n, Conduction band
electrons
Py

Valence band holes

1 X U.S. DEPARTMENT OF

(7JENERGY
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Self-Diffusion of Oxygen in ZrO,

Oxygen Self-Diffusivity

T (K
2300 2100 1900 (K) 1700 1500

w
E N xin Zro, i
o —¥— 6x1072
o —&— 107
- 94 —*— 107 -
10"‘1 1.00E-015
—.— 10—5 1.00E-016
'1 0 b 1 U'E' g 1.00E-017 /’-—_-—_
B 10*, Experiment %mmg
11 . . . . E 1.00E-019
0.4 0.45 0.5 0.55 0.6 HOEE WA
1000/T (1/K) s s om 1 im 15 i

Oxygen Concentration x in ZrOx

M. Youssef, B. Yildiz, (in preparation for publication)
Experimental data from: K. Park, D. Olander, J. Electrochem. Soc. 138, ") ENERGY
1155 (1991) Nuclear Energy




Hognose Next Steps

Consortium for Advanced Simulation of LWRs

 WEIGHT GAIN
PARABOLIC

f

PARAB LA 1 SEC TRANSITION

T2 ts —
4 i isll
1 FIRST TRANSITION PI‘EdISt this!!!

Tetragonal Zr2

OXIDATION TIME

Zircaloy metal

Images: M. Preuss et al. “Studies
Regarding Corrosion Mechanisms

in Zirconium Alloys.” J. ASTM Int.
8(9):1-23, 2011.

YOLUME FH!CTION OF TETHAGOHAL PHASE

J. Godlewski, J. P. Gros, M. Lambertin, J. F. Wadier,
and H. Weidinger. Raman spectroscopy study of the
tetragonal-to-monoclinic transition in zirconium
oxide scales and determination of overall oxygen
diffusion by nuclear microanalysis of 0-18. In
Zirconium in the Nuclear Industry: Ninth International
Symposium, 1991.

“% U.S. DEPARTMENT OF
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CANES “» -
wen o EXperimental Goals

e Pre-screen materials at P for possible CRUD resistance

* Test candidate materials at PWR conditions with
simulated CRUD precursors (N10, Fe O,, NiFe O,)

* Slow or stop the growth of CRUD in LWRs

NN N No adsorption
“w_ "y 'y (Fe, Ni) ion attraction, = /7 X 7 ZrC,
adsorption W/ % ,~~ ZrN...
Zirconium Oxide Zirconium Oxide

)

Zircaloy Cladding Zircaloy Cladding

MIT Dept. of Nuclear Science and Engineering Dr. Michael P. Short, 2013

CASL-U-2015-0109-000



Experiments: Different

Substrate Materials

« Sub-cooled boiling for 1hr, 10ppm NiO, Fe,0,
nanoparticles, 1500ppm H,BO,, 5ppm LiOH

* All materials tested grew tenacious CRUD...
except ZrC!

- Al,Q,, Zircaloy-4, diamond like carbon (DLC), TiO,,
Si0, showed strong CRUD-surface bond

— ZrC only had CRUD particles on surface

* CRUD-clad bond examined by dual-beam
SEM/FIB (focused ion beam)



Experiments: Pool Boiling

Data Acquisition

- Test Chamber, Bath
System, PC, UPS

Heater, Sensors

il
Heater and pH

Control Systems

Bath Water Thermometer PH Meter

Top Plate with
opening for sample
Top Rubber Spacer with
opening for sample
Heat Transfer Al Plate
Rubber Spacer
Heater

Middle Plate
Rubber Spacer

Bottom Plate

Sample Thermometer

4 x 1/8" bolts

Support
**[Hold the components Epo

sanwiched in
between with the 4 bolts.]

Lower Flange

/— 4 x bolts

CASL-U-2015-0109-000



Experiments: CRUD on
SIO,, No Bolling (Control)

R
1 um Mag = 10.00 K
FIB Mag = 10.00 KX
FIE Lock Mags = Yes

EHT = 5.00 kv
WO = 5.0mm
FIB Imaging = SEM

Signal A = SE2
Signal B = ESB
Width = B0.02 prm

L "

Mag = 50.00 KX

FIB Mag = 50.00 kX
FIBE Lock Mags = Yes

- e
EHT = 5.00 kv
WD = 50mm

FIB Imaging = SEM

- £
Signal & = SE2
Signal B = ESBE
Width = 12.00 um

Tilt Carrn. = On
Tilt Angle = 54.0°
Pixel Size = 11.72 1w

FIBScanRot= 00°
FIE Probe = 30KV-R0 pA

el

stern Yacuuni = 1.63e-0068 mba




Experiments: CRUD on

SI0,, No Boiling (Control)

1 um [ ( EHT =
WD
_FIG Imar




Experiments: CRUD on
TIO,

100 pm Mag = 250X EHT = 5.00 kv Signal & = SE2
|—| FIBMag= 783X WD = 5.1 mm Signal B = ESB
FIE Lock Mags = Mo FIB Imaging = SEM Wifidth = 2 444 mm

'[j 4 ;f‘" AR .. 4 2 "
Mag = 10.00 K X EHT = 5.00 kv Signal A = SE2 Tilt Corm. = Cn FIBScanRot= 00°

FIB Mag = 10.00 KX Wh = 5.0mm Signal B = ESB Tilt Angle = 54.0° FIE Probe = 20K 80 pA
FIB Lock Mags = Yes FIB Imaning = SEM Wyidth = 50.02 pm Pixel Size = 58 61 rin Systen vacuumi = 1.78e-008 mba




Experiments: CRUD on

g
(S

Signal A = InLens

: e
L b ‘
EHT = 5.00 kv

FIE Mag = 12.66 kX WO = 51mm Signal B = ESBE

FIB Lock Mags = Yes FIE Imaging = FIB___ Width = 47 41 um

L
Mag = 12686 KX

- X ol 1§ '
Mag = 20.00 K X EHT = 5.00 kv Signal & = SE2 Tilt Corm. = On FIBScanRot= 00°
FIE Mag = 2000 K X WD = 51 mm Signal B = ESB Tilt Angle = 84.0° FIE Probe = A0KY:A0 pA
FIE Lock Mags = Yes FIB Imaging = SEM WAfidth = 30.00 prn Pixel Size = 28.30 iim Systern Yacuun = 1.79e-006 mba




Experiments: CRUD on

Mag= 2000 KX EHT= 500K/ Signal 4 = SE2
FIE Mag = 20.00 kX WO = 51mm Signal B = ESB
FIE Lock Mags = Yes FIE Imaging = SEM _ Width =30.00 prm

100 nm Mag = 150 .00 K X EHT = &.00 kv Signal A = SE2 Tilt Corrn. = On FIB ScanRaot= 00°®
— FEMag=15000KX WD = 51mm Signal B = ESB Tilt Angle = 64.0° FIB Probe = 30K 80 pA
FIE Lock Mags = es FIB Imaging = SEM Yidth = 4.000 pm Pixel Size = 3.908 nin System vacuum = 1.66e-0068 mba




Experiments: Non-Boiling
Areas (Background CRUD)

Mag= 100 X EHT= 1.00kY WD=50mm  Signal A= SE2 FIB Lock Mags = Mo Date 27 Hay 2013
100 pm Signal B =InLens Tilt Corrn. = On
—

Width =3.088 mm  Pixel Size =3.015 ym  TiltAngle = 54.0° File Name = Al203-Spots-100x7 tif 0% 15-0109-000




Xperiments: Bolling
Areas, Center Region
D] D

Mag= 100 X EHT= 100kY WD= 50mm Signal A= SE2 FIB Lock Mags = No " Date 27 Hay 2013
100 pm Sighal B=InLens Tilt Corrn. = On
—

Width=3.088 mm  Pixel Size =3.015 pm  TitAnglk = 54.0° File Name = Al203-Spots-InnerRing-100x&

AsL-U-2015-0109-000



Xperiments: Bolling
reas, Outer Region
2INID

Mag= 100 X EHT= 100kY¥ WD=50mm Signal A= SE2 ~ FIB Lock Mags = No Date 27 Hay 2012
100 pm Signal B=InLens Tilt Corrn. = On
— Width =3.088 mm  Pixel Size =3.015 pym  TitAngle = 54.0¢ File Name = Al203-8pots-OuterRing- 100 015-0109-000



Experiments: CRUD on
AlLO,

Mag= 5.00 K X EHT = 5.00kY WD = 50 mm Sighal A= SE2 FIB Lock Mag
10 pm Signal B = InLens Tilt Corrn.
 —— Width =6042 pm  Pixel Size =59.00 nm  TiltAngle = 5

Mag= 1000KX EHT= 100kVY WD=49mm Signal A=SE2 FIB Lock Mags = Yes Date 27 Hay 2013
1pm Signal B = InLens Tilt Corrn.= On
— Wid m  Pixel Size=29.49 hm  TikAngk = 54. File NafBASARIOLPIRN 0DDRAKYA.




May . . Signal A= SE2 FIB Lock Mags = No
100 pm Signal B=InLens Tilt Corrn. = On
—_ Width=1.210 mm  Pizel Size =1.181 pm  TiltAngle = 54.0




Experiments: CRUD on

500kY WD=50mm Signal A=SE2 FIB Lock Mag
Signal B = InLens Tilt Corrn.
Width=3145ym  Pixel Size =30.71nm  TittAnglk = 5

1pm Signal B = InLens Tilt Corrn.=0On

Mag= 5070KX EHT= 500kV WD=50mm Signal A=SE2 FIB Lock Mags = Yes Date 27 Hay 2013 m
Width=5957 pm  Pixel Size =5.817 nm  TittAnglk = 54.0° File NafBAShEU-REH5RARBMO60700




Experiments: CRUD on

CRUD Particles

Mag= 677KX EHT=500kV WD= 50mm Sighal A= SE2 FIB Lock Mag
2pm Signal B = InLens Tilt Corrn.
— Width=44.60 ym  Pixel Size=43.56 nm TitAngk =5

Mag= 2000 KX EHT= 500kV WD=50mm  Signal A= SE2 Date 12 Feb 2013 Y
1pm Signal B = InLens Tilt Corrn.= On ZEINN
i Width=15.10 pm  Pixel Size =14.75 nm  TittAnglk = 54.0° File Na@BASEri- B3 LEFA DL 06000x1




Experiments: CRUD on

Nan

|Mag= 10.00KX EHT=600kVY WD= 50mm Signal A= SE2 FIB Lock Mags

1pm Signal B = InLens Tilt Cerrn. = Z’rc a on
— %

Width = 30.20 pm Pixel Size=2949 nm TitAnglk = 54

May=10000KX EHT=500kV WD=51mm SighalA=InLens FIB Lock Mags =Yes Date 12 Feb 2013 [N
200 nm Signal B = InLens Tilt Corrn. = Off . ZEINN
— Width=3.020 ym  Pixel Size =2.949 nm  TittAngle = 54.0° File Na@iASErQ-ROIH-5EGT 0DCO0OR0tE




- Experiments: CRUD on

Z1rC

And Finally...



Experiments: CRUD on
VAL®

L
2 P
-
Mag = 20.00KX EHT= 500kV WD= 50mm Signal A=SE2 FIB Lock Mags
| Signal B = ESB Tilt Corrn. =

Width =15.10 ym  Pixel Size = 14.75 nm  Tilt Angle = 54,

Mag = 20.00 K X EHT= 5.00kV WD= 50mm Signal A= SE2 FIB Lock Mags = Yes Date :1 Mar 2013
1pm Signal B=ESB Tilt Corrn. = On .
—_— Width =15.10 pm  Pixel Size = 14.75 nm  Tilt Angle = 54.0° File Nan@AZICORUDIFWIDGLO iBbed




Experiments: CRUD on

il i
Mag = 20.00 K EHT = 5.00kV WD= 5.0 mm

1um
Width=1510pum  Pi




Does This Look Familiar?

200nm  Mag= S0.00 KX EHT = 5.00 kv Signal A = SE2 Tilt Carn. = On FIB Scan Rat = 0.0
FIE Mag = 50.00 K X WD = 50mm Signal B = ES8 Tilt Angle = 54.0° FIE Probe = 30K:80 pA
FIB Lock Mags = Yes  FIB Imaging = SEM \Width = 12.00 um Pixel Size = 11.72 nm Systern Vacuurn = 1.53e-008 mba

CRUD on SiO,, no boiling CRUD on ZrC, after 1hr sub-cooled boiling
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Next: Quantify the CRUD-

Clad Bond Strength

* AFM Force Spectroscopy (AFM-FS)
 Directly measures adhesion energy

. . 4 T | T T - T .
— Functionalize N Y \V Oscillation cycle -
AFM tip with : spproac
CRUD particle “[
1k
- Touch surface, % [ ww
retract S point | :
- Measure force  ° [ V
. L retract " Fam ch
vs. displacement | o4 (. o
- —
-1{].1 0.0 l 0.1 . 0.2 ‘ 0.3 ‘ 0.4 . 0.5 . 0.6

relative z-displacement (nm) casL-u-2015-0109-000
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* The MIT PWR CRUD Loop
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MIT Dept. of Nuclear Science and Engineering Dr. Michael P. Short, 2013
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Autoclave Design &
Stress Analysis

Sapphire windows reveal
In-situ CRUD growth




PWR CRUD Loop: Autoclave CANES ‘=

MIT Center for

Fluid Flow Analysis by CFD

Velocity (m/s)
Ii 0.0043431 1.2144 2.4249 3.6352 4.8454 6.0557
b

* Flow pattern cross section

* Viewing window does not
affect flow at rod surface
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Conclusions
* CASL building multiscale CRUD models

— Engineering scale
MAMBA

— Micro/mesoscale
MAMBA-BDM l

| * Validation at multiple length scales
¥ ~+.| ° Linking to CFD & fuel performance codes

% 7 ° Experiments underway:
AT — CRUD resistant materials
— PWR CRUD loop
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* Reaching towards our goal of a virtual reactor!
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