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INTRODUCTION: Motivation

■ Health of the fuel pellets in the ACRR
■ Two contradictory unfinished reports recently resurfaced

■ A report in 1982 and in the 1990's reported contradictory conclusions

■ A new facility that would include the ACRR
■ Desire to use modern tools to perform a more in-depth

analysis

■ Previous work used analytical solutions or basic FEA codes

■ None of the previous work modeled the true geometry of an ACRR fuel
element
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INTRODUCTION: ACRR

• Annular Core Research Reactor

(ACRR)

• Located within TAV of SNL

• Came online in 1978

• Has performed 12000+ operations

• Used primarily for electronic

component testing

• 236 fuel elements arranged in

annulus around 9" central cavity

• Capable of operating at 4MW and

pulsing up to 50GW with energy

depositions of >300MJ
[1]
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INTRODUCTION: Fuel Elements

• Operated using 11
moveable fuel elements
• Boron-carbide upper

• Each normal element is
made of:
• SS cladding
• 5 fluted Nb cans
• 16 fuel pellets per Nb can
• Back filled with He
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CUP

STAINLESS
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BeO-UO2
FUEL

PELLETS

[2]
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INTRODUCTION: Fuel Pellets

• Geometry and materials are unique
• Split dual annuli
• UO2-Be0
• 6.9 v/o UO2 that is 35% enriched
• Cold-pressed and sintered to 99%

TD
• UO2 dispersions are not to exceed 1

1.1 M

• No traditional materials testing was
performed on the fuel pellets

• Literature on the material is sparse
and none directly relates to the
ACRR's fuel
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INTRODUCTION: Pulse Operation

Control rods are 
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INTRODUCTION: ACRR's 10,000th
Operation
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INTRODUCTION: Fission

12Kr

[3]
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INTRODUCTION: Reactor Layout
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detector
holster

Neutron
Radiography

Tube

FREC Plate

o
o
•
•
0
0
0
0
 

Fuel Element

Fuel Element (90% density)

Control Rod

Safety Rod

Transient Rod

Nickel Reflector Element

Aluminum Elennent

Neutron DetettOr

[4]

THE UNIVERSITY OF NEW MEXICO



INTRODUCTION: Burnup and
Radiation Effects

Impurity Buildup
• Transmutation

n + 7.Be -> [11Se] -> 2n +

n + 1Se -> [14se] -> ZHe + 1He

y + 7Be —> [4Se] -> 21He

292U + n -> 2NUE>93NpE> 97Pu

• Fission Fragments

• I, Ba, Xe

Lattice Defects
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Fig.17.24 Original version of the displacement spike.
[After J. A. Brinkman, Amer. J. Phys., 24: 251 (1956).] 

[5]
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INTRODUCTION: Work Performed

■ Estimated the effects of burnup in the ACRR
■ Estimated the material properties of fuel
■ Performed transient thermal and structural
analysis of pulse

■ Performed a material property sensitivity
study

■ Examined the effects of the stresses
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PREVIOUS WORK: Timeline

Quarterly Reports 
• In-pile experiments
• Fuel pellets were 93% enriched
• Multi-pulse and single-pulse

experiments

1974 1977 1982
.
1990's

Wright's Report
• Estimated burnup
• Correlated in-pile experiments to fracture using

Boley-Weiner
• Determined fracture strength was 179 MPa
• Determined the pellets have a very small probability

of failing

Tills' Report
• Correlated stresses during in-pile experiments to

transient thermal analysis
• Determined pellets begin to fracture at —88 MPa
• Suggested the pulses in the ACRR should be

further limited [8]

2019
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PREVIOUS WORK: Summary

■ None of the reports included true fuel element
geometry

■ No experimental materials testing was ever
performed

■ The analyses did not include temperature
dependent material properties

■ The Tills and Wright reports had contradictory
conclusions
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ESTIMATION: Current Burnup

Element Mass (g)

238u 10.00

235u 150.0

239PU 15.57
[ 1 0 ]

19X.Vi

tf /v°
IN _.,.., :3., 9Sr

1E4 it — ,,,,,aa

4*'
tBe IN 11,,,,r°_.......: IN ,/,..../W°0

0  ..--- ..1.0 •-.11.0

o..6 :°'' 

.41' 69Rb

3eSr 

4'. (91(r

Pio

IN N7....6*"..* ....0 (0)..:t

NKr IN Ni ko IN Ni.-,-Z"....---- °

aoxee Na. iDIE C.

IOU"' "Zt Iiy

k .:. . " 1 °
13 
6 '

Total

Mass (g)
235u

Mass (g)
235U per

Element

% 235U Fissions/cm3
% Heavy Atom

Burnu p
MW-Day

150 0.64 0.63 4.4E18 0.16 167
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ESTIMATION: Estimated Effects

Property
Percent Change in Property

(%)

Strength -1.5

Modulus of Elasticity -14

Thermal Conductivity -70

Gap Thermal Conductivity Negligible

Change in Volume 0.37
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MATERIAL PROPERTIES: Modulus of
Elasticity

• Used Voigt-Reuss-Hill Approximation

Voigt

A

Reuss

A A

Voigt — Reuss — Hill

6 
E = 

(Evoight+EReuss)

2
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MATERIAL PROPERTIES: k, a,Cp

• Used Maxwell's expression for thermal conductivity

3Vp
keff=km 1+

kp+2km
  V
2(kp —km) P

• Used "refined" rule of mixtures for CTE
aeff = a,— Vp9(a,— ap)

1 [12]

3Ep(1 — vm)
19 , 

[(1 + Vin) + 2Vp (1 — 2Vm)]Ep + 2VmEm(1 — -vm)

• Used the rule of mixtures for specific heat

Ceff=VmCm+VpCp

[13]
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MATERIAL PROPERTIES: Fracture
Strength

• Dependent on microstructure, stress

state, temperature, and flaw size

• Estimated using in-pile experiments

• Tills simulated two in-pile

experiments: 364 cal/g and 429.4

ca l/g

• Wright calculate thermal stresses of

two in-pile experiments as well:

1150°C and 1410 °C

Tills
Peak/Avg= 0.79985971 + .34048928r - 1.2141774r2

+1.939536r3 - 1.2757009r4 +.32146363r5

Wright

T(r)=1150 [0.5004+0.0187 exp ( r )]
0.4997

[8]

T(r)=1410 [0.4928+0.008058 * exp ( r )]
0.3962 [9]
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MATERIAL PROPERTIES: Fracture
Stress Cont'd

■ Temperature and stress contour plots of 429.4 cal/g experiment

1304.2 Max

1270,5
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1001.2 Min
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MATERIAL PROPERTIES: Fracture
Stress Cont'd

Till

364 cal/g 429.4 cal/g

Wright

1150°C 1410°CExperiment

Max Experimental
Temperature

(°C)

1182.9 1340 1189.8 1491.7

Reported Thermal

IIStresses
74MPa

(10.8ksi)
88MPa

(12.8ksi)
68MPa
(9.98ksi)

108.9MPa
(15.8ksi)

Pelfrey's Thermal
Stresses

134.7MPa
(19.53ksi)

153.5MPa
(22.2ksi)

174.0MPa
(25.2ksi)

271.4MPa
(39.4ksi)

# of Pellets Fractured 0/40 10/40
2/8

@ 101 Pulses
6/10

@ 71 Pulses
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MATERIAL PROPERTIES: Conclusion

■ Material properties for He, Nb, and SS are all
readily available

■ Material properties for fuel pellets were derived
from basic relations

■ Material properties were adjusted for burnup by
simply scaling them

■ Because the properties were derived and not
measured, they introduced uncertainty
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THERMAL ANALYSIS: Loads and
Boundary Conditions

• Used RAZORBACK to
simulate a max pulse
operation

• Simulated a $3.16 pulse
• Power of 52 GW and

energy generation of
388 MJ

• This is a very large pulse
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THERMAL ANALYSIS: Loads and
Boundary Conditions Cont'd

• Volumetric heat
generation applied
in areas where
fission and
radiation deposit
heat

• Neutron and
gamma heating
accounted for in
Nb

Axial Peaking Factor (peak/average) 1.24

Core Peaking Factor (peak/average) 1.52

Peak Fission Profile Fpeak(r)=0.7962e 0•1299,1 H1 n0570e1•382
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THERMAL ANALYSIS: Loads and
Boundary Conditions Cont'd

Time Stepping
kAt

Fo—
pC(zlx)2

Gap Conduction Outer Cladding
Convection is assumed

to be negligible in the

small gaps

Gap Radiation

Used results from

RAZORBACK

Material Emissivity Source

SS 0.67 [51]

UO2-Be0 0.37 [6]

Nb 0.22 [52]
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THERMAL ANALYSIS: Loads and
Boundary Conditions Cont'd

Volumetric

heat
generation

Radiation
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THERMAL ANALYSIS: Mesh
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THERMAL ANALYSIS: Results
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THERMAL ANALYSIS: Results
0.1617

Mu: 727.49
Min: 18.771

727.49
676.86
626.24
575.62
525
474.37
423.75

373.13
322.51
271.88
221.26
170.64
120.02
69.393

18.771

0.18 s
Mu: 1280.2
Min: 53.437

1280.1
1192.5
1104.9
1017.2
929.62
842
754.38

666.76
579.14
491.53
403.91
316.29
228.67
141.05

53.437

0.80 s
Mu: 1286.5
Min: 121.33

•1286.5
1203.3
1120.1
1036.9
953.62
870.39
787.16

703.93
620.71
537.48
454.25
371.02
28779
204.56

121.33

5 s
Mu: 1202
Min: 118.95

•1202
1124.7
1047.3
969.95
892.59
815.22
737.86

660.5
583.13
505.77
428.41
351.04
273.68
196.32

118,95
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THERMAL ANALYSIS: Results
0.1617 s

Ma. 6.0757e6
Min: 63.065

6.0757e6

5.6417e6

5.2078e6

4.7738e6

4.3398e6

3.9058e6

3.4719e6

3.0379e6

2.6039e6

2.1699e6

1.736e6

1.302e6

8.6801e5

4.3404e5

63.065

0.18 s
Max: 3.6992e6
Min: 0.63736

•3.6992e6

3.4349e6

3.1707e6

2.9065e6

2.6423e6

2.378e6

2.1138e6

1.8496e6

1.5854e6

1.3211e6

1.0569e6

7.9268e5

5.2845e5

2.6423e5

0.63736

0.80 s
Max: 2.0136e6
Min: 0.0073377

•1.9715e6

1.8307e6

1.6899e6

1.5491e6

1.4082e6

1.2674e6

1.1266e6

9.8576e5

8.4494e5

7.0412e5

5.6329e5

4.2247e5

2.8165e5

1.4082e5

0.0073394

Max: 1.9816e6
Min: 0.014683

•1.9816e6

1.8401e6

1.6985e6

1.557e6

1.4155e6

117396

1.1324e6

9.9082e5

8.4927e5

7.0773e5

5.6618e5

4.2464e5

2.8309e5

1.4155e5

0.014683
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THERMAL ANALYSIS: Results

0.1617 s
Max: 727.49
Min: 600.86

•727.49

718.44

709.4

700.35

691.31

682.26

673.22

664.17

655.13

646.08

637.04

627.99

618.95

609.9

600.86

0.18 s
Max: 128U
Min: 1060.4

•1280.1

1264.4

1248.7

1233

1217.3

1201.6

1185.9

1170.2

1154.5

1138.8

1123.1

1107.4

1091.8

1076.1

1060.4

0.80 s
Max: 1286.5
Min: 1087.5

•1286.5

1272.3

1258.1

1243.9

1229.7

1215.4

1201.2

1187

1172.8

1158.6

1144.4

1130.1

1115.9

1101.7

1087.5

5 s
Max 1202
Min: 1013.5

•1202

11866

1175.1

1161.6

1148.2

1134.7

1121.2

1107.8

10443

1080,8

10674

1053,9

1040.4

1027

1013.5

ti
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THERMAL ANALYSIS: Results

A: Current
Temperature 2
Type: Temperature
Unit: 'C
Time: 0.56577
Custom
Max: 1294.6

3/28/201912:35 PM

•
•
•
•
•

IdI

12945

1210.8
1127

1043.2
959.41

875.63

791.84

708.06

624.28
540.49

456.71

372.92
289.14

205.36

121.57

0.01 0.02 (m)

0.005 0.015 F
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THERMAL ANALYSIS: Results
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STRUCTURAL ANALYSIS: Loads and
Boundary Conditions

• Weak spring boundary condition was
applied to the body

• Weight of fuel pellets above and below
were accounted by applying 0.4431 N
loads

• Temperature gradients from transient
thermal analysis were inputted

lllllllll
lllllllll 111111111nm,
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STRUCTURAL ANALYSIS: Results
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STRUCTURAL ANALYSIS: Results
0.1617 s

Max: 4.1709e7
Min: -3.8778e6

•3.4054e7

3.1591e7

2.9128e7

2.6665e7

2.4202.7

2.1739e7

1.9276e7

1.6813e7

1.435e7

1.1887.7

9.4239e6

6.961.6

4.498.6

2.0351.6

-4.2791.5P‘
Max: 3.1136e8
Min: -1.9227e7

•3.1136e8

2.8903e8

2.6671e8

2.4439e8

2.2207e8

1.9975e8

1.7742e8

1.551e8

1.3278e8

1.1046e8

8.8136e7

6.5814.7

4.3493e 7

2.1171.7

-1.1512e6

0.18 s

0.80 s
Max 6.5707e8
Min: -5.4207e7

•6.5707e8

6.1e8

5.6293e8

5.1586e8

4.6879e8

4.2172e8

3.7465e8

3.2758.8

2.8051e8

2.3344e8

1.8637.8

1.3931e8

9.2235e7

4,5165e7

-1.9043e6

4.4 s
Max: 3.2926e8
Min: -6.0014.7

•3.2926e8
3.0569e8

2.8213e8
2.5856.8
2.35e8

2.1143e8
1.8787e8

1.643.8
1.4073.8

1.1717.8
9.3603e7
7.0037e7

4.6471,7
2,2906.7

-6.6002e5
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STRUCTURAL ANALYSIS: Results
0.1617 s

Max: 4.1709e7
Min: -3.8778e6

4.0797e7

3.7703e7

3.4609e7

3.1515e7

2.8421e7

2.5327e7

2.2233e7

1.9138e7

1.6044e7

1.295e7

9.856e6

6.7619e6

3.6678e6

5.7361e5

-2.5205e6

0.18 s
Max: 3.1136e8
Min: -1.9227e7

3.1135e8

2.8801e8

2.6468e8

2.4134e8

2.18e8

1.9466e8

1.7132e8

1.4798e8

1.2464e8

1.013e8

7.7962e7

5.4623e7

3.1284e7

7.9445e6

-1 5395e7

0.80 s
I Max: 6.5707e8
Min: -5.4207e7

6.4353e8

5.9369e8

5.4386e8

4.9402e8

4.4419e8

3.9435e8

3.4451e8

2.9468e8

2.4484e8

1.95e8

1.4517e8

9.5331e7

4.5494e7

-4.3422e6

-5.4179e7Ar%
4.4 s

Il Max: 3.2926e8Min: -6.0014e7

3.1465e8

2.88e8

2.6136e8

2.3472e8

2.0807e8

1.8143e8

1.5479e8

1.2814e8

1.015e8

7.4854e7

4.8211e7

2.1567e7

-5.0764e6

-3.172e7

-5.83647
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STRUCTURAL ANALYSIS: Results
0.1617 s

Max: 4.1709e 7
Min: -3.877846

3.4054e7
3.1591e7
2.9128e7
2.6665e7
2A202e7
2.1739e7
1.9276e7

1.6813e7
1A35e7
1.1887e7
9.4239e6
6.961e6
4.49846
2.0351e6

-4.2791e5

0.18 s
Ma. 3.1136e8
Min: -1.9227e7

3.1136e8

2.8903e8

2.6671e8

2.4439e8

2.2207e8

1.9975e8

1.7742e8

1.551e8

1.3278e8

1.1046e8

8.8136e7

6.5814e7

4.3493e7

2.1171e7

-1.1512e6

0.80 s
Mem 6.5707e8
Min: -5.4207e7

6.5707e8

6.1e8

5.6293e8

5.1586e8

4.6879e8

4.2172e8

3.7465e8

3.2758e8

2.8051e8

2,3344e8

1.8637e8

1,3931e8

9.2235e7

4.5165e7

-1.9043e6

4.4 s

11
 Max 3.2926e8

-6.0014e7

3.2926e8

3.0569e8

2.8213e8

2.5856e8

2.35e8

2.1143e8

1.8787e8

1.643e8

1.4073e8

1.1717e8

9.3603e7

7.0037e7

4.6471e7

2.2906e7

-6.6002e5
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STRUCTURAL ANALYSIS: Results
Maximum Stresses (0.5 s)

/
6.9987e8

Min: -4.5517e7

•6.8986e8

6.3751e8

5.8516e8

5.3281e8

4.8046e8

4.2811e8

3.7576e8

3.2341e8

2.7106e8

2.187e8

1.6635e8

1.14e8

6.165e7

9.2993e6

-4.3052e7

Max: 6.9987e 8
Min: -4.5517e 7

6.9987e8
6.4965e8

5.9943e8

5.4922e8
4.99e 8

4.4878e8

3.9856e8

3.4835e8
2.9813e8

2.4791e8

1.9769e8
1.4748e 8

9.7258e7

4.7041e 7

-3.1771e 6

Max: 6.9987e8
Min:-4.5517e7

•6.9987e8

6.4965e8

5,9943e8

5.4922e8

4.99e8

4.4878e8

3.9856e8

3.4835e8

2.9813e8

2.4791e8

1,9769e8

1.4748e8

9,7258e7

4.7041e7

-3.1771e6

0
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STRUCTURAL ANALYSIS: Results

F: Copy of Current Stress
Maximum Principal Stress 2
Type: Maximum Principal Stress
Unit: Pa
Tirne: 1.7123
Custom Obsolete
4/2/2019 12:53 PM

6.9987e8
64965e8

— 5.9943e8
— 5.4922e8
— 4.9659e8 Max
— 4.4878e8
— 3.9856e8

— 3.4835e8
— 2.9813e8
— 2.4791e8
— 1.9769e8

1.4748e8

11!
 9.7258e7
4.7041e7

-3.1771e6

0 0 01 0,02 (m)

0.005 0.015
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TRANSIENT ANALYSIS:
Discussion

• The fluted Nb increases
heat flux 1012

• Increased heat flux causes 1010
localized cooling

• Localized cooling causes 108
large thermal stresses

• Stresses can be described 0 6

in two phases
10

• Stresses caused by the fission
distribution

10

• Stresses caused by heat loss °

 Power

 Maximum Principal Stress
— — —Adiabatic Stresses
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TRANSIENT ANALYSIS:
Discussion

■ It would seem that pellets would
fracture due to large localized
stresses

■ Neutron radiography performed
in 1989 showed fuel pellets were
intact

■ Analysis was performed with
fresh fuel properties to insure
stresses were not due to burnup
■ Showed stresses increased but

calculated stresses for fresh fuel
still far exceeded stresses that
cause fracture during in-pile
experiments
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TRANSIENT ANALYSIS:
Discussion

■ Reasons for discrepancy

■ Derived properties could cause over estimations of
the stresses

■ Neutron radiographs may not have enough
resolution to detect cracks

■ The small volumes that stresses occupy do not
induce fracture
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OUTLINE

■ Introduction
■ Previous Work
■ Burnup and Radiation Effects
■ Material Properties
■ Transient Thermal Analysis
■ Transient Structural Analysis
■ Material Sensitivity
■ A Fracture Mechanics Perspective
■ Conclusion
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PROPERTY SENSITIVITY: TC & E

Thermal Conductivity
Maximum Principal Stress

(MPa)

Percent Change

(%)

25% I` 614 -12

700

25% ,I, 823 +18

Modulus of Elasticity
Maximum Principal Stress

(MPa)

Percent Change

(%)

25% t 875 +25

700

25% 4, 525 -25
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PROPERTY SENSITIVITY: CTE

Coefficient of Thermal Expansion
Maximum Principal Stress

(MPa)

Percent Change

(%)

25% 1` 875 +25

700

25% 4, 525 -25

• Thermal stresses are most sensitive to E and

CTE
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OUTLINE

■ Introduction
■ Previous Work
■ Burnup and Radiation Effects
■ Material Properties
■ Transient Thermal Analysis
■ Transient Structural Analysis
■ Material Sensitivity
■ A Fracture Mechanics Perspective
■ Conclusion
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FRACTURE MECHANICS: Maximum
Strength

• Assumptions
• Plane strain

• Minimum crack size of 1 lim

• Fracture toughness is that of
the Be()

• Max fracture strength
of 782 MPa

Plane-Strain Fracture Toughness

KIC=Y*°-0 71-

Fracture Toughness

KIC=A1 Gc*E

[14]
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FRACTURE MECHANICS: Cracking

• Cracks introduced using
element death

• Singularities were
neglected

• Reduced max stress to
555 MPa

3153e8

7,52096

6.7266e8

5.9322e8

5.1378e8

4.3434e8

3.549e8

2.7546e8

1.9602e8

1.1658e8

3,7144e7

-4.2295e7

7e8

6A241e8

5.8482e8

5.2723e8

4.6964e8

4.1205e8

3.5446e8

2.9687e8

2.3928e8

1.8169e8

1.241e8

6.6506e7

8.9155e6

-4.8675e7
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FRACTURE MECHANICS: Fracture

• Assumptions
• Pellets fracture

• Fission profile causes
fracture

• Stresses are reduced
as pellet fractures

80

70

60

Ti 50
a_
5
0 40
u)
°_,
(7) 30

20

10

x

x

0 
0 1 2 3 4 5

Number of Cracks
6 7 8
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OUTLINE

■ Introduction
■ Previous Work
■ Burnup and Radiation Effects
■ Material Properties
■ Transient Thermal Analysis
■ Transient Structural Analysis
■ Material Sensitivity
■ A Fracture Mechanics Perspective
■ Conclusion
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CONCLUSION

• Nb fluting does play a role in heat transfer and induces thermal stresses

• Neutron radiography indicated that the stresses would not induce fracture

• Thermal stresses caused by fission profile are well below the estimated fracture
strength

• If fracture occurs, it will lower the stresses

• Cracks could also lower the thermal stresses

• Without proper material properties, neutron radiography should be performed to
know the state of the fuel
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CONCLUSION: Future Work

■ Fully coupled thermal-structural analysis

■ Further investigations into properties of the
fuel

■ Neutron radiography
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