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INTRODUCTION

Mini-plate (MP) irradiation tests are fueled experiments
designed for irradiation testing of plate type fuel in multiple
test locations in the Advanced Test Reactor (ATR) at the
Idaho National Laboratory (INL). These MP experiments
are non-instrumented drop-in tests where small aluminum-
clad fuel plate samples are cooled directly by the ATR
Primary Coolant System (PCS) water. These fueled
experiments contain aluminum-clad fuel mini-plates
consisting of monolithic U-10Mo. Previous thermal
analyses have been documented concerning oxide growth
[1] and thermal safety margins [2] for the MP-2 experiment.
A thermal analysis was performed on the MP-2 experiment
using a new technique for calculating the necessary time
after the experiment has been irradiated and reactor
shutdown necessary to not exceed the 95% lower bound
blister threshold temperature for the fuel in a horizontal in-
air configuration. Also discussed is a horizontal in-water
model analysis.

After the experiment is irradiated in the ATR, the fuel-
meat temperatures are calculated at 12 hours after shutdown.
This ensures fission products will not be released at the 12-
hour mark if this experiment is removed from the reactor
and accidentally dropped onto the working tray. Horizontal
is the most severe geometrical configuration (minimum heat
transfer) since the blister threshold temperature is
considered its safety limit. The horizontal in-air analysis is
also performed considering the experiment is horizontal in a
drained canal with natural convection heat transfer and
outside air.

The purpose of the initial mini-plate testing campaign’s
irradiation, known as MP-1 [3], was to form the base fuel
specimens. MP-1 has been irradiated and its purpose was to
test fuel performance at bounding conditions using fuel
specimens fabricated by a commercial fabricator. MP-2 will
populate a comprehensive fuel performance data set. The
MP-2 experiment will be irradiated in several locations of
the ATR as shown in Figure 1. The fuel plate thickness and
geometry are similar to the MP-1 experiment [3], with the
only variable being the fuel meat thickness. This model of
the B-12 position is treated as encompassing the [-21, 1-24,
and B-9 positions since it has more fuel and higher total heat
than the other positions.

Since the blister threshold temperature is a function of
fission density, a series of fission densities is calculated for
the B-12 position to cover the other three positions. The
B-12 position specifically uses fuel meat that is 0.016-in.
thick by 3.25-in. long and 0.75-in. tall. The total plate

thickness is 0.050-in. Aluminum cladding forms the barrier
between the PCS and the fuel meat. This paper will
demonstrate the newly developed technique for calculating
necessary decay time after shutdown for a series of fission
densities using the ABAQUS [4] finite element and heat
transfer code.

Model Description

The MP-2 experiment in the B-12 position has 32
possible fuel-plate positions as shown in Figure 2. Fifteen of
these positions are taken with fuel plates, while the rest are
positioned with dummy plates. A total of five water
channels exist, with three between the four plates and two
on the outsides. The entire length of the finite element
model is 33.5-in. This experiment as shown in Figure 3 has
hafnium rings within the capsule to help shape the neutron
flux profile near the ends of the fuel plates, shown with
green/blue color in Figure 4.

Shown in Figure 5 is the finite element mesh of one of
the capsules with fuel plates depicted in brown. Water finite
elements are not shown. Hexagonal eight-noded brick finite
elements are used. Eight finite elements span across the fuel
meat with four finite elements through the aluminum
cladding on each side for a total of 16 across the fuel plate.
The entire model consists of approximately 1.5 million
finite elements. The fuel meat zone has 40 elements along
its length and 20 across the width.

For the horizontal in-water model, all the water
channels are replaced with steam. Air finite elements are
placed in the water channels for the horizontal in-air model.
For both models, solid diffusion/continuum finite elements
with no advection are used for the steam and air. This is a
conservative assumption since natural convection inside the
water channels will enhance the heat transfer. For the air
model, no surface-to-surface radiation is included. Exterior
black-body radiation is included to an infinite sink at room
temperature.

The 95% lower bound blister threshold temperature [5]
varying with fission density (FD) is defined as:

« For fission density (FD) < 1.5 x 102! fissions/cm’, Tb
(lower 95% prediction bound) = 478°C

e For FD > 1.5 x 10?! fissions/cm?, Tb = (lower 95%
prediction bound) = 3.25x107 -FD02282 (°C).
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Figure 1. ATR core cross section for MP-2 experiments.
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Figure 2. Fuel plate loading by geometry (dummy plates
shown in green).

Figure 3. MP-2 capsule configuration.

Figure 4. Zoomed in cutaway view of model without PCS
water with hafnium rings shown in blue.
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Figure 5. Finite element mesh of one capsule with fuel
plates.

Natural convection heat transfer is modeled with a
temperature-varying heat-transfer coefficient on the outside
of the aluminum basket that contains the experiment
described in [7]. The following set of equations show the
heat-transfer coefficient used for air and water:
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Where the aluminum emissivity is assumed to be 0.1.
by, = bog + By, ®

Decay heat was calculated from [6] with the following
equations:

00 (10)
Where t is the time since shutdown, T op is the
operating time and assumed to be 360 days of irradiation.
This Pow_fact is the multiplier used to find the heat rates for
the water and air model. For the water model at 12 hours,
the multiplier is about 0.005. At 29 days after shutdown the
multiplier is about 0.0013. If the irradiation time is shorter
than 360 days, then these decay heat multipliers will be
lower according to equations 9 and 10, but 360 days is used
to be conservative. A series of blister threshold temperatures
were calculated ranging from (1.5 to 6.0) 102! fissions/cm?.

Fission heat rates for the fuel meat and gamma heat
rates for the water, aluminum, and hafnium were calculated
separately from the MCNP physics and neutronics code [8]
and input into ABAQUS.

RESULTS

The results are shown in Figure 6 through Figure 10
and Table 1. Shown in Figure 6 is the fission density in the
fuel meat, imported from the physics calculations, at the end
of the 6th and final cycle of irradiation in B-12. The top of
the model is on the bottom left of the figure with capsule A
on the left and capsule D on the right. Capsules A, B, and C
have fresh fuel for ATR cycle 1, then new fuel for cycle 2
and remain for the third cycle, then new fuel for cycle 4 and
then remain for cycles 5 and 6. Capsule D has the same fuel
irradiated for all six cycles and hence the highest fission
density in Figure 6. Figure 7 shows the irradiation schedule
of B-12. Figure 8 shows the fuel meat centerline
temperature for the horizontal in-water model at 12 hours
after shutdown. Temperatures are well below the blister
threshold temperature. Figure 9 shows the number of days
necessary for the horizontal in-air model to be exactly at the
lower 95% blister threshold temperature limit varying with
fission density. For a higher blister threshold temperature at

a fission density of 1.5 x 10?! fissions/cm? or less, it requires
fewer days (12 days) since the decay heat is higher. For a
fission density of 5.0 x 10?! fissions/cm? the number of days
is about 28 since the blister threshold temperature is lower
and it requires more time for the decay heat to become
lower.

Figure 10 shows the temperature contours of the fuel
meat centerline at 28.55 days for a fission density of 5.01 x
102! fissions/cm?3. The peak temperature is right at the lower
95% blister threshold limit.

Table 1 shows the iteration history to arrive at the
values in Figure 9.
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Figure 6. Fission density (10?! fissions/cm?) at end of
irradiation.
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Figure 7. Irradiation schedule for B-12 for six cycles.
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Figure 8. Temperature contours (°C) of fuel meat at end of
irradiation for horizontal in water, 12 hours after shutdown.
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Figure 9. Horizontal in-air days after shutdown versus
fission density to be at 95% lower blister threshold

temperature.
Table 1. Iteration progress for horizontal in air.

I Horizontal in Air |

Figure 10. Temperature contours of fuel meat at 28.55 days
after shutdown for horizontal in air (FD=5.01x 102!
fissions/cm?).
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CONCLUSIONS

This paper shows a method for several experiment test
trains to be conservatively covered by one thermal analysis
concerning how many days after shutdown an experiment
needs to cool for varying amounts of burnup.

ACKNOWLEDGMENTS

Work supported by the U.S. Department of Energy,
USHPRR Program, Idaho Operations Office Contract
DE-AC07-051D14517.

REFERENCES

Monolithic Fuel for Research Reactors",
INL/EXT-17-40975, Rev. 4, April 2020.

[6] ANS-5.1, "Decay Heat Power in Light Water
Reactors," 2014 ANSI Standard.

[7] F.INCROPRERA, D. DEWITT, “Fundamentals of
Heat and Mass Transfer,” 5th ed., John Wiley & Sons, New
York, 2002.

[8] The MCNP Code Development Team, “MCNP Code
Manual,” https://mcnp.lanl.gov/references.shtml, Los
Alamos National Laboratory. Accessed Dec. 2017.


https://mcnp.lanl.gov/references.shtml

