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Gas turbines present a unique opportunity to generate power outputs and have been widely
used in power plants, stationary power generation, and propulsion systems. Increasing
concern regarding global warming has urged the gas turbine industry to reduce CO2 emissions
from gas turbines. A leading solution is the use of hydrogen as a carbon-free fuel or low-carbon
mix in gas turbines. New Wave Hydrogen (NWHz) has developed a revolutionary fuel
reformer that thermally decomposes, or cracks, natural gas into hydrogen and carbon black.
The innovative method is based on wave rotor technology utilizing shock waves to compress
and heat natural gas to temperatures sufficient for methane pyrolysis. This paper introduces
the new concept of producing hydrogen using a high-pressure gas source and the NWH2 wave
reformer, integrated with a gas turbine, in a flexible range of designs for power generation.
Preliminary numerical modeling using an in-house quasi-one-dimensional wave rotor code
support the possibility of cracking natural gas in a wave reformer utilizing the energy
contained in the combustor burned gas.

. Introduction

The use of hydrogen as a fuel in gas turbines has received considerable attention as an effective way for keeping
the combustion process free of gas emissions. Hydrogen is a carbon-free energy carrier with high energy content that
is of particular interest in the pursuit of sustainable power generation and the reduction of global CO; production. It is
an abundant element that can be used across a wide spectrum of existing and potential applications including, electrical
generation, transportation, propulsion, and heating. Hydrogen can be produced from multiple sources including green
hydrogen from water electrolysis using renewable energy [1], gray hydrogen from fossil fuels through natural gas
reforming [2], and blue hydrogen combining steam methane reforming (SMR) with carbon capture and storage (CCS).
In SMR, methane and steam are heated until they react to yield hydrogen and CO;, further adding to greenhouse gas
emissions. To reach the high temperatures necessary to dissociate water (e.g., at around > 2000 K), large thermal
energy inputs are required that typically stem from thermal energy generated from hydrocarbon fuels. In addition, the
process requires access to water resources for steam production that may be scarce in certain geographical locations.

An alternative is direct thermal decomposition of methane from natural gas (turquoise hydrogen), where methane
is decomposed into carbon and hydrogen (CH4 + Heat — C + 2H>) with trace quantities of other hydrocarbons. This
process (methane pyrolysis or methane cracking) is based on the heating of methane to temperatures in which the
kinetics of the reaction produce high conversions in a reasonable time. The governing reaction is endothermic, thus
the necessary energy input should be provided from an energy source. A main characteristic of this process is the
absence of oxygen, which eliminates CO, and CO by-products. Additionally, no water is consumed, and the produced
carbon may have qualities that can be marketed and used in a variety of traditional and novel applications, or it can be
securely stored for future use. Different methods of methane pyrolysis have been developed including direct thermal
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cracking at very high temperatures, catalyzed thermal decarbonization, and plasma-torch driven methane pyrolysis
[3]. A limited number of these processes have been commercialized. These conversion processes differ in the reactor
type, the use of a catalyst, and the source of process-related energy.

New Wave Hydrogen (NWH,) has recently introduced shock-wave compression as the energy source or
temperature multiplier for direct thermal methane decomposition [4]. In this approach, a wave rotor [5] is used to
generate shock and rarefaction waves for exchanging energy between fluid streams. In combination with the well-
known process of methane pyrolysis, one can produce hydrogen at low cost within an efficient reactor. The invention
overcomes some disadvantages of the existing techniques by employing shock waves that can produce high
temperatures very rapidly with lower energy consumption per unit mass of product. The wave reformer leverages the
pressure already in a pipeline or feedstock line, benefiting from the use of the energy embodied in the pipeline flow
and energy transfer in the shock wave. The temperature rise required for the fuel decomposition is a function of the
pressure differentials between the driver and driven gases, and it is not due to external electricity input. This is an
interesting distinction relative to competing methods of methane pyrolysis, i.e., the gas is not heated using electrical
or plasma powered sources, it is heated by the rapid compression wave cycle. Thus, the impact of this technology is
significant because the production of hydrogen from methane within a wave rotor reformer can utilize existing natural
gas supply infrastructure with little change to energy or water supplies.

Il. The Unsteady Pressure Exchanger (Wave Rotor)

Energy exchange/transfer between two fluid flows which are initially at different pressure levels can be
accomplished either in indirect fluid-to-fluid interaction or by direct fluid-to-fluid means [6]. As shown in Fig. 1, in
indirect energy exchange an intermediate machinery (like a compressor-turbine set) is used, and in direct energy
transfer, the fluid-to-fluid process takes place between the two fluids (e.g., air and gas) within an appropriate device
with minor mixing between the interacting fluids. Thus, no intermediate mechanical means are required to accomplish
the energy transfer in direct fluid-to-fluid machineries. Indirect energy transfer operates based on steady-flow
principles and direct transfer devices are often based on unsteady flow. In both approaches illustrated in Fig. 1, the
low-pressure air (LPA), used as an example, is energized by the high-pressure gas (HPG) which is being de-energized.
In other words, the energy gain (e.g., compression) of LPA to a high-pressure air (HPA) is balanced by energy
reduction (e.g., expansion) of HPG to a low-pressure gas (LPG), neglecting the irreversibility and frictional losses.
For instance, a shock tube using a high-pressure gas as driver gas and a low-pressure air as driven gas follows the
working principles of direct energy-exchange machinery.

Compressor Turbine Energy Exchanger
> HPA LPG HPG —b —> HPA
LPA HPG —> LPA—>| > LPG

Figure 1: Energy exchange between two different fluids using (left) indirect fluid-to-fluid interaction and (right)
direct fluid-to-fluid interaction. LPG and HPG refer to low-pressure gas and high-pressure gas, and LPA and HPA
refer to low-pressure air and high-pressure air.

A. Energy Transfer in a Wave Rotor

Wave rotors have been the subject of much past and current research for a century and are described in detail in
the literature [5-10]. The wave rotor has been repeatedly recognized as a superior type of energy exchange device [11,
12]. The feasibility of a high-efficiency energy exchange mechanism by using wave rotors has been demonstrated for
a variety of applications [13-16]. Wave rotors for gas turbine applications often compress air from a lower to a higher
pressure by direct utilization of the energy from a hot, high-pressure combustion gas, thus, they function like
superchargers used in automobile engines.

A wave rotor in its simplest form consists of a spinning drum (rotor) with many axial channels arranged unfirmly
around its periphery. The drum rotates between two stationary endplates with ports cut in them through which the
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channels can communicate with the connecting ducts at pre-determined times. Each channel is periodically charged
and discharged as it rotates past properly sized inlet and outlet ports. Phasing differences between edges of the ports
enable correct use to be made of pressure and expansion waves generated by the opening and closing of the channel
ends, as they pass across the port edges. Figure 2 schematically shows a typical four-port wave rotor. To avoid rubbing,
there are finite clearances between the rotor and its endplates. These clearances are exaggerated in the drawing for
clarity, but in practice the endplates are placed as closely as possible to the rotor to reduce unavoidable leakage from
the channels. The rotor is often driven by a shaft supported by bearings positions on the endplates. The shaft can be
powered directly by an external motor or by a crankshaft through a belt transmission. Alternatively, the rotor can be
self-driving either by curving the rotor [17] channels or by properly directing the inlet gas at an angle to a straight-
bladed rotor [18].

Exhaust ducts connected to
exhaust ports

Inlet ducts connected to Channels Rotor - Casing
inlet ports Sha \ \ High-pressure driven
\ TN . discharge
High-pressure driver W Y G\ N N\ e

Low-pressure driver

Low-pressure driven discharge

charge \ /
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Figure 2: Schematic configuration of a four-port wave rotor.

In Fig. 2, the low-pressure driven gas is directed into the wave rotor at its corresponding intake port. The gas flows
into the channels on the rotor and remains in the channels until it is exposed to the driver gas when its intake port
opens. The high-pressure driver gas which continuously enters the wave rotor channels provides the necessary pressure
differential to drive a shock into the driven gas trapped onboard as the channels come into contact with the driver gas
intake port. The energized driven gas leaves the rotor from an outlet port at a higher pressure than when it enters the
wave rotor. Through drum rotation, the de-energized driver gas leaves the wave rotor through its corresponding outlet
port to any suitable apparatus capable of utilizing the heat remained in the exhaust gases. Thus, the wave rotor offers
the functions performed by a compressor for the driven gas and functions performed by a turbine for the driver gas in
one device without using conventional blades or vanes. Because the compression and expansion are accomplished
solely by unsteady waves within the channels, no moving parts are required, with the exception of the rotor. With
many channels passing the ports at a high frequency, the flow in the inlet and outlet ports is nearly steady (with some
pulsation) and the flow unsteadiness is mostly confined onboard the rotor. Thus, wave rotors can be integrated with
conventional steady-flow machineries like compressors and turbines.

I11. Previous Wave Rotor Applications for Gas Turbines
The first practical wave rotor configurations .
were reported in the 1940’s by Seippel [19, 20]. Combustion Chamber

He envisioned wave rotors as a gas generator I )
driving a turbine and as a high-pressure stage for

a gas turbine for a locomotive. Figure 3 illustrates

the concept of using a wave rotor as a gas Turbine ={i e L—[ HPA
generator. In this system, the wave rotor draws

LPA from the surroundings through an LPA s

intake port. The air in the channel is compressed Atmospheric wa —l s Lpe
when it comes into contact with the HPG intake Exhaust

port that receives a portion of the HPG leaving the Wave Rotor

steady-flow combustion chamber. The air is

compressed to nearly the same pressure level as  Figure 3: Wave rotor acting as a gas generator unit. LPG, HPG,
that of the hot gases, or even higher by a multi- LPA, HPA refers to low-pressure gas, high-pressure gas, low-
shock process in the channel, and is then routed pressure fresh air, and high-pressure fresh air, respectively.
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to the combustion chamber. Thus, the wave rotor functions similar to a compressor, increasing the pressure and
temperature of the LPA before heat is added in the combustion chamber. The HPA is mixed and burned with fuel in
the combustion chamber which connects the HPA and HPG ports. The remaining portion of HPG is delivered to a
turbine for power extraction. It expands in the turbine and is exhausted into the surroundings. Meanwhile, that portion
of the HPG that expands across the wave rotor by expansion waves within the rotor channels is sent to the atmosphere
as LPG. As an analogy, the wave rotor operates like a turbine between HPG and LPG ports. Therefore, the wave rotor
provides the equivalent of a coupled compressor and turbine but does so with less complicated machinery, at less cost,
and with less space requirement [21].

A design scheme for such a gas generator unit is shown in Fig. 4 where a heat exchange is added to the system to
preheat the compressed air leaving the wave rotor using the remaining heat in the turbine exhaust gas [22]. In this
layout, commonly known as the reverse-flow wave rotor configuration, the fresh air enters and exits on one side of
the rotor and the burned gas enters and exits on the other end of the rotor. The reverse-flow arrangement was
extensively tested by BBC (Brown Boveri), and their commercialized wave rotor used as a supercharger for diesel
engines (a.k.a Comprex) was designed based on this port arrangement [23]. It is also possible to use the wave rotor
for shaft power extraction (a.k.a. wave engine) with angled blades, eliminating the external turbine, as demonstrated
by Pearson [24] and others [25-27] in the past, and recently revisited by Copeland and Tichler [17, 28]. Welch [29,
30] and Nalim [31] have also studied gas generator units using two-port wave turbines with on-rotor combustion that
further eliminates the external combustion chamber.
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Figure 4: Design arrangement for a gas generator using a four-port pressure exchanger (P.E.) and a heat exchanger,
taken from Ref. [22].

Seippel also proposed a wave rotor as a second stage for a gas turbine unit by connecting the LPA port to a
compressor delivery and the LPG port to a turbine inlet. Consequently, two possible arrangements were studied and
reported in the literature. In the first arrangement [21, 32-34], shown in Fig. 5 (left), the compressed air from the
compressor outlet enters the wave rotor (2) where it undergoes a further compression process by shock waves. The
double-compressed air (3) is heated up in a combustion chamber. The combustion gases are split into two streams.
The first stream is directed to a high-pressure turbine (5) which would provide shaft power for various applications.
The reaming stream is further heated in the combustion chamber. This increase in temperature poses no threat to the
turbine blades because the wave rotor is placed directly downstream of the combustion chamber, and the hot gas from
the combustor is cooled within the wave rotor before flowing into the second turbine. The hot gas (driver gas) is
directed to the wave rotor (4) to compress the compressor delivery air (driven gas).

Figure 5 (right) schematically shows an enthalpy-entropy diagram of the cycle. Due to the addition of a compressor
to the unit, the cycle’s overall pressure ratio and peak temperature are increased compared to a baseline engine without
a wave rotor. Burned gas entering the free-power turbine could be optionally cooled (not shown in the figure) with
the cooler high-pressure air exiting the wave rotor (3) to meet the allowable turbine inlet temperature [6]. The
expanded hot gas leaving the wave rotor (7) is mixed with the free-power turbine exhaust gas (6) and later enters a
secondary turbine (8) which drives the compressor, i.e., the baseline turbine. The baseline turbine operates at the same
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temperature and pressure as a conventional gas turbine, thus, the total gain in power output of the wave rotor topping
cycle corresponds to the power output of the high-pressure turbine, as the wave rotor with straight channels produces
zero shaft power. Because wave rotors allow higher cycle pressure ratios and higher peak temperatures, the wave rotor
topping cycle is more efficient than an untopped (baseline) engine. As described later in this study, current versions
of wave rotor topping cycles do not usually bleed hot gases from the combustion chamber to the high-pressure turbine,
and a simpler system arrangement with only one turbine is often used.

ft power)
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Figure 5: Left: schematic of topping a gas turbine with a four-port pressure exchanger (PE), Right: corresponding
enthalpy-entropy diagram, adapted and modified from Ref. [32].

In an alternative arrangement [32, 35], as schematically shown in Fig. 6, the bypass gas from the combustion
chamber enters the baseline turbine (5) first and later the turbine exhaust gas (6) is combined with the outlet gas from
the low-pressure gas outlet port of the wave rotor (7) before entering the free-power turbine inlet (8). This arrangement
was later adapted by Mathematical Science Northwest (MSNW) to be used in a turbofan engine [36]. MSNW was
studying wave rotors to improve the performance of small turbofan engines [37]. Fig. 7 shows an integration of a four-
port wave rotor to a turbofan engine, which is similar to the cycle displayed in Fig. 6 proposed for a ground-based gas
turbine engine.
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Figure 6: Schematic of topping a gas turbine with a four-port pressure exchanger (PE), adapted from Ref. [32].
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Figure 7: Schematic of a turbofan engine topped by a four-port wave rotor (W), adapted from Ref. [36].

Keller from Asea Brown Boveri (ABB) in Switzerland proposed [33] a wave rotor enhanced gas turbine cycle
with two combustion chambers and an afterburner, as shown in Fig. 8, which was later examined at ABB [34]. In this
arrangement, the supercharged air leaving the wave rotor (8) is divided between the two combustion chambers. The
driver gas for the wave rotor (8b) is first heated in the first combustion chamber (indicated by arrow 16) and heated
again in the afterburner (indicated by arrow 19) before entering the wave rotor. The rest of the air (8a) is heated in the
second combustion chamber (indicated by arrow 11) and at a high pressure enters (12) the free-power turbine (13),
driving a generator (14). The partially expanded gas leaves the turbine (15) and mixes with the pre-expanded driver
gas flowing out of the wave rotor (20). This hot gas mixture (21) is passed into the baseline turbine (3) which drives
the compressor (1).

Figure 8: Schematic of topping a gas turbine with a four-port wave rotor proposed by Keller at ABB,
adapted from Ref. [33].

Weber has also described [12, 26] a wave rotor topping cycle that uses two turbines and a five-port wave rotor, as
schematically shown in Fig. 9. In this arrangement, the wave rotor has three outlet ports, two of which are connected
to a high-pressure (HP) and a low-pressure (LP) turbine. The burned gas entering the wave rotor (5) is divided between
two outlet ports through two expansion stages. The gas expanded in the first stage is directed to the HP turbine (12)
for power production. The remaining gas, which expands in the second stage, enters the LP turbine (15), which drives
the compressor. The HP and LP turbine outputs exhaust into the atmosphere after utilizing hot gases to drive them.



Downloaded by 37.98.108.40 on December 30, 2021 | http://arc.aiaa.org | DOI: 10.2514/6.2022-1089

FUEL
——{ COMBUST 4—-

EXHAUST
@)

(@)

. S
I (12) HP
COMPR T TURB
EXHAUST j——A
() (é) AMBIENT INLET AIR

Figure 9: Schematic of topping a gas turbine with a five-port wave rotor, adapted from Refs. [12, 26].

In all the above examples, compressed air was used as the driven gas. There have been other gas turbine cycles in
which energy exchange is obtained between a hot driver gas and a cooler turbine working gas used as the driven gas.
These cycles were first introduced and studied by researchers at Cornell Aeronautical Laboratory (CAL) in the early
1950s [13] and later explored by others [38-40]. Figure 10 illustrates the application of the wave rotor to a simple
steam power cycle [13]. The wave rotor was placed between the combustion chamber and the turbine. The hot, high-
pressure gas leaving the combustion chamber was the driver gas for the wave rotor. In operation, it would expand and
leave the rotor on the same end from which it entered. Steam used as the driven gas would enter and leave from the
opposite end. The energized steam in this loop would drive the power turbine to extract power. Thus, the available
energy from the hot combustion gas expansion would transfer directly to the steam, providing a high-pressure flow of
steam to the turbine. There are several operational advantages in this arrangement. For instance, a higher peak
temperature from the hot combustion products, even above the capabilities of turbine cooling technologies, could be
utilized to power the turbine because the turbine blades were not exposed to the hot combustion gases. Also, two
different fluid streams could be used in this cycle where the burned gas in the driver-fluid loop was separated from
the steam through the turbine. More complicated steam power cycles utilizing intercoolers, reheaters, and heat
exchangers were also proposed and studied by Hertzberg and Weatherston [13]. Their work later formed a number of
advanced power generation cycles studies by MSNW [38-40] who investigated wave rotor application for pressurized
fluidized coal-burning combined cycle power plants.
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Figure 10: Steam power cycle topped by a four-port wave rotor, adapted from Ref. [13].

Hertzberg et al. at CAL also pursued the idea of air shock heating to produce NO and combining it with water to
produce nitric acid (HNOs) as a final product [41]. Their studies led to a successful series of experiments which
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demonstrated that nitrogen could be fixed by means of unsteady compression and expansion waves within wave rotor
channels as a method of commercial nitrogen fixation. A schematic layout of a cycle producing HNOj3 is shown in
Fig. 11.
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Figure 11: Schematic of a cycle designed to produce nitric acid, adapted from Ref. [41].

The cycle consists of two major parts: (i) driver section, and (ii) reaction section. The driver section (left) is
designed to provide hot high-pressure driver gas to carry out the compression process in the wave reactor. In this
section, air enters a compressor driven by a turbine which is partially driven by a motor. The compressed air is directed
to a heat exchanger where it picks up heat and then is directed to a combustion chamber. In the combustion chamber
the preheated compressed air and fuel mixture is combusted to provide a hot, high-pressure combustion driver gas for
the wave reactor. After the driver gas has expanded within the wave reactor, the low-pressure exhausted driver gas is
discharged into the heat exchanger in which some of the heat of the discharged driver gas is given up to the compressed
air leaving the compressor. After leaving the heat exchanger, the cooled driver gas is directed to the turbine wherein
the energy of the driver gas is utilized to drive the turbine. Finally, the driver gas is discharged from the turbine to the
atmosphere. On the reactant gas side, the reactant gas (air) is preheated through a heat exchanger after being raised to
an appropriate pressure by a compressor. The preheated reactant gas then enters the wave reactor opposite from the
end at which the driver gas inlet and outlet ports are located. After the reactant gas is processed within the reactor, the
heated processed gas enriched with NO is discharged to the heat exchanger where it transfers some of its heat to the
reactant gas entering the reactor. The cooled processed gas leaving the heat exchanger is directed to a secondary
compressor to raise the gas pressure before entering an absorption tower. Water is injected and mixed with NO in the
tower, producing HNOs, which is then collected from the bottom of the tower. The remaining gas is directed to a
secondary heat exchanger and a turbine which drives the two compressors used in the reaction gas section of the cycle.

Another idea for topping a gas turbine by with wave rotor was proposed by Hertzberg and Christiansen at the
University of Washington in the mid 1990s [42]. Figure 12 shows a gas turbine cycle topped by a four-port wave
rotor. In this arrangement, a compressed mixture of
fuel (1) burns within the rotor channels (2), i.e., an
onboard-combustion wave rotor. By accomplishing LT
combustion on the rotor, the external combustor is [
no longer needed. The combustion process occurs
when both ends of the channels are closed (e.g.,
constant volume combustion), leading to an
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additional pressure rise of the gas. Meanwhile, the ki \

driver gas entering and leaving from the opposite F“\L o ‘/‘

end is also sufficiently compressed by the = &
combustion process so that additional work can be . /J \
extracted by a topping turbine. The combustion ==

product gas leaving the rotor (3) is still at a high Compressor Turbine

enough pressure that its energy can be extracted by

the bottoming turbine (4-5). Hence, the driver gas is Figure 12: Topping a gas turbine with a four-port onboard
energized by compression energy inside the rotor, combustion wave rotor, adapted from Ref. [42].
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creating a “fly-wheel” type of driver system. This allows a stand-alone turbine to be used in the driver gas circulation
loop without auxiliary equipment. No prototype of this novel concept has been reported.

Circa 1989, NASA Glen Research Center (GRC) initiated a wave rotor program focused on gas turbine topping
cycles [43], in part building on wave rotor development programs at ABB [34] and at other research institutes [14, 44,
45]. In a close collaborative work by the U.S. Army Research Laboratory and Rolls-Royce Allison, extensive
numerical and experimental efforts were conducted with wave rotors to enhance the performance of turboshaft engines
[46-49]. An excellent overview of the NASA GRC investigations during 90’s has been reported by Welch [10]. Figure
13 (left) is an example of a few cases that were extensively studied by NASA with the corresponding temperature-
entropy diagram shown on the right [50]. The hot combustion gas enters the wave rotor where it expands and flows
into the high-pressure turbine that drives the compressor. The hot gas that partially expands in the first turbine then
drives the second turbine which provides power output. This arrangement is less complex than those described in Figs.
5, 6, and 8 because the entire gas product leaving the combustion chamber is directed to the wave rotor. Figure 13
(right) indicates that in the wave-rotor-topped engine the high-pressure turbine entry pressure is greater than the
pressure of the air delivered by the compressor for the same turbine inlet temperature used in the baseline engine.
Hence, by using a wave rotor, a pressure gain additional to that provided by the compressor is obtained. Thus, more
power can be extracted in the enhanced engine compared with the baseline engine with equivalent heat addition,
resulting in an increased engine efficiency and reduced specific fuel consumption.
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Figure 13: Left: topping a gas turbine with a four-port combustion wave rotor (WR), Right: corresponding entropy-
temperature diagram, adapted from Ref. [50].

To illustrate the application of a wave rotor for a gas turbine engine with a numerical example, Fig. 14 is presented
which shows a known design point operating schematic of a small turboshaft engine topped by a wave rotor. This
study was conducted by Snyder and Fish [51] using the Allison 250 Series Engine as the baseline engine. To allow
operating temperatures of turbine blade materials to be within reasonable values, the turbine inlet temperature is held
to a baseline engine level (1330 K). However, the burner exit temperature is at a higher level of 1703 K. Meanwhile,
the pressure in the burner is increased by the compression ratio of the wave rotor; hence, the burner inlet operates at a
pressure ratio of 3.37 higher than the compressor discharge. Thus, the burner of the enhanced engine experiences
higher pressures and temperatures than the baseline engine. Gas expansion within the wave rotor experiences a 373 K
reduction in gas temperature when the burned gas arrives to the turbine inlet section. Despite a pressure loss of
approximately 9% across the burner, a 24% pressure gain is obtained between the compressor discharge and the
turbine inlet. Consequently, results of the study indicated a significant performance improvement for the enhanced
cycle. The baseline engine produces a nominal 485 kW (650 hp) power at maximum continuous rating with a specific
fuel consumption (SFC) of 0.100 (0.59 Ibm/hr/hp). It was determined through mathematical modeling that the
demonstrator engine has a predicted 547 kW (733 hp) power with an SFC of 0.076 (0.45 Ibm/hr/hp). Thus, application
of the wave rotor is predicted to yield a 13% increase in power with a 23% decrease in SFC.
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Figure 14: Engine design point cycle conditions for the Allison 250 Series Engine topped by a wave rotor, adapted
from Ref. [51].

IV. Methane Pyrolysis Using the Wave Reformer

Recently, NWH; has proposed hydrogen production through compression-induced pyrolysis of methane using the
pressure in natural gas pipelines [4]. Figure 15 illustrates one example of several NWH; designs for natural gas
reforming. Here, the high-pressure natural gas (95-100% methane) supply is preheated in a heat exchanger (not shown)
where it picks up heat from the high-temperature carbon-lean fuel and enters the wave reformer high-pressure inlet
port at State 2. This hot, high-pressure gas mixture initiates the shock heating process onboard the wave reformer and
compresses the driven gas which is already in the channels. The driver gas is expanded within the channels and exits
the wave reformer through a low-pressure outlet port at State 3. Upon exiting the rotor, the outlet gas is slightly
compressed by a low-pressure compressor (State 5) to overcome pipe pressure losses, providing the fuel that will be
reformed onboard the wave reformer. Additionally, a heater is placed in this loop to add heat to the fuel. This heater
sets the temperature of the fuel to be reformed to the appropriate value as it enters the wave reformer low-pressure
inlet port at State 6. Thus, the fuel is converted from a driver gas to a driven gas with the aid of the low-pressure
recirculation loop. This distinguishes the wave reformer from typical pressure-exchange wave rotors where two
distinct working fluids are typically used as driver and driven gases. The heated driven gas reformed by the expansion
of the driver gas onboard the rotor is routed out of the reformer high-pressure outlet port at State 7. This stream is the
hot, moderate-pressure product stream composed of hydrogen, carbon, and a fraction of unreformed methane with
possible minor byproduct constituents. The gas can be routed to a gas cyclone and/or baghouse or a similar system to
separate the gas and solid products. In this
arrangement, the wave reformer is integrated into
the system such that all the natural gas at a high High-Pressure @
pressure is routed through the system where Driver Gas (Pipeline CH,)
approximately 20% of the fuel is reformed into a

——— High-Pressure
Wave Driven Gas including H,
Reformer

Low-Pressure

carbon-lean fuel stream and the remaining fuel D:;’,";’,',Pé:,f(”c';, ® () | DriverGas(cHy
(~80%) is routed back to the reformer at a reduced
pressure.
Figure 16 describes the wave diagram for the O] H
four-port wave reformer introduced in Fig. 15. Heater
This figure schematically illustrates an unwrapped |\|
demonstration of the wave reformer with only one Low-Pressure
channel shown moving upward. The wave Compressor
diagram in general portrays the annular
arrangement of the inlet and outlet ports, the solid Figure 15: Thermal decomposition of methane using
walls reflecting the endplates, the wave fronts, and a wave reformer.
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the gas interfaces during each phase of the
cycle. In the wave diagram, the horizontal axis
represents the rotor axial length and the
vertical axis is time (or rotational angle). The
top of each wave diagram is looped around ® ’
and joined to the bottom of the diagram,

. . Low-Pressure
bece_luse each wave cycle is repetitive. The Driven Gas (CH,)
vertical black rectangles on each side of the
channels represent the stationary endplate
locations around the circumference when the
inlet and outlet ports are closed. The diagonal
lines are the propagation lines (trajectories) of
the waves or contact surfaces (interfaces
between the fluids). The port numbers (2, 3, 6,

7) correspond to those used in Fig. 15. The red

or darker gray area represents the driver gas @ ’
(pipeline natural gas) and blue or lighter gray _ High-Pressure
area represents the driven gas (methane to be ~ Driver Gas (Pipeline CH,)
reformed). The cycle consists of the following

steps: charging of reactant gas into the Figure 16: Wave diagram of a four-port wave reformer.
reformer, charging of driving gas into the

reformer, removal of reactant products from

the reactor, and removal of spent driver gas from the reactor. The last two processes often occur simultaneously.

The cycle starts from the bottom of the diagram where the primary shock wave compressing the reactant gas (e.g.,
pipeline natural gas) is deliberately timed to strike the solid endplate at the far-right end of the channel so that it can
reflect from the endplate, stagnating the channel flow. It is well recognized that the temperature behind a reflected
shock wave is approximately double that behind an incident shock wave, therefore, higher temperatures can be attained
by shock reflection. Hence, the reflected shock wave passes through the reactant gas whose temperature has been
raised to an intermediate level by the first shock wave, thereby raising the temperature of the process gas to an even
higher level, i.e., maximum temperature. This peak temperature is sufficient to permit methane thermal decomposition
prior to opening the exit port. The peak temperature in the reaction zone (highlighted by the yellow mark) is a function
of the initial temperature of the reactant gas and the Mach number of the primary shock wave, which is specified by
the pressure ratio between the driver gas and the reactant gas. The passage of the reflected shock wave brings the
reactant gas and the driver gas to rest as indicated by a vertical-line contact surface separating two gases. Sufficient
reaction time (the time during which the reactant gas is heated by the shock wave) may be provided by adjusting the
rotor speed, the channel length, and flow conditions. The reaction continues until the opening of the driven gas exit
port. When the right end of the channel opens (i.e., exposed to the exit port), an expansion wave (dashed-dotted line)
is generated from the lower corner of the exit port propagating to the left, reducing the processed gas (e.g., products)
temperature. The reaction time onboard the rotor is terminated after the processed gas is expelled from the end of the
channel by the action of the cooling expansion wave. Thus, the duration of the maximum temperature attained by the
processed gas is limited by opening the exit port. This time is usually in the order of milliseconds for practical rotor
speeds. With steady rotation of the channels and a cyclic sequence of events occurring in the reformer, production of
hydrogen for relatively long periods can be attained (even without cooling), greatly exceeding the useful duration of
up to only few milliseconds [52] obtained by a typical chemical shock tube that has only a single channel and a limited
production capacity.

A combination of a hammer shock generated by closing the product exhaust port and another expansion fan
generated by opening the driver gas outlet port aids the scavenging of the driver gas from the downstream end of the
rotor. After further rotation of the channels, fresh preheated reactant gas enters the channel from the left by opening
the driven gas entry port. This gas separated by a contact surface from the driver gas leaving the channel from right
creates an overlap process. While the overlap process continues, the scavenging of the driver gas through the exit port
is terminated by closing the exhaust port. The closing of the exhaust port is timed with the arrival of the driven gas to
the right end of the channel. Closing the exhaust port generates another compression wave propagating to the left
stopping the flow of the reactant. When the compression wave meets the upper corner of the inlet port, the port closes,
leaving the channel fully filled with fresh reactant gas and the next cycle can be initiated.

Shock Wave
_—— Expansion Wave

"""""" Gas Contact Surface

=————  Compression Wave

®

Low-Pressure
’ Driver Gas (CH,)

’ High-Pressure
Driven Gas including H,
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V. Wave Reformer Integrated with a Gas Turbine

In the following, three system configurations will be discussed for integrating a wave reformer to a gas turbine
cycle. These three potential applications are referred to as:
(A) Wave reformer integrated in a gas turbine and producing hydrogen fuel to drive the gas turbine cycle.
(B) Producing fuel in-line for delivery to a gas turbine cycle.
(C) Dual rotors integrated in a gas turbine cycle, producing fuel and pressure gain between compressor and turbine.
In all three cases introduced above, the initial input or fuel source for the power generation system can be any
gaseous hydrocarbon fuel (i.e., CxHy).

A. Wave reformer integrated in a gas turbine and producing hydrogen fuel to drive the gas turbine cycle:

The schematic shown in Fig. 17 illustrates how the new gas turbine engine cycle works. The engine uses
compressed air (State 1) entering the combustor. Meanwhile, hydrocarbon fuel from a fuel tank, pre-heated by a heat
exchanger is directed into the wave reformer (State 6) through the first port of the reformer. When the first port is
opened, the gaseous fuel flows into the channels of the rotor and is further compressed by at least one shock wave.
Such a shock compression can amplify the temperature of the fluid high enough for thermal decomposition, with
hydrogen as a product. As the rotor is rotating, when the channel aligns with the second port in the endplate, the
channel is then opened, and the produced hydrogen leaves the rotor (State 7). This produced hydrogen is injected into
the combustor. After the combustion process within the combustor, the high-pressure burned gas splits into two
segments. A small portion of it is delivered to the reformer (State 2) through the opening of a third port. It is
acknowledged that bleeding gas from the combustor to the wave reformer would reduce the power produced in the
turbine, thus, the amount of hot gas bled from the combustor should be as low as possible. The incoming high-pressure
burned gas from the combustor (driver gas) triggers a shock wave in the rotor channel, compressing the fuel (driven
gas) residing in the channels. After the wave rotor spins around to a fourth port in the reformer, the burned gas trapped
within the channels expands and flows to the surroundings (State 3). It might be preferred to use this gas to preheat
the high-pressure fluid at State 1 before it enters the combustor using a secondary heat exchanger (not shown). The
remaining (majority) of the burned gas is delivered to the turbine (State 4). After work extraction in the turbine, the
gas exits the turbine (State 5) and enters the heat exchange that heats up the liqguid ammonia entering the heat exchanger
from a fuel tank at State 6’. The liquid fuel vaporizes across the heat exchanger and is directed to the wave reformer
at State 6. Therefore, in this novel system arrangement, the reformer provides clean hydrogen fuel for the combustor
using the energy contained in the burned gas. This arrangement is a new application of wave rotors in ground-based
gas turbines, where the production of hydrogen as clean fuel is an integrated part of the turbine system.

@ Wave Reformer @
Preheated Fuel o 4 Expanded Burned Gas
_——"“ \*‘n‘
@ @ High-Pressure Product (e.g., H, +
Any Unconverted Fuel/Byproducts)
Combustor
Pressurized Liquid Fuel High-Pressure Burned Gas
i @ @ Compressed Air
@ \NAANAAAA—>!  Low-Pressure Turbine Exhaust Gas @ Atmospheric Air
(.
Cool ExhaustGas . Exchanger @
Turbine Compressor

Figure 17: Wave reformer integrated in a gas turbine and producing hydrogen fuel to drive the gas turbine cycle.
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The numerical tool used to predict the wave reformer port conditions is a quasi-one-dimensional wave rotor code
developed and experimentally validated by Tichler and Copeland in conjunction with their wave rotor studies at
University of Bath, UK [17, 28, 53]. The model discretizes and solves the laminar one-dimensional Navier-Stokes
equations using a two-step Richtmyer TVD scheme with minmod flux limiter in a time-marching manner. The code
follows a single, constant-area wave rotor passage as it rotates along the circumference and is exposed to boundary
conditions imposed by the respective port arrangement.

The governing equations are as follows:

U N oF _ g
ot dx
1)
The state vector U, flux vector F and source term vector S are:
p P 0
= pu =3 pu p=3 0
U= pE 7’ F= pE }’ S= T
pY; PY; “’1
v\
)

Where p denotes the density of the mixture, u the velocity in x-direction, p the static pressure and E the total energy
per unit volume. The model incorporates transport equations for species and corresponding source terms to account
for the pyrolysis of reactants into products using a global, one-step reaction equation. The quantity Y; represents the
mass fraction of each chemical specie satisfying the following equation;

n n
Y, = 1,2 ;=0
i=1 i=1
®)
where @; represents species mass reaction rate. In addition, it is assumed that each specie follows the ideal gas law:
n
= RTZ i
P Lw,
i=1
(4)

with R used as the universal gas constant.
The source terms accounting for the chemical reaction contain ©; and the endothermic heat absorption w. The
production rate and the heat absorption follow:

® = VkspY
(®)

wr = —Qw
S _ _ ©
where v represents the stoichiometric coefficient and Q the heat absorption per unit mass of reactant.

The reaction rate k, is described by the simple Arrhenius law of k, = A exp (— RE“T), where A denotes the pre-
m

exponential factor, E, the activation energy and R,, the molar gas constant.
The reactive model in this study to examine the conversion of methane within a wave reformer follows the
simplified reaction equation:

CH4 — Products
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Here, it is assumed that the products are primarily consisting of hydrogen, ignoring solid carbon black and
intermediate products.

Methane pyrolysis been studied extensively in the literature [54-63], suggesting a wide range of Arrhenius
parameters. For example, in Fig. 18, where the rate constant is plotted against temperature, pre-exponential factors
can vary between ~8.5E+9 and ~5.1E+14 and activation energies between 312,000 and 431,200 depending on the type
of reactor, the considered temperature range and residence time and the initial molar fraction of methane.
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= == Skinner et al. (1959)

= 600k Glick (1959)
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— Shantarovich et al. {1962)
= 400 Kozlov ct al. (1962)
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------ Palmer et al. (1968)
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Olecesmcnmness e rwwnn demrrensrent Al e SRR
1300 1400 1500 1600 1700 18()0 1900 2000

T K]

Figure 18: Temperature-dependent rate constant for global, one-step reaction CH4 — Products

To examine the sensitivity of the numerical model to the choice of Arrhenius coefficients, a shock tube study was
set up with a driver and driven arrangement. The driver section is filled with N at 40 atm and 2000 K, while the driven
section is filled with pure CHj, at conditions of 1 atm and 400 K. Both sections are set to zero velocity at t=0. Figure
19 shows the solutions in form of x-t plots that exhibit pressure, temperature, Mach number and gas velocity in the
tube. The corresponding species contours are shown in Fig. 20 which illustrate distributions of the reactant (CHa), the
product (Hz) and the driver gas (N2) using the kinetic parameters by Kevorkian et al. where A = 1.3E+14 and
E,=389,000 are used [59]. In both figures, the axial distance is non-dimensionalised by the tube length, L.

Consistent with wave cycle principles in shock tubes, the pressure plot shows a left-running expansion fan
propagates to the driver section. Conversely, the solution shows an incident shock wave propagates to the right and
eventually is reflected by the right wall. The reflected shock wave raises both pressure and temperature significantly
and sufficiently high for thermal pyrolysis to be initiated in the driven section. The decomposition takes place slightly
offset from the right wall, where the hot driver gas is in direct contact and mixed with the reactant gas. The H;
distribution plot shows formation of hydrogen far away from the right wall and near to the contact surface between
the compressed CH,4 and the Na.
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Figure 19: Contours of pressure plotted in logarithmic scale, temperature, Mach number and velocity in
a shock tube as functions of time.
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Figure 20: Mole fraction contours of methane (left), hydrogen (middle), and nitrogen (right) in a shock tube as
functions of time.

Executing an equivalent shock-tube simulation with the lowest reaction rate in Fig. 18 given by Shantarovich et
al. [60] (A = 4.0E+11 and E,=379,800) and comparing the temperature and hydrogen mole fraction plots results in
the delta plots shown in Fig. 21. Although exhibiting similar activation energies, the pre-exponential factor for the
data of Kevorkian et al. [59] is approximately three orders of magnitude higher. These differences account for a 15%
higher hydrogen mole fraction, as shown in Fig. 21 (left). Conversely, the increased reaction rate is accompanied by
a stronger endothermic effect, where temperatures within the reacting stream differ by up to approximately 250 K, as
indicated in Fig. 21 (right).
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Figure 21: Delta plots for hydrogen (left) and temperature (right) between different kinetic reaction parameters for a
shock tube solution.

After investigating the influence of the choice of kinetic parameters, modelling the wave dynamics within the wave
reformer can be conducted more accurately. Since there are significant differences between the reaction rates reported
in the literature, in this study a reaction rate was selected that lies in between the two extreme cases shown in the past
shock tube studies, namely the coefficients introduced by Ref. [62], where A = 1.3E+14 and E,=422,900 are proposed.

Figure 22 shows the resulting wave patterns of a four-port wave reformer with the port numbers correspond to
those used in Fig. 17. In this example, the driver gas (hot, high-pressure nitrogen exiting the combustor at State 2) was
chosen to enter the channel at 40 atm and 1700 K, and the driven gas (preheated methane) enters the channel at 6 atm
and 773 K. The outlet pressure at port 3 is fixed at ambient pressure, while the flow conditions at port 7 are varied
iteratively to ensure equal total pressure between ports 2 and 7, neglecting an unavoidable pressure loss across the
combustor.

The contour plots indicate pressure value shown in logarithmic scale, temperature, Mach number and velocity as
functions of time or azimuthal position (vertical axis) and position (horizontal) over one complete cycle of operation.
The horizontal axis of each contour is again non-dimensional by the channel length (x/L). Vertical axis represented by
angular displacement, @, is also non-dimensionalized by maximum angular displacement, énax , which is 360 degrees.
A color scale bar is provided to the immediate right of each contour plot. Similar to the shock tube simulations, the
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wave pattern contours are accompanied by the species contours in Fig. 23. These mole fraction plots outline the spatial-
temporal distribution of reactants (CH,) and products (Hz) as well as the driver gas (N2). In this simulation, the CH,4
plot shows the driven gas reaches approximately x/L=0.5 into the channel through opening of the inlet port 6 at non-
dimensional time 0.8. Thus, when the cycle starts at non-dimensional time 8/6m.x =0 , about half of the channel is
filled with the fresh driven gas (CH4) and the remaining is filled with the residual driver gas (N,) from a previous
cycle.
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Figure 22: Contours of pressure plotted in logarithmic scale, temperature, Mach number and velocity in a four-port
through-flow wave reformer.
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Figure 23: Species contour plots showing mole fraction of methane (CH4), hydrogen (H>), and nitrogen (N>).

The pressure plot in Fig. 22 shows a strong incident shock wave is generated by exposing the channel to the high-
pressure post-combustor flow at port 2. As the incident shock wave travels to the right of the channel, it collides with
another left-running shock wave (i.e., hammer shock) that is generated upon closure of port 3 to the channel at non-
dimensional time 0.9. The two shock waves meet at around x/L = 0.5 and in their wake both gas temperature and
pressure experience a further increase prior to the arrival of the incident shock wave to the right endplate. A more
significant higher-pressure region is also seen (dark red color) in a region behind a reflected shock wave created at
non-dimensional time 0.1. On the pressure plot, the incidence, reflected, and the weak shock wave trajectories are
clearly seen. A reduction in the channel pressure is also seen after opening port 3 at non-dimensional time about 0.4.
A sufficiently long port width ensures the pressure within the channel can decrease in time for the low-pressure inlet
at port 6 to inject the driven gas into the channel.
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On the temperature plot, regions of high temperatures are seen behind the reflected shock wave. The impact of the
temperature drop due to the endothermic effect is also seen between non-dimensional times 0.1-0.25 where the
majority of pyrolysis happens. Further temperature reduction immediately after opening the product exhaust port 7 is
associated with an expansion wave generated from the lower corner of port 7 propagating to the left, as described in
Fig. 16.

The Mach number contour shows choked condition for the entire portion of the driver inlet port. The region with
the highest Mach number (red color) is just behind the incidence shock wave before it collides with the hammer shock.
The velocity plot shows how the reactant gas is stopped by the hammer shock when the driver outlet port closes at
non-dimensional time 0.9 where the gas velocity goes to zero after it encounters the endplate (white color). Similarly,
the velocity of the incoming driver gas also goes to zero near the right endplate by the reflected shock wave at non-
dimensional time 0.1. Regions of zero velocities are seen near the left endplate located between non-dimensional times
0.25-0.80.

The reactant and hydrogen contour plots in Fig. 23 show that the driver gas pushes the driven gas towards the right
side, where it mixes with the residual driver gas within the channel from the previous cycle. Thermal decomposition
is initiated prior to the reflected shock wave just downstream of the aforementioned colliding shock wave system.
However, the majority of pyrolysis takes place after the incident shock wave is reflected from the endplate, where
hydrogen mole fraction reaches approximately 30% (light turquoise). Upon exhaust opening of the product, the
produced hydrogen is purged. After opening and closing the outlet port 3 at non-dimensional times 0.4 and 0.9,
respectively, the entire driver gas is still not completely purged, and some amount of nitrogen remains in the channel
and is carried over to the next cycle.

Varying the total inlet pressure for different
turbine inlet temperatures (TIT) and plotting this ' ' TIT — I1900KH
against the average hydrogen mole fraction through A
port 7 yields the curves given in Fig. 24. Obviously, [
TIT represents the driver gas temperature at port 2. v
Interestingly, the data shows relatively little 0I5 ¢ TIT = 1700K "
sensitivity to the inlet pressure at port 2. In fact, the
gradient at lower temperatures, such as 1300 and ' 0.1}
1500 K, is slightly negative. This appears to weaken
with increasing TIT, however. The reason for the 0.05 | TIT = 1300K.
negative gradient lies in the fact that by lowering the \;
total inlet pressure at port 2, a better gas expansion . .
capability of the low-pressure port 3 is achieved. 30 35 40 45
Conversely, by increasing the driver gas inlet
pressure, the port width at 3 is not large enough to
expand the channel gas completely down to ambient
conditions and some residual pressure remains  Figure 24: Hydrogen mole fraction in port 7 outlet stream as
within the channel before the driven gas intake port function of driver gas inlet pressure and TIT.

6 opens. For a fixed driven gas inlet mass flow rate,

this leads to a higher driven gas inlet pressure, which

eventually lowers the pressure ratio across incident and reflected shock waves. As a result, it can be concluded that at
relatively elevated pressures in the range of 30 to 40 bar, a more effective shock heating-effect can be achieved through
raising the driver temperature compared to the driver pressure.

TIT = 15006

P2 [bar]

B. Producing fuel in-line for delivery to a gas turbine cycle:

Figure 25 shows a second exemplary turbine engine system where the wave reformer acts as a hydrogen-containing
fuel production unit only. The wave reformer is supplied at the inlet port with pressurized, pre-heated fuel from a fuel
source. In contrast to the first system, the feedstock could be a pipeline-pressure fluid (e.g., 40-100 atm), such as
natural gas, rather than a burned gas. The combustor continues to receive high-pressure fuel product from the wave
reformer and high-pressure air is still received from the compressor at its inlet. The turbine also still discharges a low-
pressure exhaust gas that can provide heat to the heat exchanger. In this simpler arrangement, the conventional fossil
fuel used in gas turbine engines is replaced by the hydrogen-containing fuel produced in the wave reformer. The new
arrangement allows for a cleaner burning system with lower greenhouse gas emissions.
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Figure 25: Wave reformer used for producing fuel in-line for delivery to a gas turbine cycle.

C. Dual rotors integrated in a gas turbine cycle, producing fuel and pressure gain between compressor and
turbine:

Figure 26 shows a third exemplary turbine engine cycle using a wave reformer, and a non-reacting four-port wave
rotor placed between the compressor and turbine parallel to the burner. This system is similar to the system of Fig. 17,
with the same descriptions, except that here a wave reformer and a separate wave rotor are used. Thus, Fig. 26 can be
seen as a combination of Figs. 14 and 17. The wave rotor receives a large segment of the high-pressure burned gas
from the combustor at its driver gas inlet port (State 3). The driven gas inlet port receives compressed air from the
compressor (State 1). The doubly compressed air by the wave rotors is discharged back to the combustor (State 2).
The burned gas, which has been expanded in the wave rotor, is discharged to the turbine (State 4). Here, in addition
to a pressure gain produced between the compressed exit and turbine inlet by the wave rotor, the wave reformer
provides hydrogen-containing product as fuel for the system. In this arrangement, the burned gas supplied to the
turbine by the wave rotor is delivered at a higher pressure than in other power generation system arrangements.
Consequently, more work can be extracted from the turbine with the wave rotor, leading to higher engine performance
and a more efficient, cleaner burning power generation system. It is acknowledged that even though this method of
use provides a high thermal efficiency and specific work and a low value of specific fuel consumption, concerns may
be raised relative to the combustor design due to the elevation of the combustor pressure and temperature caused by
the wave rotor addition. Operating a combustor under a higher pressure and temperature adds challenges in the
aerodynamic and mechanical designs of current standard combustors. To address these difficulties, other topping
cycles might be preferred as discussed in Ref. [64].
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Figure 26: Dual rotors integrated in a gas turbine cycle, producing cleaner fuel and pressure gain between
compressor and turbine.

V1. Conclusion

This paper introduced and discussed a novel power generation system combining a wave reformer, introduced by
New Wave Hydrogen, Inc. (NWH>), and a gas turbine in a flexible range of designs. The wave reformer is designed
for continuously processing hydrocarbon fuel by the successive action of compression and expansion waves to produce
hydrogen. The wave reformer consists of a drum that rotates past stationary inlet and outlet ports located at stationary
walls on opposite ends of the reactor. The NWH; shock wave reformer completely departs from conventional pyrolysis
technology because the reaction is induced by shock waves rather than electricity or other energy inputs. Using
existing natural gas pipeline infrastructure, producing no direct CO, emissions, and with low electricity demand, the
wave reformer holds promise for enabling a rapid transition to clean hydrogen production, with the potential for
significant reductions in global greenhouse gas emissions. The purpose of this paper was to explore an application for
this novel technology in gas turbine engines. The preliminary investigations supported by numerical modeling in a
shock tube and in a shock wave reformer imply that integrating the NWH; wave reformer with a gas turbine could be
an alternative solution for low-emission hydrogen-fueled gas turbine combustors.
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