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PREFACE

The work described herein was performed to satisfy Gas Processing Area of Interest # 3: "Develop
methods to deploy alternate ways to heat existing process equipment to minimize impact to glovebox
environment” from the 2018 PDRD Call for Proposal STRE Process Support Document.
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EXECUTIVE SUMMARY

Metal hydride beds used for storing hydrogen isotopes accumulate helium due to beta-decay of tritium.
Helium alters the hydrogen capacity and plateau pressures of these storage beds and ultimately results
in the beds being disqualified for use in tritium facilities. Removal of helium and hydrogen isotopes
for disposal or storage bed regeneration can be achieved with sufficient heating; however, existing Gen
1 and Gen 2 storage beds are not designed to reach helium removal temperatures and face disposal
challenges. In this report, we describe experiments and Multiphysics models that were used to develop
a method to achieve induction heating of existing tritium storage beds using induction coils placed on
the outside of the beds. The heating method involves low-frequency (< 100 Hz) induction heating
through flexible solenoid coils that wrap tightly around the outer jacket of a tritium storage bed. This
method of heating offers a pragmatic path to heat existing storage beds for metal hydride regeneration,
helium removal for disposal, and possibly routine gas cycling operations.
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1.0 Introduction

Metal hydride beds used for storing hydrogen isotopes at the Savannah River Site (SRS) are heated
and cooled to desorb and absorb gases. Two storage bed configurations have been utilized by SRS
Tritium. Gen 2 Beds achieve heating through electric cartridge heaters positioned laterally along the
longest axis of the storage bed. Gen 1 beds achieve heating and cooling through hot and cold nitrogen
flow. While these beds/heating configurations are well-designed for gas cycling operations, it is
unclear if they can be regenerated to starting conditions once too much helium has accumulated in
them from tritium beta-decay. Complete helium removal from metal hydride beds occurs at high
temperatures that cannot be reached by beds currently in service. Thus, existing Gen 1 and Gen 2 beds
need to be heated through an alternative method to remove helium so the beds can either return to
normal operation or be disposed of. In this report, we describe experimental and computational
modeling efforts through the Plant Directed Research & Development (PDRD) program that were
aimed at determining if induction heating can be used to heat metal hydride storage beds in a practical
manner in order to achieve helium removal and hydride regeneration.

In the first year of this two-year PDRD, we executed tasks aimed at understanding how individual
components in Gen 1 and Gen 2 beds heat and cool in an induction field. Our results showed that all
primary components in these storage beds (outer jacket, inner process vessel, aluminum foam, and
LANAT7S) experience rapid and controllable heating when exposed to a magnetic field emanating from
an induction coil. At high and middle alternating current (AC) frequencies (i.e. the frequency of the
AC current flowing through an induction coil) , most of the induction heating occurs on the surface
closest to the induction coils (i.e. the outer jacket surface of a storage bed). In year two of this PDRD,
we focused on developing induction heating methods that would allow for controlled heating inside of
existing storage beds using induction coils placed on the outer jacket of a bed. We uncovered a
pragmatic path to heat existing storage beds for regeneration, helium heel removal, and possibly routine
gas cycling operations by using low-frequency (< 100 Hz) induction heating through flexible solenoid
coils that wrap tightly around existing storage beds and their protruding components. Details of these
two years of experimental and computational work are described herein.
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2.0 Experimental Procedure

Induction Heating
A 7.5 kW, 200 KHz Lepel induction power supply was used for all induction heating experiments.

This instrument uses a programmable digital control panel for setting power and time during heating
operations. Typical heating experiments of storage bed components used 300 W (~4% power) of 55
kHz alternating current (AC).

Temperature during induction heating experiments was monitored using a FLIR SC645 model infrared
(IR) camera capable of measuring a temperature range of -20 °C to 2000 °C with an accuracy of +2°C
of the actual temperature. The camera had a 24.6 mm focal length, 0.69 mrad spatial resolution, a
spectral range of 7.5 - 14 um, and was mounted at the top and side of the induction power supply in
order to safely observe heating.

Computational Modelling

Finite element models were created using COMSOL Multiphysics version 5.2. 2D axisymmetric
models were generated to couple the AC/DC and Heat Transfer modules to accurately simulate
induction heating. These models allow users to simulate storage bed heating and cooling under a
variety of induction heating conditions that cannot be manipulated experimentally (e.g. induction
frequency, thickness of bed components, composition of bed components, etc.).

3.0 Results and Discussion

Experimental Induction Heating

In the first year of this PDRD, we experimentally evaluated the induction heating properties of the
individual components of Gen 1 and Gen 2 tritium storage beds. These components include the
304/304L outer jacket, the 304/304L process vessel, aluminum foam, and LANA75. For clarity, a
generalized diagram of a Gen 2 tritium storage bed is shown in Figure 3-1.

Protrudes AI‘:Jmeu,r'n Hydride Powder
from bed\ oFm
Gas Filter
Accountability U Tub 3 ®
Thermowell—-.I | | | | | | | | |
Heat Wells (2)
Process Vessel
Jacket

Figure 3-1. General schematic of a Gen 2 storage bed.



SRNL-STI-2019-00642
Revision 0

During heating experiments, an induction solenoid coil was wrapped closely around the outside of our
heated workpiece. We adjusted several parameters in our heating experiments including induction
power, heating time, and thickness of the outer jacket and process vessel. The temperature of the
individual bed components was monitored in real-time using an IR camera. Experimental setup and
thermal profiles of the different components are shown in Figures 3.2 — 3.6. As can be seen in these
figures, induction heating of the individual components of both Gen 1 and Gen 2 storage beds is very
fast, even at low power. This result highlights the speed and energy-efficiency that is obtained with
induction heating. The red spot on the aluminum in Figure 3.4 is a reflection from a nearby digital display.

Due to high electrical conductivity, aluminum foam was found to experience the slowest heating of all
storage bed components. These results are important because they show that induction heating can be
used to heat each component in a storage bed with no material modifications needed. Further, these
results highlight the speed and energy-efficiency that can be achieved when using induction heating.

Figure 3-2. A copper induction coil is shown during heating of a 6” long, schedule 10, 4” OD,
304/304L stainless steel cylinder. Except for the short length, the dimensions and composition
of this cylinder are the same as the outer jacket used in both Gen 1 and Gen 2 storage beds.
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Figure 3-3. Infrared radiometry was used to monitor the heating of the cylinder from Figure 3-
2. The cylinder experiences rapid heating from an induction coil operating at 300 W power and
55 kHz ac frequency. The heating is not perfectly uniform due to asymmetry in the induction
coil.

87.1°C 152.9 °C 4°C

50.9 °C " - 90.5 °C 245.6°C

28.3°C R 29.1°C 80.0 °C
Time=30s Time=60s

Figure 3-5. Infrared radiometry was used to monitor the heating of the aluminum foam shown
in figure 3-4. The foam experiences rapid heating in an induction field. Holes in the foam
designated for a thermocouple and heater cartridges appeared to get hotter than contiguous
portions.
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Figure 3-6. Infrared radiometry images of LANA7S experiencing induction heating at 300 W
and 55 kHz AC frequency. The heating is not perfectly uniform due to asymmetry in the
induction coil. A thermocouple was placed in the LANA during this experiment to verify

temperature with the IR image but the metal thermocouple experience induction heating that

rendered its temperature measurements inaccurate

The thermal profile of inductively heated storage bed components was also measured when the
components were combined to form a skeletal structure of a storage bed (Figure 3-7). The induction
heating properties were measured at each stage of the assembly. Figure 3-8 shows the heating profile
of the combined outer jacket and process vessel. In all experiments involving the combination of
storage bed components, induction heating was found to only occur at the surface of the outer jacket.
This surface heating - known as the “skin effect” - manifests at both high and middle AC frequencies.

The skin effect is an important caveat when considering induction to heat existing tritium storage beds.
Thermal gradients are inherent in an imperfectly insulated system like a storage bed inside a glovebox.
For the center of a tritium storage bed to reach temperatures high enough to removal the helium heel
it would be necessary to heat storage bed surfaces above these temperatures due to inherent gradients
that would exist from the surface to the center of a storage bed. Unfortunately, in tritium applications,
any heating above design temperatures can generate a non-conformance report. that could disqualify a
storage bed from being used for future tritium operations. Therefore, high and middle AC frequency
induction heating of existing tritium storage beds — using coils placed on the outside of the bed- are
unlikely to be useful for hydride bed regeneration, but could be useful for end-of-life heel removal and
bed disposal.
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Figure 3-7. Induction heating is performed on a schedule 40, 3 OD, 304/304L stainless steel
cylinder inside of a schedule 10, 4” OD, 304/304L stainless steel cylinder. This configuration of
cylinders mimics the configuration used in Gen 2 tritium storage beds. Notice the
incandescence of the outer jacket as it is heated above 500 °C, yet the process vessel does not
experience any direct induction heating.

79.9 °C 120.4 °C 57.7°C

45.6 °C 58.9°C 72.6°C

24.7 °C 26.1°C 25.5°C
Time=30s Time 50s

Inner Pipe Heating Conductively

Figure 3-8. Infrared radiometry reveals the heating profile for the cylinders shown in figure 3-
7. The outer cylinder experiences all the induction heating. The inner cylinder only heats due to
conductive heating from the outer cylinder.
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Computational Studies for Targeted Internal Heating

Concurrent with our heating experiments, we developed a COMSOL Multiphysics model to simulate
heating of a Gen 2 storage bed. Figure 3-9 shows a simplified version of our simulated storage bed.
Our simulations were developed so we could adjust parameters that could not be experimentally
adjusted, like induction frequency and the composition of various components to these storage beds.
The goal was to determine if a certain combination of induction heating parameters could be used to
overcome the skin-effect caveat that was discovered in our experiments.

Multiple simulations confirmed our experimental findings that induction heating occurs almost entirely
at the metal surface closest to the induction coil when using high (~100 kHZ — 450 kHz) and middle
AC frequencies (~ 2 MHz — 100 kHz) [!! (Figure 3-10). Again, while this surface heating might be
useful for end-of-life helium removal, it would likely not be useful for metal hydride regeneration.

With corroborating experimental and computational data, we concluded after our first-year efforts
(FY18) that induction heating is a fast and energy-efficient way to heat existing tritium storage beds;
however, high and middle AC frequency heating can only generate heat at the metal surface that is
closest to the induction coils.

degC
degd Convectively Iﬂmﬂﬂl’r‘Dvmg[n
7 PN
Muiti-y 4 N
urn Spjeﬁmd Coil \
248 /| 2448
Outerlackef |
[ |
24.7
) 0.
Y.Df
K 0 mM246

Figure 3-9. A COMSOL Multiphysics model was developed to simulate induction heating of a
simplified Gen 2 storage bed.

| Induction Coil

Magnetic Flux Lines

:
:
:

Storage bed outer jacket (stainless steel)

Figure 3-10. COMSOL simulation showing magnetic flux lines emanating from an induction
coil. The concentric flux lines concentrate entirely on the storage bed outer jacket and make no
direct contact with the inner process vessel.
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In year two of this PDRD, we continued our COMSOL simulation efforts aimed at finding a set of
induction heating parameters that could be used to generate internal induction heating of existing Gen
1 and Gen 2 storage beds.

After rigorous refinement to our FY 18 model, we performed detailed simulations of induction heating
over a swath of AC frequencies. In each simulation, the average temperature was recorded at the center
of the simulated storage bed (i.e. the LANA and aluminum foam component of the bed). We found
that surface heating dominates all thermal profiles until significantly low AC frequency is employed.
Specifically, AC induction frequencies < 100 Hz generate heat almost exclusively at the center of a
storage bed. Thus, the penetration depth (i.e. the depth electromagnetic radiation can penetrate a
material) of induction fields increases with decreasing AC frequency. The magnetic flux lines from a
simulation at 80 Hz illustrate this point and are shown in Figure 3-11.

Aluminum Process

“Foam” and LANA75  Vessel

Outer Solenoid Induction
Jacket Coils

Temperature

~0.20789 Q)

H0.19722
H0.18656 f120
H0.1759
H0.16524
+0.15458 100
0.14392
0.13326
0.1226
0.11194
0.10128
0.09062
0.07996 ||60
40.0693
H0.05863
H0.04797
H0.03731
H0.02665
40.01599
<0.00533 W20

80

Figure 3-11. Cross-section of a simulated Gen 2 bed being heated at 80 Hz AC induction
frequency. Note that most of the heating occurs near the center of the process vessel. Heat at
the outer jacket is due to conductive heat transfer from the surroundings. The heating of air

near the induction coils is an artifact of our model. Specifically, heat transfer from cooling
water inside the coils to the copper coils was not built into the model even though it would be
present in a real setting. While this modeling artifact has no impact on the results regarding the
LANA75/foam heating, more accurate heat exchange could be used to improve this model in
the future.
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The discovery that low frequency induction can be used to deliver controlled heating inside of existing
storage beds using induction coils placed on the outside of the beds is significant. We believe this
form of heating is a pragmatic way to heat existing storage beds for hydride regeneration and helium
removal. This type of heating should have minimal impact on the glovebox environment and should
prevent stainless steel components from getting too hot.

To determine how long a full-scale Gen 2 bed would need to be heated to reach various processing and
regeneration temperatures, we performed rigorous simulations of induction heating at 80 Hz using a
variety of induction powers. These simulations showed that hydride regeneration temperatures can be
reached in under an hour using an induction power of > 20 kW. These results are displayed in
Figure 3-12 and they represent non-insulated heating conditions (i.e. the simulated storage bed could
freely exchange heat with its surrounding environment).

Average Bed Temperature
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—e—1 kW Average T

Figure 3-12. Average temperatures of the center of a full-scale storage bed were modelled and
are plotted as a function of time and various induction powers. The employed induction
frequency was 80 Hz. Steady-state temperatures are reached within 40 — 60 minutes for all
power levels.

Unfortunately, low-frequency induction power supplies are not commonplace. Thus, we have been
unable to experimentally validate our computational findings. However, as stated above, we have
performed numerous preliminary experiments at higher frequencies and have rigorously modelled our
low-frequency approach using Multiphysics software. We have also worked with several vendors to
determine if a low-frequency power supply could be developed to mimic our computational results.
After some searching, the engineering team at Inductotherm Corp. ran independent evaluations and
simulations based on generalized information that was provided to them, and they deemed it feasible
to build a power supply to meet the criteria outlined in our simulations. Their 50-kW instrument can
deliver AC frequencies of 60 — 100 Hz and has been quoted at $100 k.
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Following our discovery that low frequency AC frequencies can be used to heat existing tritium storage
beds in a practical manner, we sought to determine the best method for placing induction coils around
existing storage beds. This is a challenge because typical induction coils are made of thick, semi-rigid
metals like copper tubes that are typically pre-molded for a specific workpiece. ) A major problem
with using a rigid coil to heat existing storage beds is that most beds contain at least one component
that protrudes from the bed; thus, rigid coils would need to be oversized to fit these protruding
components, which would result in poor coupling between the coil and the workpiece.

In an effort to circumvent this issue, we purchased a flexible induction coil that can be molded around
protruding components. The flexible coil is composed of multiple, small flexible copper wires that are
encased in a flexible polymer tube. The ends of the tube are joined to a copper adapter that can be fixed
to an induction power supply. The utility of this coil was rigorously tested using high-frequency
induction heating experiments on metal cylinders. Figure 3-13 shows our experimental setup for testing
the flexible coil. In our tests, the coil was found to operate similarly to a rigid copper coil. The flexible
coil took only a few minutes to set up and disassemble in our cylinder heating experiments.

Experimental Induction Apparatus

(note the flexible induction coil)

Figure 3-13. Left: Stock photo of a flexible induction coil that can be used to quickly set up a
workpiece for induction heating. Image courtesy of Ambrell.com. Right: A typical induction
heating experiment using the flexible coil to heat a metal cylinder workpiece. Fiberglass
insulation is placed between the cylinder and the induction coil to protect the coil from the heat
of the metal.

20
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A general important advantage of using induction coils for heating is that the area of heated material
is very high since the coil can wrap around the entire outer surface of a heated workpiece. With such
high coverage by the coil, temperature gradients are expected to be minimal when using induction
heating. Additionally, the coil can be wound around specific components of the bed to protect lower
temperature rated components in the bed from overheating. The estimated heated surface area for
currently used cartridge heaters in Gen 2 beds is ~ 170 in%. Depending on the number of induction coil
windings, heated surface areas around 600 in” could be reached for existing storage beds, thereby
allowing for more rapid and uniform heating. Further, because heating occurs without physical contact
between the material being heated and the induction coil, beds should experience faster cool-down
times.

4.0 Conclusions

Experimental and computational modeling efforts have resulted in the discovery of a pragmatic method
to heat existing Gen 1 and Gen 2 storage beds for helium heel removal and hydride regeneration. This
work satisfies the goal of Gas Processing Area of Interest # 3: "Develop methods to deploy alternate
ways to heat existing process equipment to minimize impact to glovebox environment", in the 2018
PDRD Call for Proposal STRE Process Support Document. !

Induction heating can be delivered to the center of existing storage beds — where LANA and heat-
transfer foam reside — by using very low AC induction frequencies. At frequencies <100 Hz, the
penetration depth of the induction heating is significantly increased. Thus, induction coils placed on
the outside of a tritium storage vessel can be used to deliver significant heat to the center. This form of
targeted heating should prevent any components in a storage bed from exceeding design temperatures,
which would disqualify them for use in tritium operations. Furthermore, because induction heating is
so rapid, and the heat source (the coils) is not actually hot, the central components of a storage bed can
be heated and cooled very quickly, thus limiting potential material changes that can occur due to
prolonged heating at high temperatures.

Existing hydrogen beds are irregularly shaped and contain protruding components that might be
difficult to set up for induction heating using rigid induction coils. However, flexible induction coils,
like the ones described herein, should be able to heat existing storage beds with minimal setup time.
Because a flexible coil can wrap around existing components, it should be able to couple as closely as
possible to heated workpieces, thus maximizing energy transfer.

In summary, induction heating of the components in Gen 1 and Gen 2 storage beds is both rapid and
energy efficient. The technique has large utility and can be performed using flexible coils operating at
a specific frequency to deliver induction heat at a specific location within a complex component
thereby allowing for a variety of applications. In two years, our PDRD has progressed from feasibility
determination to technology development; we have submitted an invention disclosure that details our
progress.

5.0 Recommendations, Path Forward or Future Work

Future work should focus on evaluating site-specific heating of a storage bed using a low frequency
induction heating system with a flexible induction coil that can be easily tailored to fit complex
geometries in a prototypical application environment.

A suggested timeline of future work is provided below
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1) Procure and install a low-frequency induction power supply (20— 24 weeks)
2) Perform preliminary testing and diagnostics on low-frequency instrument ( 6 — 12 weeks)
e Tests will include heating experiments using infrared radiometry to evaluate heating

of simplified storage bed components (i.e. stainless-steel pipes assembled in a similar
configuration to a storage bed but without welds)
3) Perform heating tests using a full-scale storage bed (6 — 12 weeks)
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jeffrey.crenshaw(@srs.gov
james.folk@srs.gov
tony.polk@srs.gov

patricia.suggs(@srs.gov

For RW-0333P reports:
michael.broome@srs.gov
Kevin.Brotherton@srs.gov
eric.freed@srs.gov
john.iaukea(@srs.gov
Vijay.Jain@srs.gov

Victoria.Kmiec@srs.gov
Jocelyn.Lampert@srnl.doe.gov
aul.ryan@srs.gov
Azadeh.Samadi-Dezfouli@srs.gov
cameron.sherer@srnl.doe.gov
jeff.ray(@srs.gov

For Saltstone reports:
Austin.Chandler@srs.gov
Kevin.Brotherton@srs.gov
Richard.Edwards@srs.gov
eric.freed@srs.gov
john.iaukea(@srs.gov
Vijay.Jain@srs.gov
Victoria.Kmiec@srs.gov
Jeremiah.Ledbetter@srs.gov
kent.rosenberger@srs.gov

aaron.staub(@srs.gov
steven.thomas@srs.gov

Add this distribution for DWPF
reports:
Kevin.Brotherton@srs.gov
Richard.Edwards@srs.gov
terri.fellinger@srs.gov
eric.freed@srs.gov
jeffrey.gillam@srs.gov
barbara.hamm(@srs.gov
bill.holtzscheiter@srs.gov
john.iaukea(@srs.gov
Vijay.Jain@srs.gov
Victoria.Kmiec(@srs.gov
Jeremiah.Ledbetter@srs.gov
chris.martino@srnl.doe.gov
jeff.ray(@srs.gov
aul.ryan@srs.gov
Azadeh.Samadi-Dezfouli@srs.gov
hasmukh.shah@srs.gov
aaron.staub(@srs.gov
Christie.sudduth@srs.gov

For ARP/MCU reports:
earl.brass@srs.gov
Kevin.Brotherton@srs.gov
Richard. Edwards@srs.gov
Phoebe.Fogelman@srs.gov
brent.gifford@srs.gov
Thomas.Huff@srs.gov
Vijay.Jain@srs.gov
ryan.menew(@srs. gov

Christina.Santos(@srs.gov

For Tank Farm related reports:

celia.aponte@srs.gov

timothy.baughman@srs.gov
carl.brass@srs.gov

Richard. Edwards@srs.gov
Azikiwe.hooker@srs.gov
Thomas.Huff@srs.gov
Ryan.McNew(@srs.gov
phillip.norris@srs.gov
Christine.Ridgeway@srs.gov
Azadeh.Samadi-Dezfouli@srs.gov
Christie.sudduth@srs.gov

Vijay.Jain@srs.gov

arthur. wiggins@srs.gov
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For SWPF related reports:
Bill.Brasel@parsons.com
Kevin.Brotherton@srs.gov
cliff.conner(@parsons.com
Vijay.Jain@srs.gov
Ryan.Lentsch@gat.com
Tom.Burns@parsons.com
Skip.Singer@parsons.com
Patricia.suggs@srs.gov
Brad.Swanson@parsons.com

For Glycolic/Alternate Reductant
related reports:
thomas.colleran@srs.gov
Richard. Edwards@srs.gov
eric.freed@srs.gov
bill.holtzscheiter@srs.gov
john.iaukea@srs.gov
Spencer.Isom(@srs.gov
Vijay.Jain@srs.gov
Victoria.Kmiec(@srs.gov
Jeremiah.l edbetter@srs.gov
MARIA RIOS-ARMSTRONG@SRS.GOV

For H-Canyon reports:
timothy.tice@srs.gov
steven.brown(@srs.gov
brett.clinton(@srs.gov
james.therrell@srs.gov
kenneth.burrows@srs.gov
john.lint@srs.gov
kevin.usher@srs.gov

stephen.yano(@srs.gov
jeffrey.schaade@srs.gov
anthony.carraway(@srs.gov
gdavid.sanders@srs.gov
Richard.Burns@srs.gov

For HB-Line reports:
leonscott@srs.gov
keanneboyette@srs.gov
kenneth.burrows(@srs.gov
michael.lewczyk@srs.gov
john.lint@srs.gov
les.yerger@srs.gov
stephen.yano@srs.gov
jeffrey.schaade@srs.gov
james.therrell@srs.gov

nicholas02.miller@srs.gov
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Hanford Reports:
Anthony.Howe@srnl.doe.gov
erich.hansen@srnl.doe.gov
Kevin.Fox@srnl.doe.gov
Joanne F_Grindstaff@orp.doe.gov
Christine.langton@srnl.doe.gov
daniel.mccabe@srnl.doe.gov
michael.stone@srnl.doe.gov
mhope.lee@srnl.doe.gov
Richard. wyrwas@srnl.doe.gov
Elaine_N_Diaz@orp.doe.gov

For PA and CA reports:
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paul.andrews(@srs.gov
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kent.rosenberger(@srs.gov
Jansen.Simmons@srs.gov
Ira.Stewart(@srs.gov
kevin.tempel@srs.gov
steven.thomas@srs.gov
Tad.Whiteside(@srnl.doe.gov
Jennifer. Wohlwend@srnl.doe.gov
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