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Subscripts 
C     Cold 
H     Hot 
hp     heat pipe 
st     Stirling engine 
W     Work 

I. Introduction 
ntrest in Electrified Aircraft Propulsion (EAP) research for vertical takeoff and landing (VTOL) aircraft has been 
increasing as understanding of the potential benefits in performance, efficiency, emissions, noise levels, and system 

cost are shown.[1, 2] To gain a better understanding of the challenges of the new platform and design space, NASA’s  
Revolutionary Vertical Lift Technologies (RVLT) project under the Aeronautics Research Directorate (ARMD) has 
invested in developing a number of concept vehicles that utilize EAP systems that represent the critical technologies 
for the applicable platforms. Examples include the quad-copter, multi-rotor, coaxial helicopter, tiltwing, and lift + 
cruise.[3, 4] Operational power for each of these vehicles is supplied from batteries, gas turbine engines, or a 
combination of the two. It may also be noticed that the vehicles considered by the RVLT project generally have a 
fairly low power requirement, with the lift + cruise concept requiring under 1500 HP. Powering EAP vehicles requires 
a power source that is reliable, efficient, and maintains a high specific power. For this purpose there are two main 
options to consider, batteries and a hydrocarbon burning engine. Currently, the energy density of hydrocarbons is 
much greater than that of batteries (around 0.6 MJ/kg for batteries and 5.9 MJ/kg for jet fuel),[5] and gas turbine 
technology maintains a track record of safe and efficient power generation, therefore an engine is a practical option. 
The Strayton engine concept, being described within this paper, is a hydrocarbon based solution that is a potential 
match for this type of mission. This paper details cycle, thermal transfer, and control analysis for this advanced engine 
concept. Additionally, it lays out the critical technologies and challenges for system development moving forward. 
 The Strayton engine is a combined Brayton and Stirling cycle engines. The Brayton cycle engine is a constant 
pressure heat engine, with ideal P-V (pressure to volume) and T-S (temperature to entropy) diagrams shown in Figure 
1. The ideal cycle operates by first performing an isentropic compression on a gas (1-2). Second, heat is added to the 
system, commonly by some sort of combustion with no loss in pressure (2-3). Third, an isentropic decompression 
occurs where energy can be taken from the system as work (3-4). Typically, this energy is used to run the compression 
process with the remainder output for a desired purpose. Finally, additional waste heat is rejected (4-1). Work output 
by the Brayton cycle engine can be used to generate thrust via the hot exhaust gas, or to drive machinery via a rotating 
shaft. Brayton cycle engines are fairly common today and can be used as aircraft propulsion (jet engine), to drive large 
ships, or to simply generate electricity. The Stirling cycle engine is a closed cycle oscillating heat engine that utilizes 
constant temperature expansion. The ideal P-V and T-S diagrams are shown in Figure 2. The ideal Stirling operates 
by first performing an isothermal volume expansion making use of an external heat source (1-2). Second, a constant 
volume heat transfer occurs to heat up a regenerator (2-3). Third, an isothermal compression occurs with waste heat 
rejected to an external cold source (3-4). Finally, another constant volume heat transfer occurs to cool the regenerator 
(4-1). Work output from a Stirling engine is gathered from an oscillating piston that moves axially with the 
compression cycle. Applications for Stirling engines aren’t quite as common as Brayton cycle engine, but they have 
been used for cryocoolers, power generation, naval submarine, and they have even been considered for space based 
applications.[6, 7] 
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Table 2: Strayton cycle engines at SLS design point with 2750 °R blade temperature. 
Total 
Power 
(HP) 

Brayton 
Power 
(HP) 

Stirling 
Power 
(HP) 

OPR Tst,H 
(°R)  

Tst,C 
(°R) 

T liner 
(°R) 

Efficiency Fuel Flow 
(lbm/s) 

Air Mass 
Flow 

(lbm/s) 

Stirling 
Temperature 

Ratio 
200 166.62 33.38 6.5 1598 1141 3167 0.33 0.027 0.87 1.4 
670 640 30.01 10 1761 1246 3117 0.32 0.0795 2.57 1.41 

 
 A comparison of power specific fuel consumption and specific power for an array of gas turbine engines and IC 
engines (gathered from literature) can be seen in Figure 7 and Figure 8. In both plots the orange circles denote 
current production turbine engine data, and the blue circles denote current production IC engine data. The green 
squares represent the baseline Brayton cycle engines, and red triangles show the Strayton engine designs considered 
in this study. In comparing the baseline Brayton and Strayton design data, the SFC curves show a large 10% benefit 
in efficiency for the 200 HP power point and a 3% increase in efficiency with the 670 HP point. In both cases it is 
estimated the Strayton engine will achieve near 0.40 SFC, which is similar to that of IC engines of the same class. 
Specific power points show that the Stirling engine can achieve weights similar to those of the Brayton cycle. In this 
case the 200 HP engine is similar to that of the IC engines, however the 670 kW engine has roughly 3x the specific 
power of a similar IC engine. 
 

 
Figure 9: Strayton, IC, turbine engine SFC vs. shaft power. 
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Figure 12: Strayton Engine Efficiency vs. Power Output for Various Stirling Stroke Lengths. 

V. Key Technologies and Challenges 
In the development of a competitive Strayton engine, certain technologies must be developed and challenges 
overcome. Work on these technologies could offer benefit to not only the creation of a Strayton engine, but would 
have uses in other applications. Drivers of the success of the Stayton engine essentially comes to 4 different 
technologies and research areas: high temperature materials and system operation, high power Stirling engines, 
convective blade cooling, and advanced control strategies. 
 In the results section of this paper it was shown that system efficiency gains for the Strayton are better than those 
of a typical Brayton cycle engine with increasing temperature. For this study it was assumed that acceptable liner 
temperature and blade temperature were in the range of 3200 and 2750 °R, respectively. These assumed temperature 
are similar to those observed on larger gas turbine engines, however smaller engines tend to operate with a closer to 
2000 °R limit due to cost issues. As newer lower cost material types that can withstand higher temperatures become 
available it is expected that these temperatures will increase. Research in high temperature ceramic materials shows 
promise with next-generation ceramic matrix composites expected to reach roughly 3200 °R and with the addition of 
environmental barrier coatings, this max temperature could reach 3500 °R.[17] For the Strayton these higher 
temperature materials should be considered due to the added advantage of higher temperature operation. 
 The development of reliable, small scale, highly efficient Stirling engines will be critical for enabling the 
Strayton engine concept. Conventional aircraft engine turbomachinery is expected to run for thousands of hours 
without major overhaul [18]. In order to be practical for aviation purposes, Stirling designs must provide 
comparable levels of reliability. Additionally, Stirling designs that support line replaceable unit (LRU) access and 
removal will be desirable. The design of highly efficient Stirling cycles will also be a key challenge. Past efforts 
have applied optimization methods for Stirling cycle design [19] as well as novel cycle enhancements such as 
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cascaded stage designs to increase overall power output [20]. However, for Strayton applications the Stirling cycle 
design challenge is compounded by installation constraints. The Stirling design must fit within the volume of the 
Brayton shaft and the location of its components must properly align with the axial location of the hot (turbine) and 
cold (compressor exit) heat sources of the Brayton cycle. These factors should be considered when designing both 
the Brayton and Stirling cycles of the Strayton engine concept.  
 As temperatures within the engine core stream get hotter the cooling effect on turbine blades becomes more 
important. Figure 13 shows the temperature at various locations within the Strayton versus the hot side Stirling 
energy transfer. In this figure it may be observed that as energy transfer increases the difference between T4 and 
T_blade increases causing a blade cooling effect. Essentially, this cooling effect is caused by the creation of a heat 
transfer circuit and the drop in temperature of the blade surface is dictated by the difference in heat transfer speed 
between the core flow convection and blade material conduction or, in cases with heat pipes, the pipe heat transfer 
speed. This cooling effect is between 250 and 500 °R, which is roughly half of what a convectional cooling flow 
might be expected to provide, given cooling flow from station 3 at 980 °R and an assumption of 50% blade film 
cooling efficiency.[21] However, it is known that with small engines these film cooling efficiencies may not be met 
due to physical restrictions on cooling flow passage creation.[22] In such cases where cooling flow is impossible or 
with the use of higher temperature materials that do not require such a substantial amount of cooling, Stirling engine 
blade cooling techniques may be explored. 

 
Figure 13: Strayton temperature profiles vs. Stirling hot side energy transfer. 

 
 Another major obstacle for this technology to overcome will be safety of the heat pipes used to increase heat 
transfer through the turbomachinery components. In order to operate at these elevated temperatures, the only 
working fluids with a high technology readiness level would be liquid alkali metals. This could pose a significant 
safety concern in the event of a system failure. In order to alleviate this concern, nonconventional fluids need to be 
characterized and investigated. This could include molten salts, exotic nanofluids, or other non-volatile liquid metal 
alloys. Fluids which could exist in a multiphase (liquid and gas) state at both the compressor exit and turbine inlet 
temperature are desirable in order to avoid a lengthy startup process.  
 Results presented in the Strayton engine control study section demonstrated the need for coordinated operation 
of the Brayton and Stirling cycles during off-design operation. Such control-based scheduling of the two cycles is 
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