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This work establishes and describes a new electric aircraft propulsion technology category
for achieving true zero greenhouse gas emission with transport aircraft. This new category is
enabled by a recently invented Closed Strayton Quad Generator and recently developed
megawatt-scale electric propulsor motors that enable staged contra-rotating ducted fans in a
single nacelle. After a brief review of the existing state of practice, a new electric aircraft
propulsion system is described that is quiet, clean, efficient, reliable, safe and supports the
global transition from jet fuel and sustainable aviation fuel to future green hydrogen fuel with
the goal of achieving truly zero impact on the environment. A proposed design of this
propulsion system is presented along with a performance and mass comparison to current
state of practice.

I. Nomenclature

w = power output

w' = specific power output

m, = mass flow through compressor

m, = mass flow through expander

my, = mass flow through burner

Cp, = mean specific heat during compression
Cp, mean specific heat during expansion
q mean specific heat during heat addition
Mo, = compressor polytropic efficiency

Npe = expander polytropic efficiency

Nen = cycle thermal efficiency

&y = recuperator heat exchanger effectiveness
To1 = Total temperature compressor inlet

Toz = Total temperature compressor outlet
To3 = Total temperature heater inlet

Toa = Total temperature turbine inlet

Total temperature turbine outlet

Total pressure

Ap, = Total pressure changes in component
Total pressure ratio across compressor
Temperature ratio of Brayton cycle
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II. Introduction

The U.S. aviation sector has been challenged to achieve net-zero emissions by 2050 [1]. Among all aircraft types,
the narrow body and wide body aircrafts are associated with 93% of the aviation CO, emissions [2]. Hence, this paper
focuses on large transport aircraft for the greatest aviation emissions reduction. When comparing all the aviation
emissions’ impact on the environment, carbon dioxide (CO;) accounts for 33% on average, while non-CO»
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contributes to around 67%, including nitrogen oxides (NOx) and contrails [3]. Numerous recent technology gap and
review papers have identified the importance and challenges of achieving a true zero greenhouse gas emission (GHG)
transport aircraft. As shown in Figure 1, there are five overall categories for reducing GHG emissions ranging from
more electric, SAF, hybrid electric, hydrogen combustion, and ultimately fuel cell or battery electric for achieving
true zero GHG [4-11]. The focus of this paper is the creation of a new true zero GHG technology category called
Closed Strayton as shown in the bottom right of this figure.

The environmental impact and limitation of each fuel type and technology used are also highlighted in Table 1.

Note that fuel cells are currently the best true zero GHG emission technology but due their mass it is challenging
to utilize conventional tube-and-wing configurations. Moreover, PEM fuel cells have a limit life of about 10,000 h
and require inlet air compression and humidification at high altitudes resulting in complex and heavy balance of plant.
Hydrogen turbofans are the next likely option for transport class vehicles and are being pursued by industry presently.
However, they present several challenges including hydrogen turbine embrittlement, multiphase cryopump
complexity, and still produce GHG and noise. SAF is attractive to industry because operations largely remain
unchanged, but SAF still produces GHG and as shown in Table 2 requires more energy to produce than green
hydrogen. Battery technology is simply too heavy for transport class aviation. Hybrid electric offers between 3-5%
fuel burn reduction in transport class aircraft, but fundamentally contributes significant GHG emissions. The Closed
Strayton Quad Generator, which is the topic of this paper, is a new true zero GHG technology that can achieve a
maximum overall net climate impact for transport class aircraft [34-38].

As shown in Table 2, only jet fuel can be considered a positive net energy source. Batteries, green hydrogen, and
SAF require an external energy source to charge or create it. But only green hydrogen has the potential to enable true
zero GHG transport if the limitations of batteries and fuel cells can be avoided.
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Fig. 1. New Category for True Zero Greenhouse Gas Emission Transport Aircraft
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Table 2.

Energy type Energy | Cost per Availability GHG pollution
required to MJ
produce ()
1MJ

Kerosene jet fuel 0.19 0.03 |Limited to ~100 years CO2, NOx, soot, contrails, etc.
Battery 1.09 0.04 |Limited rare earth supply Can be very low with renewables but too heavy
Green 1.63 0.06 |Unlimited water with solar, wind, |NOx, contrails with combustion, none with
hydrogen nuclear but need infrastructure lightweight CSG or heavy fuel cells
SAF (SPK) 2.56 0.08 |Feedstock scaling challenge Net zero COz, but still NOx and contrails
SAF (PTL) >2.56 0.10  |Most scalable synthetic option Net zero COz, but still NOx and contrails

Specifically, of the various fuel types and technologies employed, only PEM fuel cells and all electric battery
powered aircraft can achieve true zero GHG emissions, but they carry significant mass, volume, and life limitations
that make them intractable for MW-scale transport aircraft propulsion conventional airframes. So overall, the attempt
to reduce emissions has meant some combination of:

e Non-standard airframes to address cryogenic hydrogen and volume constraints (with aerodynamic benefits
that are often hard to quantify and highly specific to flight conditions),

e Hydrogen turbofans that potentially challenge the structural life of already stressed turbine blades

e Heavy, life-limited fuel cells with significant thermal management challenges beyond 5 MW

e  Turbofan power extraction that is already nearing its maximum safe limits (well below 10 MW)

In contrast to these limitations, the Closed Strayton Quad Generator provides a third approach for achieving True Zero GHG
emission in a more lightweight, compact, and long-lived package and it will be the primary topic of this paper [90-95].

II1. Hydrogen Turbo-Electric Aircraft

The proposed electric aircraft propulsion system can eliminate not only CO» but also NOy, particulates, and
contrails to reduce the total aviation Effective Radiative Forcing (ERF) to essentially zero [12-33]. The Strayton
technology separates propulsion into a clean power generation unit and an efficient contra-rotating electric propulsion
unit as shown in Fig. 2. This combination allows for both aircraft and flight-regime independent clean propulsion.

This is possible because of two features of this system. First, the separated power generation system can provide
post-emission controls since the combustion exhaust is not used for propulsion. Second, the propulsor can incorporate
staged electric-motor powered fans in the same nacelle to increase thrust without increasing drag. This latter benefit
becomes more significant at higher flight speeds as drag nonlinearly increases. In addition, a contra-rotating propeller
is known to boost the propulsion efficiency by ~20% [96-118], but such benefits are typically offset by its mechanical
complexity and added weight.

In contrast to these limitations, the recently invented Closed Strayton Quad Generator provides a novel third approach
for achieving True Zero GHG emission in a more lightweight, compact, and long-lived package. As shown in Fig. 3
today’s turbofans have an overall combined thermodynamic and propulsion efficiency of approximately 40%. This is
achieved with a combination of high bypass ratios (>10), high compression ratios (>40), and high temperature ratios
(>6). Most of the thrust (>80%) is produced from the low-pressure ratio fan with the balance of the thrust from the nozzle.
The combustion occurs in the core of the turbofan and the exhaust exits through the rear nozzle as part of the thrust gases.
This architecture, while very efficient and lightweight, presents few opportunities for post emission control.

In contrast, turbogeneration architectures in which all the thrust is provided by electric motor propulsors, the combustion
exhaust gases are not used for high velocity thrust. Instead, the relatively low velocity combustion gases travel through what
is in essence a muffler. This enables post combustion emission control technologies such as are currently used in diesel
trucks. Further, if the turbogeneration uses a closed cycle, it can be pressurized with an inert working fluid for mass reduction.
Moreover, the combustion system can be completely separated from the turbomachinery and separately optimized for
emissions with both pre- and post- combustion control technologies. The combination of separately optimized combustion,
power, and propulsion potentially provides an overall propulsion system efficiency advantage as shown in Fig. 3. If the
closed turbogeneration system is small enough at MW-scale it can be installed in the tail-cone of aircraft to generate electric
power as shown with electric motor propulsion in the nacelle in this Fig. 4.
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Fig. 4. Closed Strayton Generator and Electric Propulsor Installation



IV. Strayton Fundamentals

The proposed Closed Strayton Quad Generator cycle has an overall higher system efficiency, specific power, and
reliability than each individual Brayton and Stirling cycle can achieve separately. The integration is achieved by
installing an acoustic Stirling heat exchanger pair in the hollow rotating shaft of a Brayton cycle generator to provide
both Brayton turbine conductive cooling and Brayton thermal recuperation as shown in Fig. 5.

The Brayton cycle waste heat acts as a topping cycle delivering thermal energy to the shaft-embedded acoustic
Stirling cycle. The four Strayton cycles are combined into a quad configuration to facilitate inter-stage cooling,
reheating, and to complete a full acoustic wavelength 360° acoustic loop for significantly increased Stirling power,
Brayton internal recuperation, and Brayton turbine cooling as shown in Fig. 6 with single recuperator (top left), inter-
cooling (blue arrows), and reheating (red arrows). The purpose of this arrangement is two-fold. First, as shown in
Fig. 6, the compressor inter-stage cooling and the turbine inlet reheating at all four stages improves the Brayton cycle
efficiency and only requires a single recuperator. Second, the hollow rotating shafts of all four Brayton generators
have an acoustic Stirling engine inside [39-47] and the quad configuration enables the four regenerators to be located
acoustically s wavelength apart. This is like earlier multi-stage Stirling engines that used pistons that oscillated with
a90° phase angle difference as shown in Fig. 7, but instead of using oscillating pistons, we locate each acoustic Stirling
engine acoustically 90° apart to achieve the same higher specific power acoustic Stirling cycle without the
complication of mechanical linkages as shown in Fig. 8.

The high-power acoustic power loop shown in Fig. 8 provides turbine cooling, Brayton bottoming cycle,
combustor bottoming cycle, or inter-cooling bottoming cycle depending on the level as shown in Fig. 9. It also
provides acoustic cooling power for other powertrain components.

The full Closed Strayton quad configuration has three levels with a single recuperator as shown in Fig. 9.
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Fig. 5. Strayton Generator Fundamentals
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Fig. 9. Three Layers: Acoustic Inter-cooling, Strayton, and Acoustic Reheating

Fig. 10. MW-scale Zero-Emission Closed Strayton Quad Generator

Each quad layer has an acoustic Stirling loop with four no moving part acoustic engines and the middle layer also
has the four rotating Brayton engines. In total, we have 16 engines combined synergistically. The only moving parts
are the four Brayton shafts and the 3 bi-directional turbine acoustic generators. The moving parts are supported by no-
contact gas bearings that do not require maintenance or have a life limiting mechanism. In summary, a new compact
zero-emission Closed Strayton Quad Generator system is shown in Fig. 10.

Due to its hermetically sealed working fluid, it is aircraft-type and flight-speed independent since the working
fluid is pressurized and is environment independent. It also allows the post-combustion emissions to be fully managed
to provide essentially zero greenhouse gas emission since exhaust gases are routed through a low-speed muffler instead
of being directly inserted into the jet for propulsion.

V. Zero-Emission Closed Strayton Quad Generator

Since the Closed Strayton Quad Generator separates the combustion from the turbine exhaust, it can be optimized
to provide true zero GHG emissions by utilizing a combination of the following three mechanisms:

e Pre-combustion steam input from either fuel cell exhaust or hydrogen combustion steam recirculation
e  Post-combustion emission control within the muffler exhaust tube
e Operating the combustor at a lower temperature to avoid NOx production

As shown in Fig. 11, the exhaust water vapor can be recuperated with air followed by cryogenic fuel to achieve
not only high combustion efficiency but to also control the production of contrails. The sealed working fluid enables
the use of pressurized gas bearings for long-life lubrication-free no contact operation. This eliminates the potential for
lubrication oils to form particulates that contribute to contrail formation. The steam mixer in Fig. 11 can be replaced
with a fuel cell to act as a topping cycle for the Closed Strayton cycle while also producing steam, adding heat to the
combustor, and generating DC electric power. Since it is primarily used for water generation it can be kept small
relative to the overall system. It should be noted that in Fig. 11 the quad configuration is assumed but is more easily
represented as a single Strayton and combustor combination. More examples of variants of this configuration can be
found in the appendix.



As shown in Table 3, different fuel and steam generation mechanisms are possible, but only hydrogen fuel provides
true zero GHG emissions. Another benefit of the separation of the combustion from turbogeneration is that it is
possible to change the fuel source without changing the turbogeneration system. Jet fuel or SAF can be used for
example with a SOFC which operates at a higher temperature to provide both fuel reforming and steam addition to
the combustor to reduce NOx. Further, since the Closed Strayton Quad Generator is more efficient at a given
temperature ratio, it is possible to operate the system at a lower combustion temperature and still achieve a high-power
generation efficiency. This reduces or eliminates the NOx produced and when combined with the post-combustion
emission control system may provide an attractive environment for the use of SAF while transitioning to hydrogen.

As shown in Fig. 12, it is expected dual-fuel aircraft will be required during the transition period from kerosene
fuels. Closed Strayton Quad Generator can initially provide 2 MW of clean power from hydrogen while the hybrid
turbofans are mostly powered with kerosene fuels. Note that since a hydrogen powered Strayton is a true zero emission
technology, it can have a higher impact on emissions than improving fuel efficiency of legacy turbofans when used in
a hybrid configuration. This hybrid electric transition approach also provides development time for next generation
partial superconducting and fully superconducting electric machines that will eventually replace turbofans.
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Fig. 12. Closed Strayton Generator Enables SAF and Hydrogen
Dual Fuel Transition and Electric Motor Propulsors on Aircraft

A key point is that electric aircraft with a Closed Strayton Quad Generator enables the gradual transition of dual
fuel aircraft without requiring complicated propulsion airframe integration to achieve a net propulsive and climate
benefit. As shown in Fig. 12, eventually additional benefits can be derived with advanced airframes. It should be noted
that because both SAF and hydrogen fuel require more energy to produce than they can store as listed in Table 2, it
will be important to find additional ways to reduce aircraft drag using advanced airframes because for example a 1%
fuel savings on the aircraft will result in ~2% energy savings overall.

Another key point is that since hydrogen fuel can provide true zero emissions with this technology, then a dual
fueled vehicle with 10% clean power and 90% conventional fuel will see a 10% drop in emissions compared to a
100% conventional fueled vehicle. It is likely easier in the near term to focus on dual fuel emission reduction than to
achieve a 10% reduction in fuel burn with electric aircraft technology alone. In other words, the potentially best use
of electric aircraft technology is emission reduction with dual fuels instead of conventional fuel burn reduction.



V1. Closed Strayton Quad Generator Technical Details

Following the previous brief introduction in what the Closed Strayton Quad Generator is and does, this section
will explain in greater detail both the physics and thermodynamics of this new technology. In addition, estimates of
specific work, specific heat, and cycle efficiency over a range of operating conditions are presented.

A. Basic Architecture

A new thermal energy conversion power generation technology is presented that combines the historically higher
power Brayton and lower power Stirling cycles into a new Strayton Quad cycle that has an overall higher system
efficiency, specific power, and reliability than each individual cycle can achieve independently. The integration is
achieved by installing an acoustic Stirling heat exchanger pair in the hollow shaft of a rotating Brayton cycle generator
to provide both Brayton turbine conductive cooling and Brayton thermal recuperation. The Brayton cycle waste heat
acts as a topping cycle delivering thermal energy to the shaft-embedded acoustic Stirling cycle. The four Strayton
cycles are combined into a quad configuration to facilitate inter-stage cooling, reheating, and to complete a full
acoustic wavelength multi-phase loop for significantly increased Stirling power, Brayton internal recuperation, and
Brayton turbine cooling. The Brayton specific power and efficiency increases due to the higher allowable turbine inlet
temperatures; quad configuration with inter-stage cooling and reheating; and a higher rotational speed when combined
with a switched reluctance generator. The shaft-embedded acoustic Stirling specific power increases due to the quad
self-amplifying acoustic loop configuration and the high power bi-directional acoustic turbine generators. The
recuperator and heat exchanger masses are further reduced with two additional quad loops that provide Brayton stage
inter-cooling and reheating with acoustic Stirling topping and bottoming cycles. The reliability increases because the
system still operates even under multiple fault conditions, has no-contact seals and bearings, and can safely operate at
much higher generator and fluid temperatures without exotic materials. The only moving parts are the rotating Strayton
shafts and the rotating bi-directional acoustic turbine generators, which use pressurized gas bearings for long-lasting
no maintenance operation. It specifically enables a new class of zero emission electric aircraft propulsion and a reliable
higher system alpha electric spacecraft propulsion system. In addition, this technology provides the nascent terrestrial
small modular nuclear power generation market with a higher efficiency fault-tolerant generator option.

B. Theory

In the Strayton engine cycle, the Brayton and Stirling cycles operate in synergy, with the Stirling thermoacoustic
cycle acting as a recuperator for the Brayton cycle and the Brayton cycle acting to power the Stirling. The architecture
of this engine consists of a gas turbine engine, with an alpha thermoacoustic heat exchanger pair installed inside the
hollow rotating turbomachinery shaft as shown in Fig. 5. Heat transfer rate, Qu, is drawn down through the turbine
blades and is used to power the acoustic Stirling engine. Wasted thermal power, Qc, from the acoustic Stirling cycle
is then introduced to the gas turbine system using a heat exchanger directly before engine combustion through the
thrust bearing that is paired with an oscillating heat pipe heat exchanger.

This architecture has two main advantages. First, pulling heat down through the turbine blades has a cooling effect
on the structure allowing the system to reduce or remove blade cooling flow. Second, acoustic Stirling waste heat is
used to create a recuperation cycle within the gas turbine, increasing overall Brayton efficiency. Electric power from
the system is delivered via two mechanisms, a Brayton shaft rotation generator, and a separate acoustic bi-directional
turbine generator located outside the rotating shaft.

A few key points to note are that the rotating Brayton shaft is separated from the non-rotating structures with a
clearance seal that is hermetically sealed from the environment but intentionally has a leakage path between the
Brayton and Stirling cycles, so they effectively share the same pressurized working fluid.

The possible working fluid choices are quite varied, but the best system performance is expected with He-Xe for
non-economic high-performance applications and He-N, for commercial applications as shown in Fig. 13.

The pressurized working fluid in a Closed Strayton generator increases the specific power by reducing the
turbomachinery size, by increasing the rotational speed which reduces the switched reluctance generator size, and by
increasing the bi-directional turbine efficiency as shown in Fig. 14. Note that the same pressurized high molecular
weight working fluid benefits both the Brayton and Stirling cycles but for different reasons; For Brayton, it reduces
the size of the turbomachinery and generator by increasing the rotation speed; For Stirling, it increases the acoustic
bi-directional turbine efficiency. This unique property is one reason Strayton has a higher overall better performance.
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C. Brayton Cycle

The Brayton thermodynamic cycle is commonly used in a variety of applications including aircraft turbofan
propulsion, terrestrial power generation, and space power generation because it can scale to large power levels. As
shown in Fig. 15, the Brayton cycle can be recuperated or non-recuperated and can be open cycle (invented in 1872)
or closed cycle (invented in 1938).

As shown in Fig. 16, normally the Brayton cycle efficiency increases as the compressor pressure ratio increases
but for a given temperature ratio the specific power begins to decrease with additional pressure ratio growth. This is
because the turbine temperature limits prevent the addition of more thermal energy.

If the turbine blade can be cooled, we can achieve both higher efficiency and higher specific power. Historically,
as shown in Fig. 17, open cycle Brayton has out-performed closed cycle Brayton because of the difficulty of cooling
the turbine blade and the additional mass of heat exchanger recuperation. Fig. 18 shows most of the turbofan
improvement is enabled with advanced turbine blade cooling technology. Closed Strayton Quad Generation is
expected to follow similar performance improvement trends due to the acoustic blade cooling techniques described
previously and because the closed pressurized cycle reduces the size of the turbomachinery that is necessary for
effective acoustic conductive cooling at the turbine shaft base.
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Closed cycle Brayton efficiency is a function of compressor pressure and temperature ratio, but also of the
recuperator mass/effectiveness as shown in Figs. 19 and 20.

Note that ERG and ALFA refer to recuperator effectiveness and temperature ratio respectively. In all cases, a
higher turbine inlet temperature reduces system mass and increases both system efficiency and system specific power
as shown in Fig. 20. This mass estimated in Fig. 20 is for a proposed space application in which radiation is the only
means of rejecting thermal energy. But the principle is the same when rejecting waste heat on aircraft, higher
temperatures are generally better thermodynamically and offer overall lower system mass [53-81].
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D. Stirling Cycle

Similarly, the Stirling cycle shown in Fig. 21 is widely used in lower power applications that require high thermal
efficiency. Generally, it is a closed cycle that doesn’t scale well to higher power because of oscillating component
amplitude and thermal surface heat transfer limits.

1. Acoustic Stirling

The Strayton Quad Generator utilizes a special subset of Stirling engines based on thermoacoustics as shown in
Fig. 22. The thermoacoustic Stirling either generates a sound wave with thermal input or it can operate in reverse to
provide refrigeration using the energy from an incoming acoustic wave [39-47].

The acoustic wave can generate electric power by either extracting the pressure wave with an oscillating piston,
or for higher power levels it can extract the velocity wave with a bi-directional turbine as shown in Fig. 23 [48-52].

As shown in Fig. 24, the acoustic Stirling and piston Stirling have comparable efficiencies, but the acoustic Stirling
can operate over a lower range of temperature ratios and higher power levels when combined with a bi-directional
turbine generator.
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VII. Strayton Cycle

The invention described herein combines the Brayton cycle and acoustic Stirling cycle into a synergistic new
Strayton (Stirling and Brayton) cycle shown in Fig. 25. Each cycle acts as a topping cycle and bottoming cycle to the
other. This is a unique thermodynamic combined cycle property since normally it is not possible to do this. One cycle
is normally the topping, and a second cycle is the bottoming (such as gas turbine Brayton topping with steam turbine
Rankine bottoming or fuel cell topping with Stirling bottoming) [90-95]. This basic Strayton cycle forms the basic
building block for the full quad configuration discussed next.

A. Quad Configuration

A typical Closed Strayton Generator quad configuration is shown in Figs. 6, 9, and 10. It is comprised of four
turbo-alternator-compressors connected in a quad loop configuration with a single recuperator (top left), inter-cooling
(blue arrows), and reheating (red arrows). The purpose of this arrangement is two-fold. First, as shown in Fig. 6, the
compressor inter-stage cooling and the turbine inlet reheating at all four stages improves the Brayton cycle efficiency
and only requires a single recuperator. Note a three-stage system T-S diagram is shown in Fig. 6, but the extension to
four stages is clear. A detailed four-stage analysis will be presented later.

Second, the hollow rotating shafts of all four Brayton generators have an acoustic Stirling engine inside and the
quad configuration enables the four regenerators to be located acoustically ' wavelength apart. This is like earlier
multi-stage Stirling engines that used pistons that oscillated with a 90° phase angle difference as shown in Fig. 7, but
instead of using oscillating pistons, we locate each acoustic Stirling engine acoustically 90° apart to achieve the same
higher specific power Stirling cycle without the complication of mechanical linkages as shown in Fig. 8.

In addition, the heat exchangers can be replaced with acoustic heat exchangers as shown in Fig. 26. Each heat
exchanger has a hot and cold side separated by a regenerator. A portion of the hot input energy is converted to an
acoustic wave and the remaining is transferred to the cold side acoustically. Four of these acoustic heat exchangers
are placed ¥ wavelength apart to form a self-amplifying acoustic loop. The acoustic energy in the loop can be used to
generate electricity with a bi-directional turbine generator and/or it can be used to provide cooling of the Brayton
generator, power electronics, and other components.

The full quad configuration has three levels as shown in Figs. 10 and 27. Each layer has an acoustic Stirling loop
with four no moving part acoustic engines separated by 90° and the middle layer also has the four rotating Brayton
engines. In total, we have 16 engines combined synergistically. The only moving parts are the four Brayton shafts and
the 3 bi-directional turbine acoustic generators. It is possible to reduce the moving parts to two (one Brayton shaft and
one acoustic generator) by some of the configurations shown later in this document. However, the moving parts are
supported by no-contact gas bearings that do not require maintenance nor have a life limiting mechanism.
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Fig. 27. Closed Strayton Quad Generator

B. Cycle Description and Performance

A full thermodynamic analysis of the Closed Strayton Quad Generator is described next. The analysis of the
combustion system and the acoustic Stirling system is straight-forward and will not be shown here. It should be noted
that the performance of the acoustic Stirling quad loop system can be calculated with the curves shown in Fig. 23. The
combustion system performance is normally limited to about 93% effectiveness when operating at Standard
Temperature and Pressure (STP), but when using a cryogenic fuel and/or at high altitude, additional recuperation
effectiveness is possible as shown in Fig. 11.

1. Single Closed Strayton Unit Analysis
The first analysis is calculating the non-dimensional specific work, non-dimensional specific heat addition, and
cycle efficiency of a single closed gas-turbine power cycle like the analysis shown in Fig. 18:
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Specific work:
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2. Closed Strayton Quad Analysis
The analysis above is repeated and extended to the full four unit Closed Strayton Quad Generator.
Specific work:
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The results are shown in Fig. 28. Note that normally the temperature ratio, Tr, is limited to about 3 in closed
Brayton cycles because of the difficulty of cooling the turbine as highlighted in Fig. 17. The benefit of operating the
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closed Brayton cycle at similar temperature ratios as commercial turbofans is the efficiency and specific work are now
comparable when using in a single-state configuration as shown in Fig. 28(a)). However, when the Closed Brayton is
arranged in a quad configuration (which enables the acoustic Stirling cooling), the results shown in Fig. 28(b)).
indicate a three to four-fold improvement in specific work (mass) and an efficiency improvement from 58% to nearly
70%.

This analysis over-estimates performance because it does not include various parasitic losses such as bearings,
windage, seals, generator, and combustion. But it under-estimates performance because the three acoustic Stirling
quad loops are not included in the overall performance of the system. A full design will optimize the combustor,
Brayton, and acoustic Stirling but is beyond the scope of this report.
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C. Quad Configuration Synergy
The use of a quad configuration with a combined Brayton and Stirling cycle has several unique features and
advantages:

1. The same working fluid is shared between the Brayton and acoustic Stirling cycles through a clearance seal
between the rotating shaft and non-rotating hollow tube

a. The inert high pressure, high molecular weight working fluid (e.g., He-Ar) makes the turbomachinery
small enough to be cooled conductively and makes the bi-directional turbine over 90% efficient as shown
in Fig. 14. This is another key synergy between Brayton and Stirling both benefiting from the same
working fluid but for different reasons.

b. The sealed pressurized inert working fluid also enables the use of gas bearings instead of oil bearings.
This results in a no-maintenance system. But it also enables a zero-greenhouse gas emission because no
oil particulates are released into the atmosphere from the oil bearings (forms contrails). It also enables
very high-speed rotation that is not normally possible with oil bearings, and this significantly reduces the
size of the turbomachinery and generator.

c. The fuel cell can be replaced with a steam mixer to achieve longer life in the combustion system. The
steams come from the exhaust itself when burning hydrogen.

2. The quad configuration is a unique performance enhancer for both Brayton and Stirling:
a. Brayton impact
i. Compressor efficiency increases quickly up to 4 stages (benefits decline at >4 stages)
ii. Turbine efficiency increases quickly up to 4 stages (benefits decline at >4 stages)
iii. Momentum is naturally cancelled from two pairs rotating in opposite directions
b. Acoustic Stirling impact

i.  Allows the Stirling regenerators to be separated by Y4 of the wavelength which means no flywheel or
resonator is required. Like a piston car engine, there is always power being inserted into the cycle. A
Stirling cycle naturally wants a 90° phase difference between pressure wave and displacement.

ii. The four 90° results in a full 360° cycle around which allows the cycle to repeat exactly. We don’t
need to generate an incoming acoustic wave since it is already perfectly timed from the previous
wave that traveled around. This makes the system much smaller than typical thermoacoustic engines.

iii. The looped configuration allows the amplification of the system to continue to grow until it reaches
the maximum the heat exchangers can support. Without the loop, the acoustic wave can only be
amplified by a factor 3 and wouldn’t provide nearly as much turbine cooling.

VIII. High-Speed Switched Reluctance Generator

By virtue of their simple and robust rotor construction without embedded permanent magnets or electrical
windings, switched reluctance (SR) machines, shown in Fig 28, are mechanically capable of very high-speed and
higher temperature operation which makes them a perfect fit for Closed Strayton Quad Generator which intentionally
transports heat from the turbine through the shaft to the compressor exit. Furthermore, their specific power output can
exceed permanent magnet generators at very high speeds. The higher shaft speed reduces the volume, V, of both the
turbomachinery and generator:

Pout

V «
AiBgn

for the same stator line current density A; and airgap magnetic flux density B, where P,y is the output power [Gieras].
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Fig. 29. High-Speed, High-Temperature, High-Specific Power, High Efficiency,
Fault-Tolerant Switched Reluctance Generator (SRG)

There is therefore an attraction in using SR machines for high-speed generator applications where weight and
space are important considerations.
PM generators are an alternative as well but suffer from several potential drawbacks:

1.

hd

I

Present cost of permanent magnet materials and rare earth material availability.

Because it is not possible to vary the excitation of a PM generator, a potential disadvantage is poor voltage
regulation.

In the event of a winding fault, the generator can only be deenergized by mechanically decoupling the
generator from the engine or prime mover.

High temperature (above 300 °C) environment in particular applications may prohibit the use of PM
generators unless sufficient cooling can be supplied. This is mainly due to a limitation in the maximum
application temperatures of rare earth magnetic materials.

PM generators inherently produce variable voltage variable frequency (or wild voltages and frequencies).
There will be lower efficiencies and higher losses at light loads and specially at no-load. In general, PM
machines have high impedances and must be operated near their maximum output.

The placement of permanent magnets on the surface of the rotor causes problems in spinning the rotor at very
high speeds (above 15,000 rpm). A more adequate mechanical strength may be provided for the rotor by
using a can, which may consist of magnetic or non-magnetic material, to contain the rotor. This, however, is
likely to reduce the overall output of the machine.

Magnet corrosion and possible demagnetization are potential hazards do not present with other technologies.
The machining required for all the available magnets is hard, and consequently expensive, as these materials
are known to be brittle. The NdFeB is, however, an exception.

For these reasons, a three-phase Switched Reluctance Generator is installed on the rotating Brayton shaft since we
have both high speed and high temperatures in a Closed Strayton Quad Generator. It should be noted that operating at
higher temperatures in space reduces radiator mass as well. Also, the SRG will still operate even during a fault of one
of its phases [82-89].

IX. Benefits Summary

In summary, the Closed Strayton Quad Generator invention carries the following benefits:

A. Open and Closed Strayton Benefits

1.

W

Higher turbine inlet temperature via conductive cooling of the turbine from the embed acoustic Stirling cycle
increases Brayton efficiency

Higher thermal recuperation with thermal transfer from the turbine to the compressor exhaust via acoustic
Stirling cycle transport increases Brayton efficiency

Higher system efficiency by providing thermoacoustic topping and bottoming cycles

Reduces the size of the heat exchangers with acoustic quad loops heat transfer

Thermoacoustic cooling can be used to refrigerate the generator, bearings, and electronics
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B. Unique Closed Strayton Benefits

1.

Separation of the heat source from the turbine inlet fluid

a. Enables use of nuclear, solar, or combustion heat source with same technology

b. Protects turbine blades from combustion products, reactivity, and creep

Enables use of higher-pressure working fluid for higher specific power at any altitude

Enables use of pressurized gas-bearings that support very high-speed no-maintenance shafts that reduce the
overall turbomachinery and generator mass

Enables higher temperature turbine blades that normally is not possible in a closed system due to limited
blade cooling options and refractory coating limitations

The performance gains to be realized are significant because of the following unique features:

1.

2.

10.

11.
12.

13.

14.

The ability to cool the turbine blade conductively with an embedded thermodynamic cycle enables operating
the Brayton cycle at higher compression ratio and hence efficiency.

The waste heat from cooling the turbine blade and rejected heat exhaust is used to power the Stirling engine
that is embedded in the shaft (acting as a bottoming cycle).

The rejected heat from the Stirling engine is used to heat the compressed Brayton working fluid (acting as a
recuperator and topping cycle for the Brayton). In this way, the Brayton and Stirling mutually serve as
Topping and Bottoming cycles at the same time for maximum system efficiency!

By closing the entire system into a hermetically sealed unit, the Brayton and Stirling working fluid can be
pressurized to increase the specific power which reduces the turbine diameter to less than 4 inches at MW-
scale, making it a highly effective conductive heat transfer component for both turbine cooling and
compressor outlet heating.

Normally a closed Brayton cycle requires a very large recuperator that dominates the mass of the entire
system, but the Stirling cycle naturally provides recuperation when it acoustically transfers the waste heat
from the turbine end to the compressor end.

No gearbox is required because the rotational speed can be perfectly matched with the required generator
speeds (due to sealed working fluid and pressure tuning).

The sealed system is perfectly quiet.

Relaxed tolerances reduce manufacturing costs because the dual topping/bottoming cycle synergy reduces
the need for separate high efficiency components (one cycle's loss is the other cycle's gain).

The hermetically sealed Brayton and Stirling cycles enable the use of inert working fluids to eliminate
corrosion (typically noble gases). The noble gas working fluids enables higher operating temperatures
because they don't corrode like sCO, at >923K, are more compatible with higher temperature refractory
turbine blades (no oxygen), and when combined with the embedded conductive cooling of the Stirling cycle
potentially enables >1500 K inlet temperatures for even higher efficiency.

The sCO2 heat rejection constraint (critical point temperature of ~310 K) requires large heat exchangers, but
noble gases can reject at higher temperatures useful for acro and space heat exchanger mass rejection.
Strayton Quad Generator has a compact size and natural momentum cancelling.

It is heat source agnostic which enables zero-emission or sustainable fuels to be used for aircraft and nuclear
sources for terrestrial and space applications.

The inert working fluid does not require the very high pressures that sCO» requires (2 MPa vs. 25 MPa)
which reduces system mass.

The entire system is hermetically sealed with no moving external seals.

C. Fault Tolerance
The Strayton Quad Generator has the following inherent redundancy and fault-tolerant advantages:

Each generator voltage, and power output can be independently controlled simplifying power management
and distribution

Over-speed risk from no load is reduced from independent stator phases and mass flow limits imposed by
the quad configuration

Material creep and corrosion is mitigated by active cooling of the turbomachinery

Each quad loop still functions under multiple fault conditions

Each Brayton can be locked independently, and the working fluid still can circulate
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e  Each Stirling generator can fail but the acoustic loop will continue to function

e Quad configuration provides four redundant Brayton power generators and up to three redundant Stirling
power generators

e Compressor stall and surge is controlled electrically

e Typical temperature limits no longer apply

X. Conclusion

A true zero emission electric propulsion system for transport class aircraft was presented that leverages a recently
invented Closed Strayton Quad Generator technology to potentially eliminates all greenhouse gas emissions in a clean
power generation system that is lighter and lasts longer than fuel cells at the megawatt power level required for
transport aircraft propulsion. The hermetically sealed working fluid of these units enables no-maintenance gas
bearings, non-corrosive working fluids, compact, highly efficient, quiet, environmentally benign, and low-cost power
generation.

The technology enables the separate optimization of power generation, electric propulsion, and combustion
resulting in new true zero GHG emission powertrain options. This allows for novel electric fan propulsors such as
contra-rotating and advanced noise cancellation configurations. The high efficiency and specific power combined with
advanced propulsors can potentially achieve higher overall efficiency than today’s turbofans. But even if it can’t fully
match turbofans, it introduces a new way to manage emissions and noise that the public may find out-weighs some
losses in mass and efficiency. It should be noted that using hydrogen fuel that is three times lighter than jet fuel may
compensate for the extra heat exchanger mass that this closed cycle system incurs. The proposed technology also
supports the gradual transition of fuel from kerosene to SAF to hydrogen by acting as a secondary power source that
supplements hybrid electric propulsors but does so with onboard clean energy generation. This allows for the economic
transition of today’s infrastructure while still achieving significant emission benefits in the nearer term.

The next steps for this technology are to finish building out the technology to include the optimized combustor
system for reheating and the three acoustic Stirling loops. However, it should be noted that the three basic technologies
outlined in this report including: Closed cycle Brayton, Closed cycle acoustic Stirling loop, and NOx managed
combustion have been demonstrated previously. The new part is integrating them together in this novel way.
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Appendix—Open Strayton Generator Configurations

The previously shown Closed Strayton configurations can also be converted to Open Cycle in which external air
is delivered through both the combustor and turbomachinery as is typical with commercial turbofans. Shown in Fig.
30 is a basic open cycle for a single Strayton.

The next series of schematics show the quad configuration in a linear cascade format for easier documentation.
Fig. 31 shows a very simple open cycle, reheated stage, with no recuperation.

Fig. 32 adds in recuperation, again note only one recuperator is needed for four Strayton cycles.

Fig. 33 adds in inter-cooling between each compressor stage using an acoustic Stirling quad heat exchanger.

Fig. 34 adds in prewarming of the fuel between each combustion stage using an acoustic Stirling quad heat
exchanger.
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