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lAGR-SIGI? Fuel Irradiation Experiment

Shell

* AGR-5/6/7 test train:
— Five capsules; three different designs
— 54 thermocouples installed (6 operational at EOI)

- Irradiated in the ATR Northeast flux trap for 360.9
EFPDs (9 cycles)
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~-ABAQUS Thermal Model

ABAQUS-based 3-D finite-
element (1.2E6 elements)
thermal model using
equations for steady-state
heat transfer by conduction
and radiation.

AGR-5/6/7 test train

Main Inputs:

o Heat rate

o Neon/Helium fraction
o Gas gap size

o Thermal conductivity
o Emissivity

Capsule 1 fuel compacts

Outputs: Daily fuel and TC temperatures
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Calculated Temperature Uncertainty

) o4 - Model form uncertainty
‘ O'T + 0'p
/% Glg - Uncertainty due to input parameter uncertainties

* Model form uncertainty --- not estimated in this analysis
— Effects of choices made in the modeling process
- definition of the geometry, equations, computational methods, ...
— Magnitude difficult to assess without developing additional models

- Parameter uncertainty - incomplete knowledge of the correct values of

model inputs
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o; - uncertainty of input parameter /

a; - sensitivity coefficient for parameter /i

p;j - correlation coefficient for input parameters j and j
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Uncertainty Analysis

- Identify model inputs and quantify their uncertainties

— Calculate sensitivity to each input

— Select inputs to vary based on both uncertainty and sensitivity
— Calculate covariance between inputs

— Calculate overall uncertainty for temperatures of interest
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- ‘Uncertainties of Selected Parameters

Parameter Justifications

Uncertainty

« Dimensional fabrication tolerance of 0.0254 -mm
20% uncertainty of thermal expansion coefficient results

o/ __ )
Gas gaps 26% — 40% 0.127 mm clearance between the holder nubs and capsule shell
« Graphite material shrinkage uncertainty.
Ne fraction 30, _ 59  Uncertainty is based on the 1-sccm flow rate uncertainty
Fuel heat rate 9%
, Based on the AGR-1 comparison by J. Harp, with additional input
Graphite heat 39, from J. Sterbentz.
rate
Graphite Additional conductivity data for the graphite allows for a lower
. 15% : .
conductivity uncertainty for graphite than for fuel.
Fuel . Uncertainty is based on work done on surrogate compacts by
conductivity 20% C. Folsom at Utah State University.
Graphite 10% The emissivity, 0.9, used falls within the expected range [0.8 — 1.0].
o

Emissivity
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< .Uncertainty of Neon Fraction

¢ Due to 1-sccm uncertainty in Ne & He flow rates:
100 | .
X 80
> 2.5487
= O, =
.:_g 60 Fr,, F 1.047
o rNe
c
S 40
v
i
® 20
2 0 Operating range
0° —_— -

0 o1 02 03 04 05 06 07 08 0.9 1

Ne Fraction

ADVANCED REACTOR TECHNOLOGIES



_ Ggp Size Uncertainties

Jncertainty at start of irradiation (SOI):

_ 2 2 2
Osor = \/O-fab T Texp + O5rfset

Orqp= 0.0254 mm Texp= 0.006 mm

Uncertainty due to nub-to-shell clearance
toffset = 0.127 mm

. [toffset T (gapfab _ gaphot)]
Uoffset — \/§

Uncertainty at time / during Irradiation

EFPD;
EFPDg,,

OgGi = Osor + 0.5 * ggp; *

Gap Width, mm

Relative Gap Width Uncertainty, %
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" Correlation Coefficients

- Between independently measured inputs (e.g., neon fraction and gas gap) is
assumed negligible

- Between fuel and graphite heat rates is as high as one

- Between calculated values such as fuel and graphite conductivities, correlations
are estimated using simulation and expressed as function of fluence ( )

ADVANCED REACTOR TECHNOLOGIES



A 1628 164A 164B 166A 166B 16BA

D°m i nant Factor for s o
- Parameter Uncertainty

Input Stddev, %

10 | .
I Nepn fraction ﬂ A Fuel heatrate
LS A — _1 — [ i =

Example: Capsule 5 peak fuel temperature

05 M
4

n
2 2 2 0 Gap width o g
o7 =240, o e SN
i=1

0.1

Input Sensitivity

0.0
-0.1 -
Gap width uncertainty is the dominant ” Gap wiay
factor for uncertainty in all capsules .
g ¥ Neon
Z Taction
10 ”,ﬁ Fuel heat rate
I;l SlEl 1I-J{] 1-5[} 2[-10 25[] 3II.ID 350
EFPD L
‘ Heat Rates Conductivities Emissivity
FHR GHR FCON GCON Nef Gap GEMI

[ ADVANCED REACTOR TECHNOLOGIES Fmms



Instantaneous Volume-
Average and Peak- Fuel
" Temperature

One standard deviation uncertainty bounds

Instantaneous Temperature, °C

1000 -
900
800
700
600
500
400
300

1100
1000
900
800
700
600
500
400

1600 -
1400 -
1200

-
o @ O
o o o
o o o

Peak Fuel

VA Fuel

O Standard deviation

162B P

164A

164B P

166A

166B P

168A

Capsule 05

162B P

164A

1648 P

166A

166A

166B P

168A

1100
1000
900
800
700
600
500
400
300

168A

1500
1300
1100 +
900 -
700
500

1628 P

50

164A

100

1648 P

150

200

EFPD

166A

250

1668 P

300

350

168A

Capsule 02 Capsule 03 Capsule 04

Capsule 01




ge- and Peak- Fuel
Temperature

One standard deviation uncertainty
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- Capsule1

“Calculated TC Temperatures &
1-0 Uncertainty

Parameter uncertainty illustrates how uncertainties in
inputs produce uncertainty in the simulated temperature
In the absence of model/parameter error and TC
error, the TC residuals should equal zero.
Distribution of the TC residuals is a quasi -
independent measure of the uncertainty of the
thermal model, to the extent that TC locations
adequately sample the temperature distribution of
the volume of interest, over the period of interest.
For Capsule 1, TCs are within the one-standard-
deviation uncertainty band, suggesting that the
uncertainty calculation may capture the dominant
uncertainty factors for this capsule.

TC Temperature, °C TC Temperature, °C TC Temperature, °C

TC Temperature, °C

1400
1300
1200
1100
1000
900
800
700
600

1400
1300
1200
1100
1000
900
800
700
600

1400
1300
1200
1100
1000
900
800
700
600

1300
1200
1100
1000
900
800
700
600

50

Capsule 01 Daily TC Temperatures and Uncertainty
164A

164B

164B

164B

TC5

166A

166A

TC4

166A

Y- TC8

166A

1668

==TC12

166B

TC13
166B

TC14
166B




- Capsule.2

-:'Calcdlated TC Temperatures

& 1-0 Uncertainty

Measured TC values within the one-standard-

deviation uncertainty bands
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A

 Calculated TC
Temperatures &
1-c Uncertainty

TCs within one-standard-
deviation uncertainty bands

These TCs were operational
throughout the experiment
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) ' Capsule 03 Daily TC Temperatures and Uncertainty
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T AGI’R-SIéﬂ Temperature Uncertainty®

-- Volume- TA Peak TA Volume-
TCs Peak Fuel Averaged Fuel Fuel Averaged Fuel
Capsule

Relative Standard Deviation % [°C/°C] (min — max for instantaneous)

6.8-9.5 6.9-9.9 6.9-9.38 7.8 7.7
6.5 - 11.1 6.5 - 11.1 6.6 —10.8 8 7.9
3.5-14.0 3.5-8.3 3.6-8.3 4.5 4.4
6.5—-15.8 6.3 -15.7 6.5—-15.8 8.7 8.7
6.4 —-13.5 6.4—-12.6 7.2-144 8.2 9.3

* Ranges are over the entire irradiation except for Capsule 1, where Cycle 168A was excluded due to high neon fraction uncertainty.
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7 _AG§75I677 Fuel Temperature Uncertainty Range*

Peak Fuel Averaged Fuel Peak Fuel Averaged Fuel
Capsule

Relative Standard Deviation % [°C/°C] Standard Deviation °C

6.9-9.9 6.9-9.8 46 — 76 38 — 65
6.5 - 11.1 6.6 —10.8 49 — 95 43 — 82
3.5-8.3 3.6-8.3 42 - 89 39-78
6.3 -15.7 6.5—-15.8 46 — 122 41 - 107
6.4-12.6 7.2-144 77 —143 67— 130

* Ranges are over the entire irradiation, except for Capsule 1, where Cycle 168A was excluded due to high neon fraction uncertainty.
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Summary of Temperature Uncertainty Results

* Domlnant‘ factor:

'i

— Gap width for all fuel and TC temperatures

+ Overall temperature uncertainty:

— Capsules 1 and 2 have high uncertainties for peak-, VA-, and TC- temperatures
* ~6% to 16%
* Due to large uncertainty of, and sensitivity to, gap size.

— Capsules 4 and 5 have lower uncertainty than Capsules 1 and 2.
« Up to ~10% for fuel temperatures near the start of irradiation and 11% for TC

temperatures.
— Capsule 3 has the lowest fuel temperature uncertainty

* 3.5% 10 8.3%
- Lower gap width uncertainties due to relatively larger gaps and lower gap width sensitivity,
since fuel compacts are in the inner holder, away from the outer gap.

« TCs suggest model underprediction toward the end of irradiation.

* Uncertainties for AGR-5/6/7 capsules are higher than those seen in the AGR-1, AGR-2, and AGR-
3/4 capsules because of higher gap width uncertainty due to the radial nub-to-shell clearance in all

capsules.
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Questions?
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