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2.2 Experiment Approach

To achieve the test objectives outlined above, AGR-5/6/7 will be irradiated in the northeast flux trap
(NEFT) position of the Advanced Test Reactor (ATR) at Idaho National Laboratory (INL). A core cross
section indicating this location is displayed in Figure 1.

Large B-09 AGR-5/6/7 location
Northeast Flux Trap [

Outer
North

Small
I-position

Large B-12

Fuel
Element

Large B-11

Figure 1. ATR core cross section displaying the NEFT position.

Initial physics calculations (Chang and Parry, 2013) have shown that the NEFT is the best ATR
position to achieve significant end-of-irradiation conditions (compact burnup and fast neutron fluence) for
a test train of sufficient size to accommodate the amount of fuel required for qualification testing. Further
physics calculations (Sterbentz, 2017) have shown that by extrapolating to 500 effective full power days
(EFPDs) of irradiation in this position, fuel compact burnups will exceed 18% fissions per initial metal
atom (FIMA) with fast neutron fluences of about 7.3 x 10* n/m* (E>0.18 MeV). While the fast neutron
fluence is higher than expected for a prismatic HTGR, test train design refinements were made to reduce
the fast neutron fluence by use of neutron filters. Contrary to the Large B positions used for AGR-1 and
AGR-2, the larger diameter of the NEFT also provides greater flexibility for test train design,
significantly enhancing the capability for the combined irradiations. Specifically, the AGR-5/6/7
irradiation in the NEFT position:

e Efficiently utilizes the ample space afforded by the NEFT to accommodate enough fuel for the needs
of qualification and margin tests

e Reduces the irradiation time due to the higher achievable flux levels relative to other ATR irradiation
locations

e Allows the use of neutron filters to maintain more consistent compact power as the fuel burns out
e Allows power level control (corner lobes controlled independently).

In addition, the rate of burnup and fast fluence accumulation, or acceleration, in this position is less
than three times that expected in an HTGR. Past U.S. and German experience indicates that by keeping
the acceleration factor under three, an irradiation test is more prototypic of an actual reactor irradiation
(Petti et al., 2002).



Form 412.09 (Rev. 10)

Idaho National Laboratory

Identifier: PLN-5245
AGR-5/6/7T IRRADIATION EXPERIMENT Revision: 0
TEST PLAN Effective Date: 09/07/2017 Page: 3 of 47

The AGR-5/6/7 test train is based on the experience gained from previous irradiations in ATR, using
instrumented lead experiments. Instrumented lead experiments are used for irradiations requiring a
controlled environment and monitored parameters. The AGR-5/6/7 test train contains five separate
capsules and will use the full 1.2-m active core height in ATR to maximize the amount of irradiated fuel
(~500,000 particles in AGR-5/6 and ~50,000 particles in AGR-7) and span the desired broad range of fuel
burnup and temperature combinations expected in a modular HTGR. This will provide more
representative data on TRISO fuel performance. Each capsule is filled with fuel compacts containing
UCO TRISO particles. The capsules will be irradiated in an inert sweep gas atmosphere with individual
online temperature monitoring and control. The sweep gas also has online fission product monitoring of
its effluent to track performance of the fuel in each individual capsule during irradiation.

Figure 2 shows an axial schematic of the AGR-5/6/7 test train with the four AGR-5/6 capsules
(Capsules 1, 2, 4, and 5) and the AGR-7 capsule (Capsule 3). For AGR-5/6, 30% of the
~500,000 particles will operate at <900°C, 30% will operate at 900 to 1050°C, 30% will operate at
1050 to 1250°C, and the remaining 10% will operate at 1250 to 1350°C®. For the margin test, AGR-7, all
~50,000 particles will operate at 1350 to 1500°C. The burnup and fast neutron fluence specifications are
identical for the AGR-5/6 and AGR-7 tests. In each test, compact average fuel burnup will be greater than
6% for all compacts and greater than 18% FIMA for at least one compact. The fuel will experience fast
neutron fluences between approximately 1.5 and 7.5 x 10%° n/m? (E>0.18 MeV) and at least one compact
in each test will experience a fast neutron fluence greater than 5.0 x 10* n/m?* (E>0.18 MeV). To attain
these goals and still be able to control the temperature in the capsules, two packing fractions of compacts
are used in the test train. Compacts with a 40% nominal packing fraction are used in Capsules 1 and 5,
and compacts with a 25% nominal packing fraction are used in Capsules 2, 3, and 4.

Capsule 3
Capsule 5 Capsule 4 (AGR-7) Capsule 2 Capsule 1

Figure 2. Axial schematic of the AGR-5/6/7 test train.

2.3 Experiment Schedule

The initially-proposed schedule for the AGR-5/6/7 irradiation experiment is presented in Table 1. The
physics and thermal pre-test predictions (see Section 2.2 and Section 4) were performed using this
schedule. It consists of nine regular ATR power cycles and four intermittent high-power powered axial
locator mechanism (PALM) cycles. Altogether, the thirteen cycles were estimated to bring the total
irradiation duration of the AGR-5/6/7 test train over the required 500 EFPDs.

2 The AGR-5/6/7 Irradiation Test Specification (Maki, 2015) indicates an upper temperature of 1400°C. It was later decided to
reduce this temperature to 1350°C to better separate the thermal ranges of AGR-5/6 and AGR-7.
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volume-average temperatures ranging from ~800 to ~1400°C (see Section 4.2). Given these temperature
specifications and feedback from previous AGR experiments, some redundancy and diversity was
recommended for temperature measurements in AGR-5/6/7. Specifically, it was required that each
capsule should contain at least five TCs: one TC for thermal control, two additional TCs to provide
backup for the greatest extent of irradiation possible in case of failure of the control TC, and two
additional TCs to provide the highest possible redundancy in the experiment.

TC varieties used in AGR-5/6/7 include:

e Type N (Ni/Cr/Si/Mg wire) with Inconel 600 (Ni/Cr/Fe/Mn alloy) sheath, MgO insulation, and
sleeved with Nb (standard baseline)

o Type N with Cambridge low-drift pure Ni sheath, MgO insulation, and sleeved with Nb in AGR-5/6
capsules and with ZrO, in AGR-7 Capsule 3

o Type N with Inconel 600 sheath, Spinel (MgAl,Os) insulation, and sleeved with Nb

e High-temperature irradiation resistant (HTIR — Mo/Nb wire) with Nb sheath, Al,Os insulation, and
sleeved with Mo.

The selection of these TCs relied on the established performance of commercial TCs and on feedback
from prior AGR experiments. Amongst commercial TCs, standard base metal TCs (Types K and N)
de-calibrate (drift) at high temperatures due to metallurgical changes (>600°C for Type K and >1000°C
for Type N). Based on AGR-1 experience, Type N TCs were deemed appropriate and selected for the
low-temperature capsules (Capsules 2, 4, and 5). In addition to its Type N TCs, Capsule 5 is also
instrumented with an ultrasonic temperature sensor that provides another means of measuring temperature
in its graphite holder. High-temperature refractory TCs (e.g., Types C, S, B, and R) have high-neutron
cross section alloying elements and are subject to rapid drift because their alloying elements transmute
under irradiation into other elements with different electromotive properties. For this reason, TCs of these
types were not selected for the high-temperature capsules.

A summary of TC type and placement within the test train is provided in Table 10, whereas Figure 5,
Figure 6, and Figure 7 show the positions of the TCs in the AGR-5/6/7 capsules. As seen in Capsule 3
(AGR-7), TCs placed in the hot inner section will provide temperature measurements near the compacts.

Table 10. AGR-5/6/7 TCs.

Angular Location Depth Diameter
Capsule TC (North is 0°) (mm) (mm) TC Type

S-1 22.5° 38.1 1.57
5-2@ 112.5° 76.2 1.57
53 202.5° 114.3 1.57

> 5.4 247.5° 114.3 1.57 Type N
550 292.5° 76.2 1.57
5.6 337.5° 38.1 1.57

5 Ultrasonic 67.5° 76.2 2.34 Not applicable
4-1 22.5° 38.1 1.57
4-2@ 112.5° 76.2 1.57
4-3 202.5° 114.3 1.57

4 4-4 247 5° 1143 1.57 Type N
4-5® 292.5° 76.2 1.57
4-6 337.5° 38.1 1.57
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Table 10. (continued).
Angular Location Depth Diameter
Capsule TC (North is 0°) (mm) (mm) TC Type

3-1 0° 101.6 2.34 Spinel
3-2 90° 101.6 2.34 Spinel
3-3 180° 101.6 2.34 Spinel
3-4 270° 101.6 2.34 Spinel
3-5 0° 101.6 1.57 HTIR
3-6 0° 38.1 1.57 Cambridge
3-7 90° 101.6 1.57 Cambridge
3-8 105° 152.4 1.57 HTIR

3 3-9 105° 38.1 1.57 Cambridge
3-10 120° 38.1 1.57 Cambridge
3-11 210° 101.6 1.57 HTIR
3-12 225° 101.6 1.57 HTIR
3-13@ 225° 50.8 1.57 Cambridge
3-14 240° 38.1 1.57 HTIR
3-15 330° 50.8 1.57 Cambridge
3-16 345° 50.8 1.57 HTIR
3-17® 345° 50.8 1.57 Cambridge
2-1 22.5° 50.8 1.57
2-2 67.5° 50.8 1.57
2-3<Z> 112.5° 101.6 1.57
2-4® 157.5° 101.6 1.57

2 2.5 202.5° 152.4 1.57 Type N
2-6 247.5° 152.4 1.57
2-7 292.5° 101.6 1.57
2-8 337.5° 50.8 1.57
1-1 45° 50.8 2.34 Cambridge
1-2 81° 50.8 2.34 Spinel
1-3@ 117° 50.8 2.34 Cambridge
1-4® 153° 50.8 2.34 Cambridge
1-5 189° 101.6 2.34 Cambridge
1-6 261° 152.4 2.34 Cambridge
1-7 297° 203.2 2.34 Cambridge
1-8 333° 203.2 2.34 Cambridge

1 1-9 45° 152.4 1.57 HTIR
1-10 81° 50.8 1.57 HTIR
1-11 117° 50.8 1.57 HTIR
1-12 153° 101.6 1.57 HTIR
1-13 189° 101.6 1.57 HTIR
1-14 225° 50.8 1.57 HTIR
1-15 261° 152.4 1.57 HTIR
1-16 297° 50.8 1.57 HTIR
1-17 333° 203.2 1.57 HTIR

(a) Primary control TC.
(b) First backup control TC.
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Figure 7. Cross section of AGR-5/6/7 Capsule 1 showing the position of the TCs.

Improved Type N TCs (Cambridge, Spinel), as well as refractory HTIR TCs developed at INL, will
be used for capsules operating at temperatures >1000°C (Capsules 1 and 3). The sheath material
developed at Cambridge University reduces the thermal drift markedly, while keeping the flexibility and
robustness of a standard Type N TC. Conversely, Spinel insulation only showed a limited improvement in
drift rate compared to standard Type N TCs but it was decided to include them in the test train to take
advantage of the available space. The HTIR TCs, which also exhibited low drift, will primarily be used to
test and confirm their performance at high irradiation temperature, as the experiment can run successfully
without them. They will occupy the inner and hotter positions of Capsules 1 and 3.

Concerns have been raised that first row transition metals (Cr, Mn, Fe, Co, or Ni) of TC wires or
sheaths can migrate through the graphite and compact matrix and attack the SiC layer of TRISO fuel
particles when placed too close to the fuel. This is exemplified by two observed SiC failures due to
chemical attack by nickel from nearby TCs in the AGR-2 experiment (Hunn et al., 2016). The Mo/Nb
wires and Nb sheaths of the HTIR TCs should be better suited to prevent such SiC failures in AGR-5/6/7.
They also are the only viable option for temperature measurements greater than ~1280°C. This justifies
the central position of these TCs in Capsules 1 and 3. The use of Type N TCs with Inconel 600 sheaths
(standard Type N or Spinel) is justified for locations where there is reasonable separation of the TCs from
the fuel stacks, which limits the risk of migration of nickel, iron, or chromium (main components of the
Inconel 600 alloy). The Type N TCs are sleeved with Nb to prevent migration from these transition
metals, except for the hotter Cambridge TCs in Capsule 3 that are sleeved with ZrO,. The HTIR TCs are
sleeved with Mo, which shows better mechanical resistance at high temperature.

The improved Type N and HTIR TCs were tested in a furnace at INL for more than 4500 hours at
temperatures ranging from 1150 to 1300°C to validate their use in AGR-5/6/7:
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e 2060 hours at 1157°C

e 2006 hours at 1207°C

e 201 hours at 1258°C

e 266 hours at 1301°C (with a 77-hour excursion to 1311°C at the beginning of this period).

As noted above, Cambridge and HTIR TCs showed an improvement in thermal drift at high
temperature compared to standard Type N TCs.

The TCs come in two sizes: 1.57 and 2.34 mm diameter. The 1.57-mm TC diameter is justified by the
lower operating temperatures and the available space within each capsule to place instrumentation. Larger
2.34-mm TCs are only larger at their top (see Figure 8). The increased TC size resulted in only a limited
improvement in drift rate but the larger diameter at the top is beneficial for mechanical strength at
locations where the TCs are brazed to the capsules. Cost and availability of these larger TCs eventually
dictated how many are used in the capsules.

AN
e _________________________L_____,_»_______4.%
T I
¢ 1.57 mm ¢ 2.34 mm

Figure 8. Schematic of a 2.34-mm TC.

3.3.2 Neutron Monitors

Contrary to the previous AGR experiments, AGR-5/6/7 does not have any in-capsule flux wires. The
flux wires used in these previous AGR experiments became unavailable and the cost of procurement of
other existing technologies and associated pre-irradiation testing or of new in-house laboratory
developments was deemed too high compared to the benefits of having flux wires inside the capsules. In
addition, PIE efforts to recover and examine the wires add to the overall expense.

Nevertheless, the test train is surrounded by four flux wire tubes located at the cardinal positions in
the NEFT flux trap. The flux wires run the entire length of the test train. They are located outside of the
neutron filters (see Section 3.3.6), which is dictated by the constraints of capsule and test train design.

After irradiation, the induced activity of the wires will be converted to fluences with the appropriate
neutron energy range and will also be used as a benchmark for physics analyses. The materials used for
the wires, consist of Al + 0.1% Co for thermal flux measurement and pure Ni for fast flux measurement.
The characteristics of the flux wires are listed in Table 11.

Table 11. Characteristics of AGR-5/6/7 flux wires.

Reaction Product Neutron Activation
Material Reaction Half-Life Energy Range
Al+0.1% Co *Co (n,y) “Co 5.3 years Thermal
Ni *Ni (n,p) **Co 70.9 days Fast (E>1 MeV)

3.3.3 Supplementary Instrumentation

Additional instrumentation was placed in the capsules for evaluation of its performance under
irradiation. It consists of measurement of both neutron flux and temperatures. Fluxes measured by the
neutron instrumentation will be used to benchmark the analytical process used to determine compact
burnups and fluences. These values will be compared to calculated results and possibly to other PIE
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leakage, a nominal helium or neon flow of 1-5 sccm per capsule at about 6.9 kPa-gauge (or 1 psig) above
the capsule pressure will be provided via a mass flow controller into the leadout cavity, for a total flow of
5-20 sccm (Capsule 1 has no through tubes) which then flows into the common plenums between
capsules. This small gas flow will provide an inward flow into each capsule through the space between
the capsule bottom heads and around the through tubes. Experimental validations will be conducted prior
to start of irradiation to confirm that ingress gas flow and tube clearances are sufficient to prevent gas
leakage from capsule to capsule. This technique was used successfully in the AGR-1, AGR-2, and
AGR-3/4 experiments. Additional cross flow tests will be conducted between ATR cycles as needed.

3.3.6 Power Shaping

Two techniques will be used to adjust the neutron flux incident on the AGR-5/6/7 test train to shape
the temporal and spatial fuel power distribution. These techniques include placing a neutron filter around
the capsules and raising the power throughout irradiation.

The AGR-5/6/7 experiment will be irradiated in the NEFT of ATR. Since the ratio of fast-to-thermal
neutron flux in the NEFT is too high compared to that of an HTGR, the neutron flux needs to be tailored
to prevent excessive fast neutron damage while achieving the desired fuel burnup. An irradiation housing
provides neutron moderation and absorption to meet this need. It allows the experiment to simultaneously
achieve the desired fuel burnup and fast neutron fluence, while adapting to the ATR constraint of
maintaining a minimum level of reactor power. The housing also helps lower the overall thermal neutron
flux rate to keep the irradiation acceleration factor to less than three and prevent possible premature fuel
particle failures. The irradiation housing surrounds the test train between the capsule wall and the ATR
aluminum baffle and, therefore, interfaces with the ATR core structure that supports the ATR fuel
elements surrounding the NEFT.

The irradiation housing for AGR-5/6/7 consists of inner and outer stainless-steel shells with a
hafnium filter sandwiched between them. Three different filters (shrouds) will be used during the
irradiation: a heavy filter, an intermediate filter, and a light filter (see Figure 11). The neutron filters are
designed to reduce and adjust thermal neutron flux impacting the AGR-5/6/7 compacts, such that the
compact heat rates can remain relatively constant and uniform for the anticipated northeast lobe power
variations during irradiation (Table 12). All three AGR-5/6/7 filters are stainless-steel tubes with a total
thickness of 6.79 mm for the light and intermediate filters and 3.86 mm for the heavy filter. The heavy
filter (Filter 1) will be reused from AGR-3/4. The two other filters were made larger to minimize the
chances of them hanging up on the test. Both Filters 1 (heavy) and 2 (intermediate) have natural hafhium
metal foil sandwiched between an inner and outer stainless-steel tube; the hafnium efficiently absorbs
thermal neutrons, which in turn significantly decrease compact fission and heat rates to control
temperature and burnup. The hafnium foil is centered axially about the ATR core mid-plane and extends
50.8 cm above and below the core mid-plane for a total axial length of 101.6 cm. The axial extent of the
hafnium does not fully cover the top of Capsule 5 or the bottom of Capsule 1 to increase the compact heat
rates and burnup in these regions.
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Figure 11. The three AGR-5/6/7 neutron filters.
Table 12. AGR-5/6/7 irradiation schedule.
Cycle Length Northeast Lobe Power
Cycle Cycle Type (EFPD) MW) Filter
1 Regular 38 14+ 1 2
2 PALM 7@ 11+3and20+2 1
3 Regular 54 14+1 2
4 Regular 59 14+1 2
5 PALM 14 202 2
6 Regular 59 14+1 3
7 Regular 56 14=+1 3
8 PALM 7@ 11+3and20+2 3
9 Regular 56 16+1 3
10 Regular 56 18+1 3
11 PALM 14 20£2 3
12 Regular 56 18+1 3
13 Regular 45 18+1 3
(a) The 7-day PALM cycles will be run 5 days at 11 MW and 2 days at 20 MW.










Idaho National Laboratory

Form 412.09 (Rev. 10)

AGR-5/6/7 IRRADIATION EXPERIMENT
TEST PLAN

Identifier:
Revision:

Effective Date:

PLN-5245

0

09/07/2017

Page: 29 of 47

AGRY7 -Compact Average Particle Power

Max (Compact 3-3-3)

190
180
170
160
150
140
130
120

Average Particle Power (mW/part)

110

100
0 50 100 150 200 250

Effective Full Power Days

Figure 14. AGR-5/6 (top) and AGR-7 (bottom) minimum and maximum compact average heat generation

rates.

300

350

Min (Compact 8-3-1)

400

450

500

550



Form 412.09 (Rev. 10)

Idaho National Laboratory

Identifier: PLN-5245
AGR-5/6/7T IRRADIATION EXPERIMENT Revision: 0
TEST PLAN Effective Date: 09/07/2017 Page: 30 of 47

4.2 Temperature

Three-dimensional finite element thermal calculations were performed at each projected irradiation
cycle of the AGR-5/6/7 experiment. These preliminary calculations were performed with the heat
generation rates described in Section 4.1 and with optimized control gas gap widths and varying sweep
gas compositions.

As required by the test specifications, the optimization of the control gas gap widths and adjustment
of the sweep gas mixtures must ensure that ~30% of the ~500,000 particles of the AGR-5/6 fuel will
operate at <900°C, ~30% will operate between 900 and 1050°C, ~30% will operate
between 1050 and 1250°C, and the remaining ~10% will operate between 1250 and 1350°C.
Temperatures from <900°C to >1250°C conservatively span a range expected in HTGRs. Since AGR-7 is
designed as a margin test of the UCO fuel, a dominant fuel performance parameter for this test is time at
temperature. Considering AGR-2 tested UCO fuel at a time-average peak temperature of 1360°C with
online data indicating no deleterious effects (Collin, 2014), AGR-7 will be tested at a higher peak
temperature of 1500°C and the majority of the ~50,000 particles will operate above 1350°C. Figure 15
shows that the fuel is expected to operate in its required temperature ranges.

For each capsule, the fuel temperature will be controlled to provide the required number of particles
in each specified temperature range. This will be achieved by adjusting the helium fraction in the
helium-neon sweep gas mixture. Figure 16 displays the helium fractions required in each capsule and at
each cycle to maintain the fuel temperatures at their required levels throughout irradiation.

In both AGR-5/6 and AGR-7, an instantaneous peak temperature specification of <1800°C will
provide an operational limit to minimize overheating of the fuel. Figure 17 shows that the instantaneous
peak temperatures for both AGR-5/6 and AGR-7 will be less than the 1800°C limit.

The time-average peak temperature of AGR-5/6 is required to be 1350 + 50°C, while the time-
average peak temperature of AGR-7 should be 1500 = 50°C. As seen in Figure 18, both these
requirements are met in the preliminary thermal calculations. Furthermore, the AGR-5/6 test
specifications require the time-average minimum temperature to be less than 700°C, which is expected to
be the case in Capsule 5, as seen in Figure 19. Finally, Figure 20 shows the time-average volume-average
temperatures for the AGR-5/6 and AGR-7 capsules.
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Figure 15. Percentage of the fuel in the AGR-5/6 (top) and AGR-7 (bottom) temperature ranges.
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Figure 16. Helium fraction in the temperature control sweep gas mixture.
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Figure 17. Instantaneous peak temperature for AGR-5/6 (Capsules 1, 2, 4, and 5) and AGR-7 (Capsule 3).
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Figure 18. Time-average peak temperature for AGR-5/6 (Capsules 1, 2, 4, and 5) and AGR-7 (Capsule 3).
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Figure 19. Time-average minimum temperature for AGR-5/6 (Capsules 1, 2, 4, and 5) and AGR-7

(Capsule 3).
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Figure 20. Time-average volume-average temperature for AGR-5/6 (Capsules 1, 2, 4, and 5) and AGR-7
(Capsule 3).

4.3 Fuel Burnup

The intent of the AGR-5/6 and AGR-7 test objectives and test specifications is for the fuel to obtain a
substantial fraction of burnup within a reasonable amount of time (on the order of 2.5 calendar years).
The burnup specifications are identical for the AGR-5/6 and AGR-7 tests (Maki, 2015). In each test, the
specification requires a minimum compact average fuel burnup of 6% FIMA for all compacts and greater
than 18% FIMA for at least one compact. A burnup of 18% FIMA exceeds the expected maximum
burnup reached in HTGRs loaded with 15.5wt% enriched fuel. On the other hand, the lower burnup
specification of 6% FIMA ensures that a level of significant irradiation is achieved.

Figure 21 presents the predicted capsule average burnups for AGR-5/6 and AGR-7 and Figure 22
displays the minimum and maximum compact average burnups for each portion of the AGR-5/6/7
experiment. These results indicate that after 510 EFPDs of irradiation, all the AGR-5/6/7 compacts will
have reached the minimum specified burnup of 6% FIMA. Furthermore, at least one compact in each test
is expected to reach a burnup greater than 18% FIMA at 510 EFPDs.
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Figure 21. Capsule average burnups for AGR-5/6 (Capsules 1, 2, 4, and 5) and AGR-7 (Capsule 3).
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Figure 22. AGR-5/6 (top) and AGR-7 (bottom) minimum and maximum compact average burnups.
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4.4 Fast Neutron Fluence

The fast neutron fluence for each fuel compact is restricted by specification to be > 1.5
and < 7.5 x 10*° n/m? (E>0.18 MeV) in both the AGR-5/6 and AGR-7 tests (Maki, 2015). In addition, at
least one compact in each test is required to achieve a fast neutron fluence > 5.0 x 10*° n/m?
(E>0.18 MeV), which is a level of fast neutron fluence that bounds expected HTGR service conditions.

Figure 23 presents the predicted capsule average fast neutron fluences for AGR-5/6 and AGR-7 and
Figure 24 displays the minimum and maximum compact average fast neutron fluences for each test.
These results indicate that after 510 EFPDs of irradiation, all the AGR-5/6/7 compacts will have reached
the minimum specified fast neutron fluence of 1.5 x 10%° n/m? (E>0.18 MeV) and that none of the
compacts will exceed a fast neutron fluence of 7.5 x 10% n/m* (E>0.18 MeV). Furthermore, at least one
compact in each portion of the AGR-5/6/7 experiment is expected to reach a fast neutron fluence >
5.0 x 10* n/m* (E>0.18 MeV) at 510 EFPDs.

Capsule Average Fast Neutron Fluence

—e— (Capsule 5 =—#—Capsule 4 —#—Capsule3 —e—Capsule? —8—Capsulel

Zn/m? E > 0.18 MeV)
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Figure 23. Capsule average fast neutron fluences for AGR-5/6 (Capsules 1, 2, 4, and 5) and AGR-7
(Capsule 3).
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Figure 24. AGR-5/6 (top) and AGR-7 (bottom) minimum and maximum compact average fast neutron

fluences.
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4.5 Irradiation Duration

The AGR-5/6/7 irradiation duration is scheduled to be around 500 EFPDs. It is constrained by the
AGR Technical Program Plan (INL, 2017a) assumption to limit the irradiation test acceleration to under
three times that expected in a real-time HTGR irradiation, and by the test specifications for ancillary
irradiation conditions. Since irradiating in a flux trap in ATR assures test acceleration is under a factor of
three, test duration is determined by evaluating the attributes of temperature, fast neutron fluence, and
burnup. This approach must balance increasing duration with decreasing temperatures and increasing
burnup and fast fluence.

A summary of the scheduled AGR-5/6 an AGR-7 irradiation conditions and associated test
specifications are presented in Table 13 and Table 14. Irradiation duration was initially scheduled to be
510 EFPDs but the irradiation schedule has since been altered and the current schedule projects an
irradiation duration of 476 or 521 EFPDs depending on whether the irradiation is stopped before CIC or
resumed for one cycle after the 9-month outage. Furthermore, additional ATR constraints could result in
shorter or longer cycles. The objective is to stop the irradiation around 500 EFPDs as a shorter or longer

irradiation could result in a violation of the test specifications.

Table 13. Summary of AGR-5/6 irradiation conditions.

for each capsule (°C)

Parameter Test Specification AGR-5/6
Irradiation length (EFPD — with / . .
without CIC and 13th cycle) Not specified (estimated at 510) 476/ 521
Calendar years® (with / without .
CIC and 13th cycle) Not specified 23/33
Instantaneous peak temperature <1800 <1347 (Compact 1-8-3)

Time-average temperature
distribution goals (°C)

>600 and <900 for about 30% of the fuel
>900 and <1050 for about 30% of the fuel
>1050 and <1250 for about 30% of the fuel
>1050 and <1250 for about 10% of the fuel

29%
31%
32%
8%

Time-average peak temperature
goal (°C)

1350 + 50

1335 (Compact 1-8-6)

Time-average minimum
temperature goal (°C)

<700

<598 (Compact 5-6-1)

Minimum fuel compact average
burnup (% FIMA)

>6 for all compacts
>18 for at least one compact

>7.4 for all compacts
>18 for 18 compacts

Minimum fuel compact fast
neutron fluence (x10%n/m?,
E>0.18 MeV)

>1.5 for all compacts
>5.0 for at least one compact

>2.2 for all compacts
>5.0 for 89 compacts

Maximum fuel compact fast

particle (mW per particle)

neutron fluence (x10?°n/m?, <7.5 <7.3 for all compacts
E>0.18 MeV)
Instantaneous peak power per <400 <190 for all compacts

(a) Assumes 210 EFPDs per calendar year to account for ATR outages; CIC is a planned 9-month outage.
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Table 14. Summary of AGR-7 irradiation conditions.
Parameter Test Specification AGR-7

Irradiation length (EFPD — with / . .

without CIC and 13th cycle) Not specified (estimated at 510) 476 /521

Calendar years® (with / without .

CIC and 13th cycle) Not specified 2.3/33

Instantaneous peak temperature

for cach capsule (°C) <1800 <1515 (Compact 3-6-2)

Time-average peak temperature 1500450 1478 (Compact 3-6-2)

goal (°C)

Time-average minimum Not specified <1062 (Compact 3-1-3)

Minimum fuel compact average
burnup (% FIMA)

>6 for all compacts
>18 for at least one compact

>17.4 for all compacts
>18 for 14 compacts

Minimum fuel compact fast
neutron fluence (x10%n/m?,
E>0.18 MeV)

>1.5 for all compacts
>5.0 for at least one compact

>6.8 for all compacts
>5.0 for 24 compacts

Maximum fuel compact fast

particle (mW per particle)

neutron fluence (x10%n/m?, <15 <7.4 for all compacts
E>0.18 MeV)
Instantaneous peak power per <400 <190 for all compacts

(a) Assumes 210 EFPDs per calendar year to account for ATR outages; CIC is a planned 9-month outage.

5. MEASUREMENT REQUIREMENTS

Several measurements are needed to demonstrate that AGR-5/6/7 has reached the irradiation
condition goals and test specifications. These conditions include time-average peak temperature,
time-average volume-average temperature, fuel burnup, fast neutron fluence, and fission gas release.
Because the fuel compacts cannot be directly instrumented (which may induce particle failures), burnup,
neutron fluence, and fuel temperature will be determined by calculations that require supporting
measurement data. Each of these measurement categories are discussed below.

5.1

Neutron Dosimetry

Both thermal and fast neutron fluence measurements will be made for the AGR-5/6/7 experiment.
The purpose of these measurements is to provide neutron exposure data that will support the calculations
of the average burnup, fast neutron fluence, and fission product inventory of each compact.

Following irradiation, the flux wires (see Section 3.3.2) will be counted for their neutron-induced
radionuclide activities in both neutron fluence ranges. Data collected from the flux wires will be corrected
for decay according to standard procedures. Derived fast neutron fluence data will be compared to
physics-calculated fluence >1 MeV to validate the physics model. Upon agreement, the physics model
will calculate the fluence for energies >0.18 MeV, which is the standard energy range over which the
AGR fast neutron fluence is reported.
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5.2 ATR Parameters

ATR data that describes the core neutronics and thermal-hydraulic environment will be required.
These data will be used to assist physics analysis (to calculate fuel burnup, heat generation rates, and fast
neutron fluences), assist thermal analysis (to calculate compact temperatures), and support temperature
control.

ATR is a light-water-moderated 93% enriched uranium fueled test reactor. As shown in Figure 1, the
fueled core is arranged in a four-lobe clover leaf configuration. Each of the four corner lobes can be
controlled at different powers to match the requirements of various in-pile experiments. ATR is rated at a
total thermal power of 250 MW, however the reactor is normally operated in the range of 105 to 115 MW
to meet most experiment needs.

ATR data that will be provided include individual lobe powers, shim cylinder (hafnium absorber)
positions, and core inlet temperatures. These data are recorded, and backed up on a separate storage
device, once every minute.

5.3 Temperature Measurements

Temperature measurements will be performed by TCs terminating within the graphite holder of each
capsule. These measurements will support thermal analyses of the test train, which ultimately will
determine fuel temperatures, and will also support temperature control of the experiment. For this
function, one TC per capsule is designated as the control TC. Measurements from the control TCs provide
feedback to the automated sweep gas control system, which adjusts gas blend to maintain reference
temperatures.

AGR-5/6/7 TCs have an as-installed accuracy of at least +2% of reading as required by the test
specifications. During normal operation, TC data will be recorded and backed up on a separate storage
device, at least every 5 minutes. During abnormal events, the frequency will increase to recording at least
every minute.

5.4 Sweep Gas Parameters

In addition to the TC measurements, several sweep gas parameters are required for thermal analyses
and temperature control. These include pressure, mass flow rates of each constituent gas, and moisture
content. Sweep gas pressures and constituent mass flow rates (which determine gas mixture ratios) will be
used in physics and thermal analyses of the test train. Moisture content measurements (measured on the
outlet side of the capsule and compared to the gas supply verification measurement) provide indicators of
capsule integrity.

Capsule inlet pressure is measured to within =0.007 MPa (£1 psi) with constituent mass flow rates
measured within 1% root mean square. Moisture data are converted to parts per million by volume
relative to atmospheric pressure. These data are recorded, and backed up on a separate storage device,
once every minute during irradiation and for at least 2 days after each reactor shutdown.

5.5 Fission Gas Release Monitoring

Fission gas release measurements provide indicators of fuel irradiation performance. Gross radiation
monitors (Nal(T1)) continuously measure the sweep gas from each capsule to indicate fuel particle
failures. Spectrometer detectors (HPGe) measure radionuclide concentrations to determine release rate to
birth rate (R/B) ratios of selected nuclides. R/B values provide indicators of initial fuel quality and also
provide indications of fuel failure.
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The gross radiation monitors have sufficient sensitivity to detect every fuel particle failure up to and
including the first 250 failures from each capsule. The limit value of 250 particle failures is a compromise
between detection sensitivity (which decreases as more particles fail) and programmatic need to identify
the timing of each failure. These fuel particle failures are indicated by a rapid rise and drop, or spike, in
the measured count rate. Such spikes are a result of a sudden release of stored fission product inventory.
Measured spectra are automatically stored and backed up. To limit the amount of decay from released,
short-lived isotopes and to increase detectability, the transit time of the sweep gas from each capsule to
the FPMS is kept under 25 minutes.

The spectrometer detector systems measure the concentrations of various krypton and xenon isotopes
in the sweep gas from each capsule. During normal operation, 8-hour counting intervals are used to
measure the concentrations of Kr-85m, Kr-87, Kr-88, Kr-89, Kr-90, Xe-131m, Xe-133, Xe-135,
Xe-135m, Xe-137, Xe-138, and Xe-139. These concentrations are converted to fuel release rates, which
with calculated birth rates will be used to determine R/B ratios. Measured spectra are automatically stored
and backed up. During reactor outages, the capsules are swept with pure helium. This sweep gas is
analyzed for Xe-133, Xe-135, and Xe-135m, whose concentrations are measured and recorded for at least
2 days following each reactor shutdown. These xenon concentrations are used to calculate concentrations
of their parent iodine isotopes. Presence of the fission product iodine is also an indicator of fuel
performance.

5.6 Data Validation and Qualification

Measured data are evaluated for validation and then qualified for use. The Nuclear Data Management
and Analysis System (NDMAS) processes the data for this purpose. The following parameters are
captured and processed by NDMAS: fuel irradiation data (TC readings, sweep gas compositions, flow
rates and pressures, and moisture monitor readings), FPMS data (isotopic release data and gross gamma
counts), and ATR operating conditions data (lobe powers, control cylinder positions, neck shim positions,
and control rod positions). All test data will be backed up and stored in separate facilities at least daily.

6. OPERATIONAL REQUIREMENTS

All operational activities associated with the AGR-5/6/7 experiment comply with all applicable INL
and ATR standard procedures. These activities also comply with all safety and quality assurance
requirements outlined in Section 7. Activities requiring special or unique consideration are identified
below.

6.1 Pre-irradiation

After assembly, test train and fission product monitor components and subsystems will undergo
inspection, testing, and calibration, as needed. This includes, but is not limited to, leak testing of all
pressure boundaries and gas lines and continuity checks of all TCs. Following these activities, a review
will be conducted whereby any findings will be corrected.

Following successful completion of the review and obtaining all appropriate ATR approvals, the
AGR-5/6/7 test train will be inserted into the NEFT of ATR, air within the lead and gas lines will be
purged, and final component inspections will be performed.

6.2 Irradiation

During irradiation, temperature control is automatically maintained by the gas control system. This
system requires temperature feedback from a control TC within each capsule. Should a control TC fail, a
previously selected backup TC within the same capsule will be used as the control TC and the reference
control temperature reset based on thermal analysis calculations. Should all TCs fail within a capsule,
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results from physics and thermal analyses supported by the operating history of an adjacent capsule will
be used to manually set the gas blends of the affected capsule. Ultimately, should all TCs fail within the
test, temperature control may be based on predictive thermal analyses, augmented by analyses of fission
product gas release, which is sensitive to temperature.

TC drift will be monitored by analyses. With actual gas mixes and predicted heat generation rates
from physics analyses, the thermal model will be adjusted and calibrated to TC readings during the start
of the first irradiation cycle (about 2 days after reactor startup so that xenon equilibrium is reached).
Thereafter, thermal model results will be compared to the TC readings. Should the difference between
model predictions and actual readings of a control TC differ by more than 50°C (about 4 to 5% of
reading), control set points for the gas mix system will be adjusted to compensate for the TC drift.

The current ATR planning includes four PALM cycles during the span of AGR-5/6/7 irradiation.
These PALM cycles are scheduled to last about 7, 14, 7, and 14 EFPDs, respectively, and are planned
after about 38, 158, 287, and 406 EFPDs of irradiation. The use of neutron filters will allow the
AGR-5/6/7 test train to remain in the NEFT during these PALM cycles. However, during the long CIC
outage (274 days), the test train will be removed from the core and placed in the ATR canal.

During any switch in control gas (to pure helium, to a neon-helium mix, etc.), flows of the common
plenum gas and each control gas will be appropriately adjusted to ensure that continuity is maintained in
the pressure differential between the common plenum and each capsule. This ensures that cross flow
between capsules is avoided. After each ATR shutdown and during the entire outage, the control gas will
be switched to pure helium for each capsule, and the helium will continuously flow through each capsule
at the nominal operating flow rate. The plenum flow will also be maintained at its nominal operating flow
rate.

Should a capsule experience excessive fuel particle failures, sweep gas to the capsule will be set to
consist of 100% helium. The helium sweep gas will be maintained at the nominal operating flow rate until
the end of the irradiation.

Indicators of moisture ingress (sweep gas outlet moisture content higher than inlet content) will be
closely monitored. Past experience has shown that once the presence of moisture is detected, the content
rapidly increases. Should a rapid increase in moisture be observed in a capsule, the test train may be
removed from the reactor at the next scheduled reactor outage to avoid significant water-graphite
interactions possibly compromising other capsules via gaps that may form around the through tubes.

Program participants will be able to view time-series data online via a secured site. Summary plots
and downloadable data will be able for TC temperatures, sweep gas parameters, and gross radiation
monitor count rates. Additionally, ATR operational data will be updated daily.

As aresult of cycle-to-cycle variations in ATR lobe powers, accumulated burnup and fast neutron
fluence for the AGR-5/6/7 compacts must be periodically updated based on as-run data. These as-run
physics data reports will be issued as interoffice memoranda after the end of each reactor cycle to the test
completion. They will be used to generate birth rates of short-lived Kr and Xe isotopes for R/B
calculations and to perform as-run thermal analyses. Both resulting R/B ratios and calculated fuel
temperatures can be used to monitor the experiment and fine tune it from one cycle to the next as needed.

6.3 Post-irradiation

The AGR-5/6/7 test train will be removed from the reactor after completion of the irradiation. For
removal, the TCs and gas lines will be disconnected at the reactor vessel penetration flange (where the
leadout passes through the reactor wall). The gas lines will then be capped and a cover installed on the
test train leadout flange. The entire test train will then be lifted from the NEFT test position and placed in
the ATR canal.
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The test train will cool in the canal for about three months before being transferred to the INL
Materials and Fuels Complex Hot Fuel Examination Facility for disassembly. Preliminary PIE will be
conducted during and immediately after disassembly. A description of the basic approach for PIE is
presented in the technical program plan (INL, 2017a). A detailed AGR-5/6/7 PIE Plan will be developed
prior to the end of the irradiation.

Within a year of test completion, an irradiation test final as-run report will be issued. Results from
PIE and safety testing will be documented separately after the completion of those activities.

7. SAFETY AND QUALITY ASSURANCE
7.1 Safety

The design, fabrication, installation, operation, and disassembly activities of the AGR-5/6/7
experiment comply with all applicable health, safety, and environmental requirements. These activities
and their corresponding requirement directives are listed in Table 15.

Table 15. AGR-5/6/7 safety requirements.
Activity/Component Requirements

ATR Technical Safety Requirements

Design, installation and operation of test lead Uparaded Final Safety Analysis Report

American Society of Mechanical Engineers (ASME)

C | tai t tub .
apsuie containimen N Boiler and Pressure Vessel Code

Mechanical design Applicable sections of ASME and American Welding

Society (ASW) Codes
Nuclear materials accountability Applicable Department of Energy orders
Radioactive material shipments Applicable Department of Energy orders

7.2 Quality Assurance

Quality assurance activities associated with the AGR-5/6/7 experiment comply with all applicable
requirements set forth in:

e INL Quality Assurance Program Description (INL, 2017c) based on ASME NQA-1-2008 (ASME,
2008) and Addenda NQA-1a-2009 (ASME, 2009)

e INL Advanced Reactor Technologies Technology Department Office Quality Assurance Program
Plan (INL, 2017b)

e ATR Complex site-specific quality assurance implementation procedures and forms

8. PROGRAM CONSTRAINTS AND SCHEDULE

Several possible programmatic constraints may affect the scheduling and accomplishment of
significant activities presented in this test plan. Some of these constraints are discussed below.

The AGR-5/6/7 irradiation is scheduled to start on December 6, 2017 and to run until
January 16, 2021. It will be followed by a 3-month cooling period of the test train in the ATR canal.

The irradiation duration is planned for approximately 3 calendar years. This duration may be
shortened because of significant test train or fuel failures or lengthened to gain more fuel performance
data with increased burnup. Duration to achieve targeted burnups also depends on ATR operation, where
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lobe powers are adjusted each cycle for the needs of various experiments including PALM cycles,
possible increased maintenance outage durations, or unforeseen additional outages.

Four of these PALM cycles are planned during the scheduled 521 EFPDs irradiation of AGR-5/6/7,
respectively after about 38, 158, 287, and 406 EFPDs of irradiation, and they are expected to last 7, 14, 7,
and 14 EFPDs respectively.

A 9-month outage is currently scheduled from February 29, 2020 to November 29, 2020 to proceed to
the replacement of the core internals of ATR. During this outage, the AGR-5/6/7 test train will be
removed from the NEFT and placed in the ATR canal. It is expected that the AGR-5/6/7 experiment will
not have reached its burnup and fast neutron fluence targets prior to CIC. In this case, the test train would
be re-inserted in the NEFT after the outage for an additional power cycle. A schedule indicating major
irradiation-related activities for the AGR-5/6/7 experiment is shown in Table 16.

Table 16. Schedule for AGR-5/6/7 irradiation-related activities (calendar years).

Start Finish 2011 2012 2013 2014 2015 2016
Fuel
Fabrication | 42011 | 3/31/2017
Design and | 5, 614 | 9252017
Assembly
Start Finish 2017 2018 2019 2020 2021
Fuel
Fabrication | 4/U2011 | 3/31/2017
Design and | 5, 614 | 9252017
Assembly
Irradiation | 12/6/2017 | 1/16/2021 CIC
Data
Amalysis | 1615017 | 10/12/2021
and
Reporting
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