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ABSTRACT

Various materials that may be used in a supercritical carbon dioxide (sCO;) oxy-fuel turbine in
the 150-300 MWe size range are being evaluated in various environments of interest. The inlet
of the turbine must be capable of 1,150 °C at 300 bar and the exhaust temperature is expected
to be within the 725-775 °C range. The design requirements are pushing the known limits of high
temperature materials. Little is known about the oxidation of the metallic alloys considered for
turbine nozzles and blades or about the resilience of thermal management solutions, such as
thermal barrier coatings (TBC), required to accommodate these high temperatures. The
combinations of high temperature resistant materials and coatings must be tested in sCO: to
evaluate their reliability in an oxy-fuel turbine environment.

A total of 13 alloys were chosen to be tested. They included bare samples, with nano deposited
MCrAIY bond coat only, or with the addition of a TBC. A unique test facility was developed to
expose those materials in sCO; at up to 300 bar and 1150 °C for up to 5,000 hours. This was
accomplished by placing an induction heater inside an autoclave to achieve those high
temperature locally while the pressurized vessel is cooled externally. The specimens are
weighed before and after exposure to determine the oxidation rate. The integrity, morphology,
and composition of some of the coatings and thermally grown oxide will be investigated by
scanning electron microscopy (SEM).

This paper presents the up-to-date results of the testing coated and uncoated superalloys in
sCO; at up to 1150 °C and up to 300 bar performed at Southwest Research Institute.

INTRODUCTION

Project Background

Competitive plant efficiencies may be achieved using direct-fired sCO. power cycles featuring
oxy-combustion, making it an attractive technology. These cycles may also be capable of near
zero CO- emissions. Past system studies on the Allam-Fetvedt cycle predicted a 53% LHV net
efficiency for a plant utilizing natural gas,’ and a 42% LHV net efficiency for a plant utilizing coal
syngas fuel.?

The oxy-combustion systems rely on turbines with inlet temperatures exceeding 1,100 °C. The
design undertaken as part of the project sponsored by the U.S. Department of Energy (FE-
0031929) includes a six-stage turbine with an input temperature of 1,150 °C at nearly 300 bar.?
A schematic of the turbine and the design temperatures and pressures are presented in Figure
1. As part of this project the various materials considered for the turbine are being evaluated in
CO2 at up to 1,150 °C. The materials evaluation process includes thermal cycling at ambient



pressure CO; and long term autoclave testing in high pressure and high temperature sCO..
Oxidation and thermal management coatings are also included in the experimental matrix.

The materials decision and presentation of the long term autoclave testing facility are presented
in this paper along with some of the up-to-date achievements and design optimization.
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Figure 1. a. Schematic of the six-stage turbine and b. design pressures and temperatures across
the stages.

RESULTS AND DISCUSSION

Materials and Specimens

A total of thirteen alloys are included in this study. They cover a wide range of alloys being
considered for this application and include baseline alloys that have been evaluated in
supercritical CO; in multiple studies. '* All alloys are exposed with or without a nanocrystalline
MCrAlY bond coat. Three of the alloys (740H, 282, and 625) will also be tested with
nanocrystalline bond coat and TBC or with a thermal spray bond coat and TBC. The TBC was
an yttria-stabilized zirconia-based coating. The list of materials, UNS number, description, and
their treatments are summarized in Table 1.

The specimens were machined to a dimension of approximately 1 cm x 1 cm % 0.15 cm, with
two 1.5 mm holes. The specimens were coated after machining. Photographs of coated and
uncoated 282 specimens are showed in Figure 2 as an example. The nanocrystalline bond coat
is approximately 50 um thick and thus difficult to visually observe. However, specimens are
visibly thicker after applying the thermal barrier coating, which is white and has a porous
appearance. All specimens were measured (down to 10 inch), photographed, and weighed
three times down to 0.1 mg. They will be photographed and weighed after each interruption.



Table 1. List of alloys included in the study, with their UNS number and description. Quantity of
each alloy either bare, with a nanocrystalline bond coat alone (NC BC), a nanocrystalline bond
coat and thermal barrier coating (NC BC & TBC), or a thermal spray bond coat and thermal
barrier coating (TS BC & TBC). Mass change analysis will be performed on all specimens.
Additionally, SEM will be performed on the specimens with TBC.

. NCBC | TSBC
Alloy UNS Description Bare |[NC BC & TBC | & TBC
693 NO6693 Modgrate age-hgrdened, 3 3
alumina-former nickel alloy
740H NO7740 Age hardened chromia former 3 3 5 5
nickel alloy
Nimonic N13021 Age harder_1ed, alumina former 3 3
105 nickel alloy
APMT Dispersion strengthened ferritic
n/a . ) ) 3 3
Kanthal iron-chromium-aluminum alloy
353 MA 335315 Austenitic', chromium-nickel 3 3
stainless steel
Sanicro 25 |S31035 Austenitic_220r25NiWCoCu 3 3
stainless steel
High-strength, corrosion-
718 NO7718 | resistant chromia former nickel 3 3
alloy
230 N06230 High strength chromia former 3 3
nickel alloy
625 N06625 | Baseline nickel-chromium alloy 3 3 5 5
HR-224 n/a Alumina former fabricable nickel 3 3
alloy
HR-120 N08120 Solution-strengthened chromia 3 3
former nickel alloy
214 NO7214 Nickel-chromium-aluminume-iron 3 3
alloy
282  |No7208 | , VVrought, gamma-prime 3 3 5 5
strengthened nickel superalloy
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Figure 2. Photographs before exposure of alloy 282 specimens a. bare, b. with nanocrystalline
MCrAIY bond coat, c. with nanocrystalline MCrAlY bond coat and TBC, and d. with thermal
sprayed bond coat and TBC.

Testing Facility

The unique testing chamber was designed to dissociate the heating source from the pressurized
vessel to test materials at 1,150 °C and 300 bar. It is different from traditional methods where
the vessel is heated externally using electrical heaters or furnace. Heating inside a cooled
autoclave meant that it would be possible to achieve temperatures above 1,000 C locally without
being limited by the drop in pressure ratings of commercial autoclaves at high temperature.

A commercially available induction heating system was combined with a stainless steel
autoclave rated at 5,000 psi at 350 °C. A schematic of the cross section of the system is shown
in Figure 3. The coil path was connected using brass fittings to reinforce copper tubes passing
through insulated high pressure and high temperature fittings. The fittings were attached to the
head of the autoclave. The coil was attached with brass fittings to those tubes on the inside of
the autoclave. The autoclave was submersed in a water bath that is constantly cooled using a
large copper coil connected to a chiller, stirred with a mixer, and refilled if needed by making use
of a float valve. The test autoclave is connected to an accumulator to be used as a sCO; reservoir



and heated above the critical temperature. Thermocouples are placed in the accumulator, the
water bath, and in the autoclave to monitor and record temperature changes. The pressure
inside the autoclave and the accumulator is also recorded. The inside of the test autoclave
depicts the insulation layers in dark yellow, the graphite susceptor inside the coil and the
specimen holder in light yellow with stacked specimens in gray. A photograph of the test
autoclave immersed in water is showed in Figure 4. The two insulated fittings used to connect
the coil to the power head are on the left and the five-thermocouples tree is on the right.

To better replicate real life conditions, the specimens could not be placed inside the coil. The
surface of the specimens would otherwise heat before heating the surrounding sCO,.This would
be an important issue for the TBC-coated specimens for which the temperature is expected to
be lower on the substrate than in the environment. Furthermore, the different materials tested
would not reach the same temperature at a fixed induction power and frequency since it is
dependent on their individual electrical resistivity and magnetic property. Therefore, the decision
was made to use a graphite susceptor in the coil to perform as a radiative and convective heat
source to the specimens placed above the susceptor and outside the coil. A photograph of
mockup test specimens placed on top of three graphite susceptor before being placed in the
induction coil is showed in Figure 5. The susceptor and the specimen holder attached to the
interior of the autoclave head with the induction coil present is shown before and after adding
insulation in Figure 6. The specimen holder was a cylindrical piece of ceramic with seven
through holes and a baseplate. The specimens were stacked on supporting Inconel wires and
placed in the holes, see Figure 7.
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Figure 3. Schematic of induction heater test setup.



Figure 5. Photograph of four layers of stainless steel nuts (used as specimens mock-up) on top
of three stacked 2.5” diameter graphite susceptors.
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Figure 6. Photographs of the coil surrounding the graphite susceptor, the specimen holder, and
the thermocouples a. before and b. after placing the insulation.

a.

Figure 7. Photographs of a. the assembled specimens and b. the specimens placed in the
vertical holes of the specimen holder.

Trial Run

Multiple trial runs have been performed and they have led to improvements across the whole
system. An example of the temperature, pressure, and power data collected during one of those
tests is showed in Figure 8. Temperatures were measured at two locations on the susceptor
(“Susceptor 17 and “Susceptor 2”), and approximately 1.5” and 3” above the susceptor (“Mid”
and “Top”). The pressure and the power applied (“Pw1”) as a percentage of the total power are
included. The autoclave was pressurized with CO, at 1,489 psi at the beginning of the test to
avoid phase change from occurring during the exposure. The power was controlled and raised
manually, and the resulting temperature measured on the susceptor increased from ambient to
1,300 °C in less than 6 hours. The maximum pressure was 3,043 psi at 1,300 °C. At the same
time, the temperatures measured near the mockup specimens varied between 700 °C and
1,000 C. This huge range of temperature indicates that radiative and convective heating of the



specimens using a graphite susceptor is inefficient. The large temperature gradients present in
the test vessel (from 1,300 °C near the susceptor to less than 100 °C on the inside wall of the
autoclave) result in large density variation (from ~70 kg/m?® near the susceptor to ~500 kg/m?
near the wall of the autoclave) that will lead to rapid convection that makes it difficult to maintain
a constant high temperature. The maximum pressure and temperature measured so far in sCO-
using the induction heater autoclave is compared in Figure 9 to the results reported in the
literature by various other laboratories. Thus far, these trial runs have resulted in CO:
pressures/temperatures that are higher than those that have been reported previously.

It was also observed that releasing CO; from the system increases the temperature at constant
power, as shown in Figure 10. In the left half of the graph, a constant induction heating power
was maintained, and CO, was released at regular interval. The pressure decreased from
2,075 psi to 1,625 psi, which led to a temperature increase of nearly 100 °C. For comparison,
increasing the applied power by 5 point percentage resulted in an increase of 40 °C.

The failure of the graphite susceptor became a recurring issue after applying more than 75% of
power. The susceptor did not appear to fail due to oxidation but it was mostly pulverized with
some solid sections of the surface remaining. A photographic example is presented in Figure
11. Additional evaluation of the induction heating of graphite susceptor in ambient air and at high
power was done by placing a 6” graphite rod on a steel carbon beam. The beam melted when
85% of power was applied on the graphite, despite being 3” away from the hot zone. This may
indicate that the graphite temperature may exceed 2,000 °C, but the equipment required to
measure those temperature was not available at the time. It is hypothesized that extremely high
temperature was the cause the failure of the susceptor.
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Figure 8. Example of the power applied, and the temperature and pressure measured inside the
inductively heated autoclave.
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Figure 11. Failed graphite susceptor after high temperature exposure.

Optimizing Specimen Holder

The tests performed showed that it was possible to achieve temperatures higher than the test
goal at pressure, but the heat transfer was suboptimal and most of the specimens would not be
exposed to sCO, exceeding 1,000 °C. It was decided to review and revise the design of the
specimen holder and susceptor assembly. The goal was to rely more on heat transfer through
the assembly and less on radiative and convection heating. The specimen holder and the
susceptor are combined in a single block. The specimens are placed in vertical holes above and
below a 1.25” thick susceptor section. A lid and a baseplate are added to increase the efficiency
of the setup by limiting the escape of hot sCO.,. A schematic of the design is showed in Figure
12. After reviewing multiple high temperature alloys and materials, it was decided to use
stainless steel 310 because of its good combination of resistivity and magnetic properties (for
induction heating), ease of sourcing and machining (compared to other materials such as
tungsten and titanium), and suggested maximum service temperature (1150 °C for 310 stainless
steel compared to 925 °C for 316 stainless steel ). Modeling of the thermal diffusion and the
resulting stresses were performed.

The thermal model assumed that the susceptor section would heat to 1250 °C on the surface
while the nearby environment is at 700 °C. A variable temperature was assigned to the outer
midsection surface to simulate induction heating. For the external surface outside of coils, natural
convection coefficient was used based on concentric cylinders equation. For internal surfaces,
an estimated 0.25x factor of natural convection coefficient was used. This was chosen based on
the assumption that the flow is restricted by the lid. The results of the thermal model are showed
in Figure 13. The temperature in the specimen holding vertical holes was found to vary between
1,110 °C to 1,190 °C.



The structural model assumed a zero axial displacement at the top of a cylinder attached to the
lid (equivalent to the all-thread used in the autoclave) and tangential support to restrict rotation.
These are necessary constraints to obtain a solution. The results are presented in Figure 13.
Using literature data for the elastic modulus of 310 stainless steel at high temperatures, stress
levels for elastic-only model are close to the UTS in this temperature range. This indicates that
there may be some local plastic deformation but likely not enough to cause failure.
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Figure 12. a) Cross sectional schematic and b) photograph of the optimized design of the
specimen holder/susceptor assembly inside an induction coil (in orange).
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CONCLUSION

The unique testing facility necessary to test materials in sCO, conditions similar to those
expected in the first stages of a direct-fired sCO- turbine was accomplished. Throughout multiple
tests, it was confirmed that temperatures well above 1,000 °C could be reached under pressure
above 3,000 psi. High pressure and temperature were successfully maintained for days.
However, relying on convection and radiation to transfer heat from a remote graphite susceptor
to the specimens was not efficient as temperature drop of 500 °C were measured over
approximately 3”. The power required to try to reach the goal temperature of 1,250 °C on the
specimens resulted in recurring failures of the graphite susceptors. Using a combined susceptor
and specimen holder will permit to use heat diffusion through a single metallic alloy block.
Preliminary thermal and structural modeling of a single block design confirms that less than
100 °C variation may be achieved and that the thermal stresses are not expected to damage the
new design.
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