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ANIMMA 2@2

Purpose Irradiation  Safety Tests

Early Lab Scale Fuel and PIE
Capsule Shakedown . .
Coating Variants German
Type Coatings

* AGR-5/6/7 mission
o and details
: i — Fuel qualification
: ‘ (AGR-5/6) and
margin test (AGR-7)

— Oiriginally envisioned
as three separate
tests

— Covers wide range of
temperatures and
fuel burnup

- e

Large Scale Fuel
Performance
& Demonstration 4

fFaiIed Fuel to Determine
Retention Behavior

Fuel Qualification
Proof Tests
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I Fuel Particle

Fuel Kernel
Porous Carbon Buffer
Inner Pyrolytic Carbon

Silicon Carbide

Outer Pyrolytic Carbon

ANIMMA 2@2
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ANIMMA 2@2

I Fuel Compact

Particles are combined with matrix and resin
material and pressed into compacts
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ANIMMA 2@

Il Purpose of AGR-5/6/7 Experiment

Fuel Kernel
Porous Carbon Buffer
Inner Pyrolytic Carbon

Silicon Carbide

Outer Pyrolytic Carbon

The purpose of the AGR-5/6/7
experiment is to demonstrate fission
products are retained when
irradiated at reactor operating
temperatures and above

Fission products escape
when one or more of
these barriers fails
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ANIMMA 2@2

Il Fuel Compact Inserted in Graphite Holder

Fuel compact

Typical thermocouple
locations
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ANIMMA 2@27

Bl AGR-5/6/7 Test Train Design

Through tubes with gas
lines and thermocouples
from lower capsules

Thermocouple

Plenums between
|~ capsules

Fuel stack

' Gas lines and .
J L thermocouples Graphite fuel

holder

= l Temperature
f/—Through tubes control gas gap
,,,,,,, Capsule shell
19-GA50224 -1 (pressure boundary)
Elevation view of AGR-5/6/7 Cross-section view of AGR-
experiment 5/6/7 experiment
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ANIMMA 2@27

Jlll Three Different Capsule Cross Sections

Capsule 1 Capsule 2,4, 5
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ANIMMA 2@2

- It is Difficult to Measure Very High
Temperatures in a Reactor Environment

Why?

- Standard base metal thermocouples (Type K and Type N) drift at
high temperatures due to metallurgical changes (above 600°C for
Type K and above 1050°C for Type N)

 High temperature refractory thermocouples such as Types C, S, B,
and R have high cross section alloying elements and are subject to
rapid decalibration (drift) because their alloying elements transmute
into other elements with different electromotive properties
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ANIMMA 2@2

- Measuring High Temperatures in the AGR-5/6/7
Experiment

* The projected temperature measurement range for AGR-5/6/7 thermocouples
encompasses a range from 700°C to 1450°C. Therefore, for the temperatures
above 1050°C, advanced thermocouple types were needed.

* For 1000°C — 1250°C, AGR-5/6/7 used special Type N thermocouples
developed by Cambridge University (called CAMB-N).

* For 1100°C — 1450°C, AGR-5/6/7 used Mo/Nb based thermocouples (called
HTIR-TC) developed at INL.
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B Irradiation Testing Results
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LINEMMA Z2@2

I In-Pile Testing Results — Neutron Fluence By Capsule

TABLE ]
AGR-5/6/7 NEUTRON FLUENCE BY CAPSULE
Cansule ID Thermal Fluence Fast Fluence
P (n/cm? <0.5eV) (n/cm?*>0.18 MeV)
Cap 5 2.2 E+21 2.4 E+21
Cap 4 3.9 E+21 4.5 E+21
Cap 3 4.9 E+21 5.4 E+21
Cap 2 4.8 E+21 5.2 E+21
Cap 1 3.4 E+21 3.8 E+21
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ANIMMA 2@2

- In-Pile Testing Results — Failure Rate by Thermocouple

Type
yp 30 | | | | |
CAMB N (AVG TEMP ~1100C)
. > ——HTIR-TC (AVG TEMP ~1300C)
S
" 50 . ——STD N (AVG TEMP ~850C)
o
= I
-
A 15 L‘
(-
o
2 |
E 10
= |
; - -
0 ‘ !
0 50 100 150 200 250 300 350 400
Full Power Days of Irradiation 13
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ANIMMA 2@2

In-Pile Testing Results — Failure Rate Compared to
Previous AGR Tests
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ANIMMA 22

I In-Pile Testing Results — MTBF By TC Type

AGR-5/6/7 TC FAILURE SUMMARY

HTIR-TC ?E@g Type N
@1300°C @1100°C @850°C
MTBF (Days) 90 89 232
Survival Fraction 6/13 3/13 17/19
>100 Days
Survival Fraction 0/13 1/13 11/19
>200 Days
Survival Fraction 0/13 0/13 9/19
>300 Days
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ANIMMA 2@2

Jl Thermocouple Drift

* No real evidence of thermocouple drift in the cooler capsules: 2, 4
and 5
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1000

Temperature (°C)

ANIMMA 2@

Capsule 5 Temperature Trends and Measured vs Thermal
Model
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ANIMMA 2@

Capsule 4 Temperature Trends and Measured vs Thermal

- Model
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ANIMMA 2@2

B Capsule 2 Temperature Trends and Measured vs Thermal
Model
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ANIMMA 2@2

The analysis of Capsules’ 1 and 3 thermocouple drift
performance is complicated compared to 2, 4, and 5

» Large number of thermocouples installed
» Several types of thermocouples
- Spread over a wide temperature range

20
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ANIMMA 2@27

- Capsule 1 Thermocouples Measured vs Calculated at Startup

¢y CAMB N/ Mo Sleeve
Deg C @ HITR-TC/ Nb Sleeve
The thermal model was 1360 11
“tuned” to the 1347 972C/1081C
1240
thermocouple 1244 1410
measurements at the 1160 1279C/1323C
beginning of irradiation 1120 1-2
1080
when the TCs were 1040 948C/1081C
fresh and fully trusted. 1000 1-11
13" 1272C/ 1322C
The model was not 31
adjusted subsequently 1-3
to match TC 12&1}%0/13270 975C/1080C
measurements.
1-4
955C/1080C
) 1-14 \
e— » 1337C/1328C Measured
Calculated 21
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Temperature (°C)

Capsule 1 Temperature Trends and Measured vs THEMAI

162B  164A 164B 165A  166A 166B 162B  164A 1648 165A 166A e
1600 200 Model consistently
1500 F underpredicts these
150+ peak temperatures
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1200 | - S50 |
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E 0 1 | L il Fa'™ | |
2 a
1000 | b c "
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200 | | e _ _ =
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—TC-5 —_TC-11 —TC-12 ——TC-13 ——TC-14 ——TC-15 _dT‘S _dT'll —dT-12 —dT'13 —dT‘14 —dT'15

No obvious signs of thermocouple drift in Capsule 1

Thermal model tends to over predict the temperatures of

the (cooler) TCs outside the fuel ring and underpredict

the (hotter) TCs inside the fuel ring — indicating perhaps

an overestimation of graphite conductivity 22
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ANIMMA 2@2

Capsule 3 Thermocouples Measured vs Calculated at
Startup

3415
Deg C  1156C/ 1188C

. CAMB N/ZrO2 Sleeve
® HTIR/ Mo Sleeve

3-7
1163C/ 1168C

=
D

e

3-5 Thermal model tends to under
1453C/1436C predict the temperature
difference between these two
3-12 TCs — indicating perhaps an
1279C/ 1327C overestimation of graphite
conductivity 23
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ANIMMA Z2@2

Il Capsule 3 Temperature Trends and Measured vs Thermal
Model

Clear evidence
of drift in TC-3-5

162B  164A 1648 165A  166A 1668
1600 _ 150 1628 164A 164B  165A  166A 1668
1500 | fermnd \/_J“" Model does These rising
~~ } / not predict the 100 k+ DTs may
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] sharp rise in indicate
5 1300 Fy these two TCs | ﬂ__w/«—* underprediction
o 1200 | /M\_‘_ ° by the model
E 1100 r T Z 0 1 1
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£ 1000 t S
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Full Temperature Days 0 25 50 75 100 125 150 175 200 225 250
Full Temperature Days
——TC3 TC-4 —TC-12 —TC-13 TC-14 —TC-1 —TC-5 ——dT-3 dT-4 —dT-12  ——dT-13
TC-14  ——dT-1 ——dT-5

Near the end of irradiation, a number of particle failures were observed
in Capsule 3. This could have been due in part to peak particle

temperatures greater than predicted by the thermal model.
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ANIMMA 2@2

I Thermocouple drift and model drift seem to be inherent in such
high temperature and complex experiments. Can anything be
done to remedy?

Retractable TC
in its (normal) \l
withdrawn A A
— /;ﬁ+—1 Static TC H ?*t—
|

position I

Capillary tube
to guide Retractable TC
retractable TC )

inserted to

Into position confirm static
TC’s

A7 | temperature || A7
|l reading \ G,
s
- x tested | VY 25
Retractable TC to confirm temperature measurements IR I R N G E TN (A




ANIMMA 2@2

- Conclusions

» Because of the high operating temperature of the AGR-5/6/7 experiment, a large
number of thermocouples were incorporated into the test. However, as with
previous AGR tests, all thermocouples failed in the lower capsules prior to the
end of the test period.

« An analysis of the temperature trends for TCs in Capsules 2, 4, 5 indicates little
evidence of drift and good overall agreement with the thermal model.

* The temperature data for Capsules 1 and 3 provide reasonable suspicion that
the thermal model underpredicts the peak fuel temperatures.
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Questions?

Joe Palmer Idaho National Laboratory
Joe.palmer@inl.gov 1 (208) 526-8700
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