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Abstract

Alternative rotorcraft powerplant configurations were analyzed to determine their im-
provements to airframe performance capabilities, with the main goal of increasing an

aircraft's range. The helicopter's engine was the focus of this thesis, with emphasis on
improving its specific power (power vs weight ratio), efficiency, performance in high

altitude and temperature, or capabilities during engine failure. Gas turbines, used
in the majority of applications, were characterized through turboshaft databases, in-
dustry trends, and identifying changes to their operation and architecture at varying
sizes. These results indicated that gas turbine performance capabilities are limited in

low power class operation (i.e. small airframe sizes), providing the niche region where
alternative engines have the potential for improvements. Standard gasoline and diesel
piston engines, operating in both four- and two- stroke modes, were considered as al-
ternative configurations and were evaluated using industry trends and example engine
data. Additionally, the two/four-stroke switching gasoline engine (changing operation
mode between two- and four-stroke) was used to achieve higher specific powers, with
simulations suggesting substantial improvements. Flight profile modeling was con-

ducted using a variety of airframes, created using industry standard practices. The
identified engines were conceptually implemented in the aircraft through standard
engine swaps replacing the gas turbines with piston engines, hybrid designs incorpo-
rating both a gas turbine and piston engine, and auxiliary engine configurations that
include a small gas turbine in addition to the main gas turbine or piston engine(s).
Equipped with each design, the aircraft were simulated as conducting a characteristic
flight path, providing a comparison in performance. Based on these results, the stan-

dard, hybrid, and auxiliary two/four-stroke engine, auxiliary diesel two-stroke design,
and auxiliary gas turbine configuration provided significant improvements in range at
various airframe sizes, with a maximum increase of 49%.
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Title: Professor of Mechanical Engineering
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Chapter 1

Project Direction

This investigation was executed with the goal of finding and analyzing alternative

engine technologies to improve rotorcraft performance in the future. As part of this

analysis, the current state of rotorcraft technologies was evaluated to provide a base-

line for their capabilities. This information determined the airframe features that

the project would focus on improving, as well as the anticipated aircraft operation

characteristics and conditions that must be considered when evaluating helicopter

performance. Finally, using these inputs, the project goals were established to assist

in directing this analysis, with the resulting discussions provided.

1.1 Current State of Rotorcraft

A wide variety of applications utilize modern rotorcrafts, including servicing of off-

shore oil platforms, providing corporate transit, and carrying out search-and-rescue

missions. Helicopters range in size from smaller than the Airbus H120, operating at a

maximum gross takeoff mass of 1,800 kilograms, up to the Bell Boeing V-22 Osprey,

with a maximum gross takeoff mass of 27,443 kilograms, and beyond [1, 2]. Within

this range of sizes, rotorcraft flight speeds can vary between stationary hovering and

record setting speeds in excess of 229 miles per hour [3]. Despite the continued push

for researching improvements for fixed wing and alternative aircraft, the rotorcraft

remains an essential vehicle used to carry out the many missions they service on a

17



daily basis.

To generate the power required for flight, the rotorcraft's engine converts the

chemical energy stored in the aircraft's fuel into the mechanical energy that drives

the rotor of the helicopter. The airfoils that encompass the moving rotor accelerate

ambient air to provide the airframe's lift and forward propulsion forces, as well as

control over attitude and position in three-dimensional space [3]. As the performance

of this system is crucial to the operation of the helicopter, Chapter 5 evaluates the

basic functionality of these airfoils, in addition to the parameters that are crucial to

their success.

Furthermore, the powerplant configuration predominately used to drive the ro-

tor(s) is the turboshaft; a gas turbine equipped with an output shaft that produces

mechanical power. These engines have been in development for over half a century

and were largely responsible for enabling the commercial success of early helicopters

[3]. In addition to turboshafts, reciprocating piston engine configurations power a se-

lect number of lightweight helicopters. These engines most commonly use gasoline for

fuel, including the Robinson Raven II, which operates with the six-cylinder Lycoming

10-540 gasoline engine. Alternatively, a handful of aircraft engines run on diesel or jet

fuel, such as the experimental configuration of the Airbus H120 that was retrofitted

with an eight-cylinder turbocharged piston engine running on aviation-grade kerosene

fuel [4, 51. While the majority of modern helicopters utilize gas turbines, gasoline en-

gines were instrumental in the development of early rotorcraft, and are still of interest

in many lightweight applications [3].

1.2 Essential Rotorcraft Parameters

The process of designing a rotorcraft begins with specifying the parameters that are

essential to the airframe's operation. The following factors provide an example of

representative requirements that determine the development of a helicopter [61:

* Desired flight missions, such as the required payloads and ranges of operation,

patrol/loiter durations, and hover roles for rescues. These missions determine

18
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Figure 1-1: The rotorcraft's weight is allocated among multiple categories, including

the fuel, payload, crew, and remaining weight, known as the "empty weight" [6J.

the airframe's weight, which encompasses the helicopter's empty, payload, crew,

and fuel weights, resulting in the gross maximum takeoff weight, or "All Up"

weight. Figure 1-1 illustrates this breakdown.

" Specific requirements for operation in various atmospheric conditions (i.e. mis-

sion capabilities in adverse temperatures and pressure altitudes).

* Safety requirements regarding engine failure.

" Environment of operation (i.e. oil rig, airfield, etc.).

" Dimensional limitations for storage and transportation.

Once an airframe's design is completed, the rotorcraft's performance can be bro-

ken down into a variety of essential parameters, including the installed engine power

required for the anticipated flight conditions, suggested flight speed, ceiling of oper-

ation, and the estimated airframe range [3]. Specifically, based on discussions with

industry professionals, this latter parameter was considered the highest priority for
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evaluation, as the helicopter's range heavily influences its mission capabilities and

attractiveness to operators. Furthermore, the suggested flight speed (i.e. maximum

range speed) also received specific attention, albeit to a lesser extent, due to this

parameter impacting a mission's completion time. Thus, these aircraft features will

serve as the tools for measuring the impact of changes to an airframe's design and

will be essential for comparing the feasibility of the various avenues for improvement

identified by this project.

1.3 Project Goals

After initial evaluation of a rotorcraft' operation, an airframe's powerplant was iden-

tified as heavily influencing the essential helicopter performance characteristics listed

in Section 1.2. Using this insight, along with input from industry professionals, it is

clear that engine performance is of major concern to the advancement of rotorcraft

capabilities. Verifying this observation, substantial effort has been devoted to the de-

velopment of turboshafts for standard airframe sizes, as evident by simple-cycle gas

turbine thermal efficiencies tripling from roughly 15% to upwards of 45% in the past

20 years [7]. However, engine performance is still a major restriction on the improve-

ment of airframes, and thus the focus of this investigation is identifying potential

improvements to rotorcraft powerplants.

In particular, a select number of parameters were highlighted based on their influ-

ences on the airframe's performance, along with the insight gained through discussions

with industry professionals. These include the engine's efficiency, specific power, one

engine inoperable (OEI) capabilities (for airframes with multiple engines), and "hot

and high" performance degradation. An engine's efficiency measures how well the

powerplant is able to convert the chemical energy of its fuel into the mechanical

power that enables flight, with high efficiencies desired to enable further travel, given

a set amount of fuel. As a helicopter's flight profile is anticipated to result in varying

degrees of power requirement, the efficiency throughout part-load and full-load oper-

ation (i.e. fractional through full rated power requirement) must be determined to
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accurately predict an engine's performance. Furthermore, the engine's specific power

is a reflection of how much power it produces per unit of weight (also identified as the

power-to-weight ratio), indicating that a high specific power is desirable to minimize

an engine's mass, due to the mass restrictions present in aircraft. These two param-

eters are essential to an engine's performance in rotorcraft applications and were the

initial focus for identifying potential improvements and impacts of new technologies.

The remaining two parameters, OEI capability and hot and high performance, are

measures of how well an engine responds to adverse conditions, and were identified as

heavily influencing an engine's implementation. As stated in the condition's name,

OEI pertains to situations where one engine fails during flight, requiring the remaining

engine(s) to increase its power output for a short duration to safely counteract this loss

[6]. To estimate this performance requirement, the evaluated airframes were assumed

to be rated for takeoff in a Category A procedure, indicating that a multi-engine

airframe is capable of continued stable flight or an aborted takeoff after an engine

failure occurs [8]. Based on input from industry professionals, as well as this identified

requirement, this analysis stipulated that each rotorcraft provide sufficient power to

enable cruise capability of the airframe, which was estimated (and verified through

inspection of airframe performance) to be approximately 70% of the required power

during takeoff. Thus, each engine (in multi-engine configurations) must be sized to

provide this additional power requirement to account for OEI scenarios.

Furthermore, hot and high performance refers to the derating of engine power

due to operation at high ambient temperature and high altitude. The engine per-

formance analysis discussed in Chapters 2 and 3 for hot and high conditions use an

altitude of 1.22 kilometers (4,000 ft, where the ambient pressure is 87.5 kilopascals)

and a temperature of 42' Celsius (350 Celsius greater than the International Standard

Atmosphere temperature of 7' Celsius at this altitude), as these assumed conditions

are considered the characteristic cruising altitude at the industry standard maximum

helicopter temperature rating [1, 81, 82, 84, 86, 88, 91]. At this pressure and temper-

ature, the engines were required to provide sufficient power for all portions of a flight

path to ensure full operational capabilities.
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1.4 Project Scope

The project was limited to a five-year technology horizon and did not consider

possible but anticipated "blue-sky" technologies that, in theory, might out-perform

combustion-based engines. Due to this requirement, in addition to the engine and

aircraft parameters identified in the following chapters, the analysis begins by evalu-

ating the performance of turboshaft engines to determine their baseline capabilities

that are currently achieved. Following this study, alternative powerplant designs were

identified, with their performance outlined and modeled, when applicable. Finally,

various airframes were equipped with each promising configuration, in addition to the

gas turbines, and modeled to identify the changes in their performance when equipped

with different engine designs. The results of these comparisons were used to analyze

the feasibility of each alternative technology, as well as the niche helicopter applica-

tions in which they are best suited. Based on these findings, the analysis provides

recommendations on engine technologies to pursue and the airframes that are ideal

for their implementation.
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Chapter 2

Gas Turbines

Following the identification of the project goals, the investigation evaluated the cur-

rent state of gas turbine engines, including their operational characteristics, perfor-

mance trends, and limitations. Through these results, the project determined the

turboshaft's advantages and disadvantages, which directed the analysis of potential

alternative engine configurations and the feasibility of their implementation in rotor-

craft applications.

2.1 Basic Operation and Applications

Gas turbines are internal combustion engines which use the air-standard Brayton

cycle to generate power, with Figure 2-1 illustrating the engine's major components,

along with the pressure-volume and temperature-entropy graphs of the ideal cycle.

The gas turbine's operation begins with the compressor drawing and isentropically

compressing ambient air between states 1 and 2. Following this compression, the air

enters the combustor, where fuel is introduced and combusted at constant pressure

(corresponding to the process between states 2 and 3). The combusted gases then

enter the turbine, which extracts work by isentropically expanding the gas from state

3 to 4, with some of this work providing the required compressor work. Finally, these

gases are exhausted to the environment, completing cycle.

Contrary to positive displacement (i.e. piston) engines, gas turbines spatially
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Figure 2-1: An overview of the gas turbine cycle, with (a) a schematic diagram of

the engine's components, (b) a P-V diagram of the air-standard Brayton cycle used
in the gas turbine, and (c) the corresponding T-S diagram [7].
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(rather than temporally) separate their compression, combustion, and expansion pro-

cesses. This physical separation enables the continuous combustion of air and fuel

mixtures, allowing gas turbines to produce large amounts of power in modest pack-

ages and provide excellent reliability (due to their steady operation). The inherent

advantages of these engines has led to their adoption in multiple applications, in-

cluding aviation engines, marine powerplants, and industrial power generation [91.

Another benefit of gas turbines is their versatility in fuel requirement. Based on their

design, modern gas turbines are able to operate using natural gas, diesel, naphtha,

methane, crude oil (kerosene), gases with low heats of combustion, vaporized fuel oils,

and biomass gases [7].

Despite this flexibility, gas turbine applications typically use a particular fuel based

on their application. For aviation engines, kerosene is the predominate choice due to

its high heating value, which minimizes fuel weight, and lack of corrosive elements

(enabling longer engine lives, which is of added importance due to their high costs).

Alternatively, marine engines almost exclusively use diesel because of the fuel's low

cost and the engine's ability to handle the corrosive agents that are present, as they

are already designed to operate in corrosive seawater conditions. Finally, industrial

power generators commonly choose natural gas for the relative low cost, abundance,

and acceptable amounts of corrosive elements [9J.

2.2 Design Aspects

The design of a gas turbine must consider a variety of factors, with the engine's

application dictating the majority of these considerations. Due to the scope of this

project, the engine applications will be limited to aviation powerplants, with rotor-

craft turboshafts receiving special attention. Within this category, there are two

major classifications of gas turbines; turboshafts that provide mechanical power via

an output shaft (termed turboprops if connected to an airplane propeller), and tur-

bojets that produce thrust through the engine's exhaust jet, with the only difference

being the medium through which the engine produces meaningful work [10].
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For both turboshafts and turbojets, a significant portion of the design flexibility

arises from the selection of compressors and turbines. This variance manifests itself

in factors such as the type of compressors and turbines implemented and the number

of stages of each device (i.e. how many of the components are stacked in series), as

discussed in the following sections. While there are many parts that are essential to

their operation, the compressor and turbine blades are the components that interact

directly with the incoming air, facilitating the pressure rises created by the compressor

and the extraction of power by the turbine. Thus, discussion of turbomachinery

components will be limited to their blades.

2.2.1 Compressors

Functionality and Performance Parameters

For gas turbines, the compressor's key purpose is to increase the pressure of the air

that flows through the engine. However, a consequence of the increased pressure is

the corresponding increase in temperature, due to the isentropic relationship between

pressure and temperature, as well as the inefficiency of the compressor [101. Per the

ideal gas law, this increased temperature reduces the density of the gas, counteracting

the improved airflow rate.

A gas turbine's total compression ratio, defined as the final compressor outlet

pressure divided by the inlet pressure, heavily influences the engine's overall efficiency,

r7 = 1 - (2.1)

where r7 is the maximum theoretical fuel conversion efficiency, -y is the specific heat

ratio of the gas, and r is the compressor's total compression ratio [10]. Thus, given

a constant engine geometry, high compression ratios in gas turbines are instrumental

in achieving high power outputs through the associated impacts on both the airflow

rate and engine efficiency.
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Design Types

Gas turbines implement three major compressor design types: axial-flow, radial-flow

(or centrifugal), and axi-centrifugal designs that incorporate both axial and radial-flow

stages. Axial-flow, or simply axial, compressors operate with air entering and exiting

the compressor parallel to the axis of rotation. Alternatively, while still entering

axially, the flow out of centrifugal compressors is perpendicular to the axis of rotation

[7].

The main advantages of centrifugal compressors include a significantly lower unit

cost, simplicity and ruggedness (resulting in high reliability), greater stability to flow

variations, a larger operating range, acceptable performance at low airflow rates, and

shorter engine length [7, 10, 21j. Centrifugal compressors do have limits that narrow

their range of applicability. First, radial compressors suffer lower efficiency when

placed in multiple stages, limiting their use to two stages due to the complexity and

losses of ducting between stages [10, 18]. Additionally, the material restrictions of

the rotor limit the centrifugal compressor speeds and temperatures, which restricts

the range of mass flows and pressure ratios that are achievable in this configuration

[18, 19, 20]. These factors are especially important in small power applications,

making centrifugal compressors the better choice in small-scale engine designs.

Axial compressors, on the other hand, post significant advantages that have ush-

ered in their widespread adoption. These designs are easily multistaged, enabling

many rows of axial compressors to be stacked in series to create overall pressure

ratios that approach 40:1, despite each individual stage contributing pressure ratios

lower than 2:1 [10]. As stated in Section 2.2.1, the overall compressor pressure ratio is

critical to a gas turbine's power output and efficiency, and thus is an important advan-

tage of axial designs. Additionally, at high airflow rates, the individual stages of axial

compressors are more efficient than centrifugal configurations. Axial designs contain

controlled air velocities flowing axially to minimize flow losses, contrary to centrifu-

gal compressors that inherently have difficulties achieving these conditions. Finally,

axial compressors have significantly smaller frontal areas (reducing drag at high flight
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speeds), which are usually accompanied by lower weights (due to the smaller engine

diameters) [9, 18]. Thus, for many large-scale applications, axial compressors are the

preferred design to maximize the engine's performance.

Despite these significant advantages, axial compressors are constrained in their

range of applications. Manufacturing and material boundaries limit the compressor

blades' roughness and both the leading and trailing edge thicknesses, which cause

substantial efficiency losses in low flow rate conditions [181. These manufacturing and

material restrictions also complicate the management of blade tip clearances, which

are the gaps between the rotating blades and the stationary casing of turbomachinery.

The losses associated with these clearances, as discussed in Section 2.4, limit the

feasibility of axial compressors in low mass flow rate applications.

Finally, axi-centrifugal designs incorporate axial stages upstream of a centrifugal

stage to harness the advantages of each design, through increasing the pressure ratio

via multiple stages while limiting the complexity, sensitivity, and length of the engine.

Depending on the airframe's size and application, rotorcrafts have incorporated all

three of these designs. However, the majority of turboshafts implement either a

centrifugal or an axi-centrifugal compressor, with the exception of very high power

classes in excess of 10,000 horsepower [9, 20].

2.2.2 Turbines

The functionality of turbines is similar to that of compressors, with a reversal in the

direction of power transfer; instead of increasing the enthalpy of the working fluid, the

turbine extracts energy through the reduction of a fluid's enthalpy. This extracted

energy drives the engine's compressor and, for turboshafts, provides shaft power for

the airframe's rotor or propeller, with the amount of available energy depending on

the airflow rate, compression ratio, and amount of fuel injected in the combustor.

Analogous to compressors, gas turbines implement both radial and axial turbines,

depending on the engine's size and application.

Radial turbines are advantageous due to their high single-stage expansion ratios

(reducing the number of required stages, and thus the engine length), significantly
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lower unit cost, robustness when operating with particulates in the gas flow, and

improved efficiency in very low capacity (or low airflow rate) applications [7, 181.

However, similar to centrifugal compressors, multi-stage radial turbine designs re-

quire complex inter-turbine ducting systems, which drastically reduce their feasibility.

Additionally, manufacturing restrictions limit a radial turbine's diameter to approxi-

mately 0.5 meters, which caps the flow rates and expansion ratios that these turbines

can achieve [18]. For these reasons, the favorability of radial turbines is limited to

applications with low flow rates, and when particles are present in the working fluid

(i.e. chemical industries), or where low-cost and simplicity are the major priorities

[7].

When compared to radial flow designs, axial turbines are advantageous across a

wide range of operating conditions. In standard applications, axial turbines provide

higher efficiencies and better performance in multi-stage configurations, allowing gas

turbines to achieve high airflow rates, pressure ratios, and power outputs. These fea-

tures, as well as their lower frontal area (in highly loaded designs) and engine weight

(due to the smaller engine diameter), result in the implementation of axial turbines

in more than 95% of all gas turbine applications [7, 18, 20]. Despite these advantages,

axial turbines suffer from distinct performance limitations in low power applications.

Because small designs do not implement blade cooling, the turbine inlet temperature

is limited by the blade material's maximum allowable temperature. Thus, as the gas

turbine's efficiency is dependent on this temperature, the engine's performance capa-

bilities are significantly restricted [7]. Moreover, for low airflow designs, axial turbines

suffer from drastic losses in efficiency due to relative tip clearances, as discussed in

Section 2.4.1. These factors combine to restrict axial turbines from very low airflow

applications.

2.3 Performance Trends

Based on the discussion provided in Section 1.3, an engine's specific power, efficiency,

hot and high derating, and OEI capability were identified as being crucial for rotor-
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Figure 2-2: A database of modern turboshafts was used to compared the specific
power and takeoff power rating for multiple engines to create a correlation between
these parameters.

craft applications. Thus, these characteristics were evaluated for gas turbines using

industry data and trends, as seen in the following sections.

Efficiency and Specific Power

The efficiency and specific power describe an engine's performance in standard oper-

ating conditions, with both factors heavily influencing a rotorcraft's capabilities. To

gain further understanding of these parameters, a database of modern turboshafts was

created to compare the engines' specific powers and efficiencies at full-load with their

rated power outputs [11, 12, 13}. First, using this data, Figure 2-2 was constructed

to compare the engines' rated takeoff powers on the horizontal axis with their specific

powers on the vertical axis. Here, gas turbines exhibit a wide range of specific powers,

reaching in excess of 10 kilowatts per kilogram in power classes greater than 3,500

kilowatts, and falling to under 2 kilowatts per kilogram for rated takeoff powers less

than 500 kilowatts. For comparison purposes, the specific power of automobile-sized

gasoline engines is approximately 1 kilowatt per kilogram [10].

Additionally, the turboshaft database was used to create Figure 2-3, which com-
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Figure 2-3: The turboshaft database was also used to evaluate trends in the engines'

specific fuel consumption and takeoff power rating.

pared each engine's rated takeoff power on the horizontal axis with its efficiency at

this power output on the vertical axis, listed as the specific fuel consumption. This

specific fuel consumption (SFC) is commonly used to describe an engine's efficiency

and corresponds to the engine's fuel mass flow rate divided by its power output (in

kilograms per kilowatt-hour). Thus, a large SFC indicates an inefficient engine, as

more fuel must be consumed per unit power output when compared to more effi-

cient (i.e. lower SFC) engines. The graph indicates that, similar to Figure 2-2, the

turboshafts achieve greater efficiencies (i.e. lower SFCs) at higher takeoff powers.

In power classes lower than 1,000 kilowatts, the gas turbine SFCs generally exceed

0.3 kilograms per kilowatt-hour, while turboshafts with higher power ratings achieve

SFCs that approach 0.25 kilograms per kilowatt-hour. For context, diesel engines,

which are very efficient reciprocating piston engines, regularly achieve SFCs around

0.2 kilograms per kilowatt-hour 114].

While Figures 2-2 and 2-2 provide a wide range of data to evaluate, the scatter

in these values indicates that the database contains engines with varying degrees of

quality. As this investigation is characterizing the best achievable airframe perfor-

mance, the database was distilled into the high-end turboshafts, which provide both
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the highest specific power and lowest specified fuel consumption relative to other

engines in their rated power class. Exceptions were made to this dual requirement

for small (i.e. power output less than 300 kilowatts) turboshafts, as the majority of

these engines did not provide SFC ratings. Furthermore, the additional data for the

specific powers was necessary to ensure accurate trend predictions in this identified

region, which was essential for this investigation (see Chapter 5).

The results of this analysis are shown in Figure 2-4, which are plots of the engine's

specific power (2-4a) and the SFC (2-4b) versus the takeoff power ratings. Clear trends

emerge from this distilled data. The data were fit using power relations,

Pspecific = 0.245(Ptakeoff rated0. 4 5 6 ), (2.2)

SFC = 128(Ptakeoff rated-1. 23 ) + 0.262, (2.3)

where Ppecif is the engine's specific power in kilowatts per kilogram, Ptakeoff rated

corresponds to the rated takeoff power in kilowatts, and SFC represents the specific

fuel consumption in kilograms per kilowatt-hour. These fits are shown as the dotted

lines in Figure 2-4 and provide a performance baseline from which to compare other

possible engine configurations in subsequent analyses.

Part-Load Efficiency

The full load efficiency of an engine is insufficient to model a rotorcraft's performance

over an entire flight profile, given that the engine will be operated at many power

levels. To model the overall efficiency, a map of the engine's efficiency versus power

output is necessary. To characterize this relationship, SFC data for two gas turbines at

varying loads was obtained and plotted in Figure 2-5 [15, 1301. Here, the vertical axis

is the fractional change in the engine's SFC, and the horizontal axis is the fraction

change in the engine power compared to the rated takeoff power. Both examples

illustrate a similar trend, where the engine's SFC rises substantially at part-load

operation, while Engine 1 exhibits a less drastic rise (indicating better efficiency).

A polynomial fit of the data for Engine 1,

32



9

0)"
00

.C

0

0.
Li)

0 250 500 750 1,000 1,250

Takeoff Power [kW]
1,500 1,750 2,000

(a) Specific power

0.7

0.6

0.5

0.4

S0.3
LL

0.2

0.1

0
0 250 500 750 1,000 1,250

Takeoff Power [kWI

1,500 1,750 2,000

(b) Specific fuel consumption
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was used to create a predictive trend in turboshaft operation across varying power
loads [15, 1301.

SFCRac = 0.756(Paac)2 - 1.58(PMrac) + 1.82 (2.4)

where SFCpc represents the fractional change in SFC at a given load, and PFc is

the load fraction of the rated takeoff power, is also plotted in Figure 2-5. This fit is

more conservative (i.e. corresponds to better engine performance) than that of the

data trend for Engine 2 and is used in subsequent sections to model the performance

of high-end gas turbines.

One Engine Inoperable and Hot and High Ratings

In addition to standard conditions, the gas turbine's performance in adverse scenarios

was estimated to provide a full understanding of the engine's operation in rotorcraft

applications. As determined in Section 1.3, an airframe's engines must provide suffi-

cient takeoff power for hot and high conditions, as well as when engine failure occurs

(i.e. OEI scenarios). First, for hot and high operation, multiple sources were com-

piled that evaluated gas turbine performance degradation at increasing altitude and

34



temperature [10, 16]. Using the specified conditions of 4,000 feet altitude pressure

and a temperature 350 C greater than the ISA temperature at this altitude (i.e. 70

C), the gas turbine derating was estimated to be 25%, based on the provided trends.

This effect is due to both the lower density of ambient air, which reduces the engine's

airflow rate, as well as the higher temperature reducing the engine's component (and

cycle) efficiencies [16, 921.

For OEI performance, gas turbines are capable of increasing their power output

above the rated takeoff value for short durations, enabling rotorcraft to recover from

this adverse situation. To determine a trend for this performance characteristic,

turboshaft data was compiled to compare each engine's takeoff power with its rated

OEI power increase [11, 12]. Figure 2-6 provides the result of this evaluation, where

the rated OEI fractional increase in power is the vertical axis and the takeoff power

corresponds to the horizontal axis. Here, the OEI rating exhibits considerable scatter

across the sample engines, with maximum ratings that range between less than 5%

and in excess of 40%. Based on this data, the analysis chose a characteristic gas

turbine OEI rating that is 120% of the takeoff power, as this represents the higher

end of these example engines while being close to the data average of 117%, as well

as industry estimations [61.

2.4 Performance Limitations

Through both the specific power and SFC analyses conducted in Section 2.3, it is

apparent that gas turbines experience decreased performance at lower rated powers.

In addition to industry practices and material limitations, two physical interactions of

scaling effects and changes in engine design assist in explaining this trend, as described

in the following sections.

2.4.1 Scaling Effects

The reduced overall efficiency of small scale gas turbines can primarily be attributed

to two effects. As the gas turbine decreases in size, the Reynolds number is a dimen-
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Figure 2-6: A database of turboshafts was compiled to evaluate the trend between

the engine's OEI performance and rated takeoff power [11, 12].

sionless quantity that characterizes the magnitude of inertial versus viscous forces,

Re = pvL (2.5)

where p is the density of the fluid in kilograms per cubic meter, v is the fluid's

characteristic velocity in meters per second, L is the characteristic length scale in

meters, and p is the fluid's dynamic viscosity in kilograms per meter-second. Based

on the Reynolds number's proportional dependence on the length dimension, as gas

turbines decrease in geometric size, the Reynolds number will also decrease, assuming

a constant characteristic velocity. This lowering of the Reynolds number causes a shift

in the dynamics of the fluid flow, transitioning from inertial effects towards viscous

effects.

Due to this change, fluids are more susceptible to flow separation effects (or bound-

ary layer separation), as this is a viscous phenomenon [17]. The separation occurs

when, under a strong adverse pressure gradient, the fluid flow reverses direction near

an object, creating a vortex region proximal to the object's surface that transposes

fluid away from the object towards the mainstream flow region [17]. Figure 2-7 dis-
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Figure 2-7: In low Reynolds number conditions, a fluid experience flow separation,
occurring at point 'S', where fluid is transposed toward the mainstream flow region
[17].

plays this interaction, where the separation occurs after point 'S'.

In gas turbines, this separation can result in a "blockage" in the flow path, which

restricts the fluid flow rate and decreases the engine's efficiency and power output

[7, 181. Additionally, boundary layer separation can lead to flow unsteadiness, re-

sulting in oscillatory blade stresses that can cause blade fatigue failure [20]. Thus,

the compressors (where adverse pressure gradients arise) of smaller gas turbines are

more susceptible to the detrimental effects of flow separation due to their smaller

Reynolds numbers. However, based on the aerodynamics of how each design gener-

ates a pressure rise, axial compressors are significantly more sensitive to boundary

layer separation when compared to centrifugal designs. This leads to radial compres-

sors reaching significantly higher pressure ratios across each of their stages, as they

are less limited by this separation [20].

The second effect is due to the clearances between the rotating rotor blades and

the stationary casing scaling at a different rate than the engine's blade lengths (i.e.

the clearances do not decrease at the same rate as the blade size). As mentioned in
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Section 2.2.1, tip clearances are responsible for one of the major loss mechanisms in

both the compressors and the turbines of gas turbines [7, 181. For compressors, the

performance loss occurs due a portion of the fluid flowing upstream from high-pressure

regions, past the compressor's blade tips, to lower-pressure regions. This flow results

in both the compressor consuming extra power and the narrowing of the operating

range (i.e. range of acceptable mass flow rates and pressure ratios) of specific axial

compressor designs [7, 18]. For turbines, the fluid bypasses the component's blade tips

when flowing downstream between the high- and low-pressure regions, reducing the

energy harnessed by the turbine, and thus reducing the power output (and efficiency)

of the engine [7, 18]. While also harmful to radial turbomachinery, the architecture of

axial compressors and turbines results in the creation of a pressure differences across

each row of the component's blades, giving rise to extra sensitivity to these losses

[18].

While important for all gas turbines, the tip clearances become a larger fraction

of overall blade height as the engine size decreases. This increase in the gap to the

blade height ratio allows an increase in the relative mass of fluids that bypass the

flow through the turbomachinery blades. This bypass flow leads to a reduction in

the output power of the engine. Thus, these losses significantly reduce the power

output and efficiency of the engine at small engine sizes [7, 18]. Furthermore, scaling

axial turbomachinery becomes impractical beyond the region where tip clearances

remain constant, due to manufacturing constraints (occurring at different sizes for

compressors and turbines). After this point, the tip clearance percentage of the

overall blade height rises drastically, severely reducing the performance of the engine

and rendering axial designs infeasible [181. This effect, combined with the increase in

tip clearance losses that accompany the reduction in size of all gas turbines, severely

hinders the performance of axial turbomachinery in low airflow applications.

2.4.2 Changes in Engine Design

In addition to the scaling effects, the gas turbine's compressor and turbine designs

change in low airflow (power class) engines. As stated in Section 2.2, axial turboma-

38



chinery are more efficient in high airflow applications, while radial compressors and

turbines perform better in low airflow conditions (extremely low airflow conditions

for the radial turbines). However, aside from the scaling effects outlined in Section

2.4.1, axial turbomachinery are the preferred designs when strictly considering power

output and efficiency, due to the factors provided in Section 2.2. Despite this incli-

nation, gas turbine designs change from axial to radial turbomachinery due to the

previously referenced scaling effects as well as changes in design priorities.

Based on the discussion provided in Section 2.4.1, the scaling down of turbo-

machinery greatly reduces their performance capabilities, due to the increases in

boundary layer separation and tip clearance losses. While these factors affect both

design types, axial turbomachinery suffer significantly greater losses than radial de-

signs in low power classes, resulting in radial turbomachinery gaining a performance

advantage in these configurations. Additionally, while power output and efficiency

are always important, low airflow applications place extra emphasis in simplicity,

durability, low cost, and reliability [7, 10, 181. Thus, as these factors received added

focus, and the efficiency and power output of the engine become less important, radial

turbomachinery are the advantageous designs.

Both of these considerations result in engines shifting from axial to radial con-

figurations. For compressors, this change in design preference occurs over a range

of medium airflow rates between 1.5 and 10 kilograms per second, depending on the

application [18]. For turbines, the switch occurs at lower airflow rates, between ap-

proximate compressible flow values of 0.05 to 0.5 kilograms per second (measured as

0.05 to 0.1 (kgVsk/s/kPa), with the conversion depending on operating parameters)

[181. As explained in Section 2.2.1, the change between axial and radial turboma-

chinery creates constraints in their maximum attainable pressure ratios, airflow rates,

and efficiencies (see Section 2.2.1).

This required change in design preference, compounded with the growth of the

scaling losses outlined in Section 2.4.1, results in gas turbine performance being lim-

ited to the trends identified in Figure 2-4, where the engine specific powers and

efficiencies drastically fall at low power ratings. While extensive research has been
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devoted to increasing the performance capabilities of gas turbines, the majority of

this innovation aims at higher power classes whose applications are more common.

Additionally, the restrictions outlined in this chapter have significantly constrained

these developments in lower power configurations. For these reasons, the scope of this

investigation was narrowed to focus on identifying alternative engine configurations

for powering rotorcraft in low power class applications.
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Chapter 3

Reciprocating Piston Engines

Reciprocating piston engines were the main alternatives to gas turbines that were

analyzed in this study. Piston engines are the most common modern engine config-

uration, with applications that include land, sea, and air transportation along with

stationary power generation [141. Their widespread adoption is attributed to their

successful combination of efficiency and cost-effectiveness, in part due to the piston

engines' relative simplicity, ruggedness, and reasonable power-to-weight ratio [14, 22].

While their utilization in aircraft is a dated concept (see Section 1.1), piston engines

are rarely implemented in modern airframes, mainly due to the engines' significantly

heavier architecture compared to gas turbines. However, piston engines obtain advan-

tages in other essential characteristics, such as higher efficiencies, which enable their

use in niche applications. To determine the feasibility of replacing gas turbines with

piston engines, the following sections will discuss piston engine features, performance

trends, and limitations, with these results compared to those of the gas turbines.

3.1 Basic Design Principles

All reciprocating piston engines share common characteristics that facilitate their

operation. Figure 3-1 provides an example of a piston engine's basic architecture,

illustrating some of these universal features. The piston translates linearly within the

cylinder walls between top dead center (TDC), where the volume between the piston
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Figure 3-1: Basic piston engine architectures contain these common components to
facilitate their operation [221.

and cylinder head is at a minimum (known as the clearance volume), and bottom

dead center (BDC), where this volume is at a maximum. The volume between the

piston and the cylinder head is referred to as the "combustion chamber," and the

volume between BDC and TDC is known as the cylinder's displacement.

This basic architecture can be packaged in a variety of ways to fit specific applica-

tions, with Figure 3-2 illustrating four of the most common configurations: inline, vee,

horizontally opposed, and radial. Inline is the most basic engine design, containing a

row of pistons stacked "in line" with the engine's crankshaft. Increasing the design

complexity, vee and horizontally opposed (HO) designs are essentially two inline pis-

ton banks separated by an angle (900 or less for vee and 1800 for HO) [14]. Lastly,
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(a) Inline [26] (b) Vee [251

(c) Horizontally Opposed [25] (d) Radial [27]

Figure 3-2: These four piston engine designs are common configurations, with

widespread use both historically and in modern applications.

radial configurations wrap entire banks of cylinders in a circular pattern around the

engine's crankshaft. Each design offers advantages and disadvantages in their pack-

aging, complexity, and inherent balancing of combustion forces. While this analysis

did not thoroughly evaluate these different configurations, the choice of engine archi-

tecture is crucial when considering their implementation.

For a particular application, determining an engine's ideal geometry entails a

balance between multiple engine characteristics, including efficiency, magnitude of

stresses, and overall engine size and weight. With increasing displacement (assuming

a constant ratio between the cylinder diameter and height, known as the bore and

stroke), the efficiency increases as the friction and heat losses become less significant

factors, while the cylinder stresses grow due to hoop stress being proportional to the

diameter and the cylinder head stress being proportion to its area (and thus the bore

squared). Furthermore, the engine speed must be decreased with increasing stroke,
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as the piston speed, which is limited due to lubrication of the cylinder walls, is pro-

portional to the engine speed and stroke length. Finally, the relationship between

engine displacement, size, and weight is very complex, with multiple factors affecting

whether engine weight and size increases or decreases with varying cylinder dimen-

sions. Estimating the resulting values for these parameters is not a trivial exercise,

and must be completed on a case-by-case basis. Thus, when applicable, this analysis

used standard industry geometry for the various evaluations.

Regardless of their architecture and geometry, reciprocating piston engines pro-

duce power by initiating the combustion of a gaseous air and fuel mixture inside the

combustion chamber when the piston is near TDC. The combustion creates a drastic

rise in pressure, transferring work from the gas to the piston by pushing the piston

down towards BDC. This linear work is converted into the rotational energy of the

crankshaft through a connecting road and crank mechanism (the latter is not de-

picted in Figure 3-1), with the crankshaft serving as the engine's power output shaft.

Most piston engines operate on a four-stroke cycle, where one power-producing cy-

cle requires four separate "strokes" (i.e. the piston moving from TDC to BDC, or

vice versa). These four strokes function as follows, with Figure 3-3 illustrating each

process:

1. Intake stroke - a fresh charge (either air or an air/fuel mixture) is drawn into

the cylinder while the piston moves from TDC to BDC.

2. Compression stroke - the piston translates from BDC to TDC, compressing the

fresh charge to a higher pressure and smaller volume. The ratio between the

maximum and minimum volumes (piston at BDC and TDC, respectively) is

defined as the engine's compression ratio (CR). Combustion is usually initiated

near the end of this stroke.

3. Power (or expansion) stroke - as a result of combustion, the high-pressure charge

pushes the piston from TDC to BDC, producing the engine's power.

4. Exhaust stroke - the piston moves from BDC to TDC, while the burned mixture

is exhausted out of the cylinder in preparation of the next cycle.
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Figure 3-3: The four-stroke cycle is comprised of the intake, compression, power, and

exhaust strokes [23].

The charge transfers (i.e. drawing in an intake charge, exhausting the burned mix-

ture) are facilitated by the engine's intake and exhaust valves, with the most common

design, poppet valves, depicted in Figure 3-1. In basic configurations, these valves are

controlled by the engine's valve-train, consisting of a camshaft mechanically coupled

to the crankshaft. The valve-train is tuned such that the intake and exhaust valves

are opened and closed at specific times within the engine cycle to ensure sufficient

airflow (for both the intake and exhaust processes), power output, and cycle efficiency

[14]. Sections 3.2.3 and 3.6.1 will discuss alternative valve configurations and valve

activation mechanisms, respectively.

As the combustion of fuel releases substantial amounts of energy, the engine must

be cooled to prevent component degradation and failure. Piston engines accomplish

this goal through implementing either air or liquid cooling, with each method pro-

viding unique advantages. Air-cooled engines incorporate large fins attached directly

to their cylinders to increase the heat transfer between the high-temperature cylin-

der walls and the low-temperature ambient air, whereas liquid cooled designs pump

coolant throughout the engine walls and reject heat through an auxiliary heat ex-

changer (such as an automobile's radiator). The main differences between the two
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techniques are the amount of added weight and cooling capabilities; the fins are

significantly lighter than the liquid coolant system, allowing for a lighter engine ar-

chitecture, while liquid cooling rejects significantly more heat, and thus is required

in the majority of high-performance applications [14]. Therefore, as this analysis is

investigating engines for a high-performance application, all piston engines considered

in this report are assumed to be liquid-cooled.

While all engines incorporate these basic principles, there are two main piston

engine categories: spark ignition (SI) and compression ignition (CI) engines. The

major difference between these designs is their method of initiating combustion; SI

engines utilize a spark whereas CI engines rely on autoignition of their fuel from

exposure to high pressures and temperatures. There are stark differences in the

architecture and operation of SI and CI engines, as well as in the design process for

each cycle, as described in Sections 3.1.1 and3.1.2.

3.1.1 Spark Ignition Engines

Operating Principles

The ideal Otto cycle is often used to model an SI engine's theoretical operating cycle,

as seen in Figure 3-4. Despite actual performance differing from this concept, the

cycle illustrates an SI engines' basic operating principles, with the following steps

[14]:

* 1 - 2: Adiabatic and reversible (i.e. isentropic) compression of the intake charge,

consuming engine power

* 2 - 3: Adiabatic, constant-volume combustion of the air/fuel mixture while the

piston is at TDC

* 3 - 4: Isentropic expansion, generating the engine's power

* 4 - 1: Adiabatic exhausting of burned mixture and intake of fresh charge

In the combustion step between states 2 and 3 of Figure 3-4, SI engines are unique

in their using a spark plug to initiate combustion. When the piston approaches TDC,
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Figure 3-4: The theoretical Otto cycle is comprised of an isentropic compression (1-2),
constant-volume heat addition (2-3), isentropic expansion (3-4), and constant-volume

heat rejection (4-1) [10].

a large voltage is applied across the spark plug's electrodes, inducing a spark. This

spark creates a small flame kernel in the charge that begins propagating radially

throughout the cylinder, burning the remaining air/fuel mixture until the flame front

reaches the cylinder wall and is extinguished [141. Section 3.2.2 will discuss the

use of combustion timing to improve engine performance (i.e. increasing power and

efficiency) and the associated trade-offs.

SI Combustion

The combustion process described above is accomplished by premixing a combustible

air and fuel mixture. In the presence of a spark or the propagating flame front, fuel

(made of hydrocarbons) is oxidized by the air's oxygen, forming carbon dioxide and

water vapor (among other undesired products), while releasing the energy that the

engine harnesses into useful power [141. A mixture is considered stoichiometric (or

chemically correct) if its proportions of air and fuel result in complete combustion

with no excess fuel or oxygen. For standard gasoline, the most common SI engine

fuel, the stoichiometric air-fuel mass ratio is 14.6 [14].

Because the presence of an oxidizer (air) is required for combustion, the maxi-
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mum amount of fuel that can be burned (and thus the maximum power that can

be produced) in each cycle is dictated by both the engine's airflow rate and air-fuel

ratio. The airflow rate is metered through the use of a throttle, which is an adjustable

restriction in the intake flow path that lowers the airflow rate into the engine when

operating at part load (i.e. less than maximum power output). This throttling has

the negative consequence of creating a reduced pressure in the cylinder due to the

flow restriction; the lower pressure creates a pumping loss (i.e. the engine consumes

more energy having to draw in air at a lower pressure than ambient) during the intake

stroke of the engine's cycle, reducing power output and efficiency [141. Furthermore,

changes to the air-fuel ratio have substantial effects on engine operation, such as

power output, efficiency, and emissions. These factors will be discussed in further

detail in the following sections.

Fuel Introduction and Characteristics

SI engines are unique in their burning a premixed air and fuel charge, accomplished by

introducing the fuel to the air through one of three separate designs: within a carbu-

retor prior to entering the cylinder, implementing port injection at the intake valves,

or using direct injection (DI) inside of the engine's combustion chamber. Carburetors

are passive components that meter fuel introduction based on the airflow rate and

ambient conditions (i.e. air temperature and pressure). These devices are low cost

and allow for little control and flexibility after installation, making them suited for

inexpensive applications where continuous optimization of the engine's performance

is not essential [101. Alternatively, port injection provides more control at the cost of

added complexity and cost. In this configuration, fuel is injected onto the upstream

side of the intake valve, as illustrated in Figure 3-5. Incoming air vaporizes the fuel

while passing into the cylinder, creating the desired mixture. The amount of fuel

injected onto the valve is dictate by variations in ambient conditions and the desired

engine performance.

Lastly, many modern engines implement direct injection to introduce the fuel af-

ter the air charge has entered the cylinder. As seen in Figure 3-5, fuel injectors are
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Figure 3-5: Port injection (left) deposits fuel onto the back of the intake valve, while
direct injection (right) introduces the fuel directly into the cylinder [31].

installed into the cylinder head, with injection occurring during the initial portion

of the intake stroke (between states 1 and 2 of Figure 3-4). DI provides two ma-

jor advantages to SI engine performance by decreasing the charge temperature and

providing improved control of the air-fuel ratio. First, because the fuel is vaporized

inside of the cylinder, the temperature of the charge is reduced, lowering the fuel's

"knock" tendencies (i.e. the spontaneous combustion of the fuel, a concept discussed

in the following paragraph) while increasing the charge density. This increase in

density allows more air and fuel to be introduced and burned per engine cycle, thus

improving engine performance [40]. Second, DI enables more sophisticated control of

the air-fuel ratio, which is instrumental in maximizing engine performance (see the

following section). While carburetors and port injection are widely adopted due to

their low costs and simple installations, this analysis will exclusively consider DI to

leverage its improvements to the engine's performance and operational control [14].

Similar to these introduction methods, SI engines can operate using multiple fu-

els, with the most common fuel being gasoline. For these engines, one of the most

important fuel characteristic is the resistance to spontaneous combustion, known as
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knock (see Section 3.4). This resistance to knock is characterized as the fuel's "octane

number", which is an empirical measure of whether or not a fuel will autoignite under

specific operating conditions (higher numbers having more resistance to knock than

lower numbers) [141. The two techniques used to measure a fuel's octane number are

the research method, providing the research octane number (RON), and the motor

method, supplying the motor octane number (MON). The research method is con-

ducted in less severe engine operating conditions than the motor method, resulting

in the majority of fuels possessing a higher RON than MON. For reference, regular

grade gasoline (used by standard automobile SI engines) has a RON of at least 91

and a MON of roughly 83, while aviation gasoline (Avgas, used in many SI aircraft

engines) has a minimum MON of approximately 100 [14, 241.

Air-Fuel Ratio

In specific operating conditions, a cycle's air-fuel ratio is often identified as a frac-

tion of the stoichiometric (i.e. chemically correct) ratio, calculated by either of the

following ratios',

Relative Air/Fuel Ratio, A (A/F)actual (3.1)
(A/F)stoichiometric

Fuel/Air Equivalence Ratio, q= (F/A )a'tual (3.2)
(F/A)stoichiometric

where A and F are the air and fuel masses within the cycle's charge, respectively

[141. For reference, SI engines typically operate with a fuel-air ratio (i.e. equivalence

ratio, 0) between 0.8 to 1.2 [14]. Mixtures with excess fuel (equivalence ratio greater

than 1) are termed "rich", while charges with excess air (equivalence ratio less than

1) are called "lean". As previously mentioned, SI engines must carefully meter their

air-fuel ratio to balance power output, efficiency, emissions, and knock tendencies.

Starting at unity, increasing the equivalence ratio will initially raise the engine's

mean effective pressure (a measure of engine power). In the high temperature con-

ditions that follow combustion, disassociation of molecules creates the presence of

'These ratios are the inverse of one another, providing the same information in different formats.
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additional oxygen, which enables the burning of more fuel. Thus, a higher equiva-

lence ratio increases the amount of combustion and power, with peak power output

occurring at an equivalence ratio between 1 and 1.1. However, this increase in power

comes at the cost of reduced engine efficiency: while excess fuel is required to utilize

all available oxygen, a portion of the injected fuel does not combust, resulting in

incomplete combustion and diminished efficiency [14].

Alternatively, the opposite effects occur when decreasing the equivalence ratio; en-

gine power output falls while efficiency rises. By definition, leaner mixtures contain

less fuel, resulting in less combustion and power output. Additionally, combustion of

lean mixtures produces lower peak temperatures, which reduces the dissociation of

the combustion byproducts carbon dioxide and water, a process that consumes en-

ergy. Thus, limiting this dissociation enables a larger fraction of the energy released

from combustion to be converted into the useful work of the piston, increasing the fuel

conversion efficiency. However, as mixtures become increasingly lean, the improve-

ment in efficiency is reversed due to an increase in combustion duration, resulting in

efficiency decreasing in very lean conditions [141. These trade-off are illustrated in

Figure 3-6a, where imep, isfc, and rji are the engine's indicated mean effective pres-

sure, specific fuel consumption, and fuel conversion efficiency, respectively.2 Here, the

identified parameters are the vertical axes, with the horizontal axis corresponding to

the air-fuel ratio.

In addition to power output and efficiency, the air-fuel ratio can significantly

affect an engine's knock tendencies and emissions. For engines that utilize direct

injection, increasing the equivalence ratio (i.e. injecting more fuel) will increase the

charge cooling effect introduced in Section 3.1.1, as the addition fuel will vaporize and

reduce the fuel's knock tendencies [14]. Furthermore, the equivalence ratio's effect on

emissions is illustrated in Figure 3-6b, where emission production is the vertical axis

and the horizontal axis corresponds to the air-fuel ratio. The relationship between

the air-fuel ratio and carbon monoxide (CO) production is straightforward: increasing

2 These indicated performance measures do not account for the engine's friction, but illustrate
the parameter trends with respect to the equivalence ratio
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Figure 3-6: An SI engine's performance (imep, isfe, and efficiency) and exhaust emis-
sions drastically change as the engine's equivalence ratio is varied [14].

the equivalence ratio will increase CO emissions. Rich mixtures do not have sufficient

oxygen to fully burn all of their fuel, resulting in the increased formation of CO

instead of CO 2 , the usual combustion byproduct [14].

On the other hand, hydrocarbon (HC) and nitric oxide (NO) emissions exhibit

local extrema in lean conditions. HCs are exhausted due to incomplete combustion,

which can be caused by either the shortage of oxygen that occurs in rich conditions or

the mixture's combustion duration exceeding the available time, which is a side effect

of excessively lean conditions. In more reasonably lean mixtures, these factors are

balanced to create a minimum in HC production. Similarly, NO formation requires

excess oxygen and high combustion temperatures, which are balanced in slightly lean

conditions to achieve maximum nitric oxide production. In richer conditions, the

reduction in available oxygen outweighs the initial increase in combustion temper-

atures caused by more fuel being burned, whereas in leaner mixtures, the reduced

combustion temperatures dominate.
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3.1.2 Compression Ignition Engines

CI Operating Principles

Contrary to SI configurations, the ideal representation of CI engine operation is the

Diesel cycle, which is illustrated in Figure 3-7 and operates as follows:

* 1 - 2: Adiabatic and reversible (i.e. isentropic) compression of the intake charge,

consuming engine power

* 2 - 3: Adiabatic, constant-pressure combustion of the air/fuel mixture as the

piston begins moving from TDC to BDC, generating a portion of the engine's

power

* 3 - 4: Isentropic expansion, providing the remainder of the engine's power

* 4 - 1: Adiabatic exhausting of the burned mixture and intake of fresh charge

The major difference between the Diesel and Otto cycles is the combustion step

between phases 2 and 3. As discussed in Section 3.1.1, an SI engine's combustion

is approximated as a constant-volume process, with spark ignition of a premixed air
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and fuel charge creating a drastic rise in pressure. Alternately, CI engine combustion

occurs at a constant pressure, with the process initiated by autoignition of the fuel

and maintained via a diffusion flame, as described below.

CI Combustion

In the CI combustion process, liquid fuel is injected into the combustion chamber,

where the fluid is atomized into droplets, evaporated, and mixed with fresh air to

form combustible regions within the heterogeneous cylinder charge. At this point,

the cylinder's pressure and temperature have exceeded the fuel's autoignition thresh-

old, resulting in the spontaneous ignition of portions of the combustible regions after

the fuel's ignition delay period (i.e. the time for a fuel exposed to the operating con-

ditions to autoignite). The ensuing flame front rapidly expands to burn the remaining

sections of sufficiently mixed fuel and air, while additional fuel is injected, mixed with

fresh air via diffusion, and burned to continue the combustion process [14].

To facilitate this diffusion flame, CI engines operate at high pressures to enable

the spontaneous combustion of their fuel, which is achieved, in part, by using high

compression ratios (typically between 12 and 24 compared to 8 to 12 for SI engines).

To control this flame and ensure proper combustion timing, the designs commonly

utilize direct injection of fuels that possess sufficient ignition delay. Fuels with a short

delay period result in ignition occurring before the majority of fuel has been injected,

allowing the engine to control the combustion process using the rate of injection and

charge mixing, enabling smoother operation [141. Analogous to the octane number

for antiknock tendency, a fuel's "cetane number" is a measure of its ignition delay,

with a high cetane number indicating a short delay period. For reference, diesel fuels

have cetane numbers that usually fall between 40 and 55 [14].

Because combustion (and the corresponding energy release) is continued until all

of the injected fuel has burned, the power output of the engine is controlled by the

duration of this injection. However, a cycle's maximum amount of combustible fuel is

limited by time, as the engine requires the air and fuel to mix (and combust) within

a specific crank angle interval. Because of this limited time frame, any additional
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fuel cannot mix with air, which leads to inefficient combustion and unburned fuel

that is a pollutant [14]. Due to this constraint, CI engines must operate with air fuel

ratios that are a minimum of 20% leaner than stoichiometric. For reference, despite

diesel fuel (the most common source for ground applications) having a stoichiometric

air-fuel ratio of 14.5, CI engines using this fuel usually operate with ratios between a

minimum of 18 at full load and upwards of 70 at part load (an equivalence ratio range

of 0.8 to 0.2) [14]. Furthermore, CI engines operate with a relatively constant airflow

rate across all load levels to eliminate the pumping losses that arise from throttling (as

described in section 3.1.1) [14]. This feature, coupled with the direct relationship be-

tween fuel injection and power output, constrains the engine's operational flexibility;

unlike SI designs, CI engines cannot use their air-fuel ratio to balance additional fac-

tors such as emissions and efficiency. Instead, these engines leverage their combustion

timing to control their emissions, as described in Section 3.2.2.

3.2 Alternative Design Features

Building off the basic features provided in Section 3.1, there are multiple design

avenues that are used to improve piston engine performance, including the adding of

components (turbocharging and supercharging) and running a different cycle (two-

stroke operation). These features can significantly augment engine performance and

must be considered when evaluating the upper limits of piston engine capabilities.

3.2.1 Turbocharging and Supercharging

Because of the equivalence ratio limitations discussed in Section 3.1, an engine's air-

flow rate is crucial to its performance capabilities. Many reciprocating piston engines

are naturally aspirated (NA), drawing air into the engine's cylinder directly from am-

bient conditions, due to this configuration's low cost and simplicity. However, high

performance applications must improve their airflow rate by increasing the density

of the intake charge, enabling more fuel to be combusted during each cycle. The

two most common methods of accomplishing this goal are the implementation of
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supercharging and turbocharging, which contain the following features.

Compressors and Intercoolers

Superchargers and turbochargers use mechanical compressors to increase the air den-

sity at the intake port of the engine. The performance of these compressors is defined

by the device's performance map, as illustrated in Figure 3-8. Here, 7r, is the pres-

sure ratio, the ratio of the compressor's outlet pressure to the inlet pressure, N is

the compressor's rotational speed, rnC,cor represents the corrected air mass flow rate

(adjusted based on temperature and pressure), and qc is the compressor's isentropic

efficiency. The performance map indicates the range of operation for a specific com-

pressor, showing what pressure ratios are attainable at a given (corrected) mass flow

rate and compressor speed, with the corresponding efficiency [32]. Every compressor

has a distinct performance map that heavily depends on the compressor's design type,

size, and intended application.

In accomplishing the fundamental goal of increasing the intake air pressure (and

density), the compressor inherently raises the working fluid's temperature. This is

counter to the desired improvement in density that can be provided by the pressure

rise and increases the knock tendencies of SI engines [14, 33]. Assuming an isentropic

compression process and that the air is an ideal gas, the relationship between the air

pressure and temperature is as follows,

T2 P2 (3.3)

where T1 ,2 are the inlet and outlet air temperatures in kelvin, P1 ,2 are the inlet and

outlet air pressures in pascals, and k is the air's heat capacity ratio (cp/cv) [34]. In

actual operation, the compressor will experience thermodynamic losses that result

in fluid outlet temperatures exceeding those predicted by Equation 3.3 [34]. The

relative magnitude of these thermodynamic losses are described by the compressor's

isentropic efficiency,
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Figure 3-8: A compressor performance map illustrates the relationship between the
compressor's pressure ratio (71c), mass flow rate (rhc), rotational speed (N), and
efficiency ('rc) [32].

7C=h2,s - hi
?lc = ,l

h2,a - h (3.4)

where hl, h 2,s, and h2,a are the air's inlet, (theoretical) isentropic outlet, and actual

outlet specific enthalpies, respectively, in kilojoules per kilogram [32, 33]. Using the

ideal gas and constant specific heat assumptions, the enthalpies of Equation 3.4 are

simplified into their corresponding temperatures,

T2,s- T,
r7C = ,T2,a - T1 (3.5)

where each T is the air temperature for the states corresponding to the definitions

provided for Equation 3.4 in kelvin [32, 33]. Thus, in addition to the requisite temper-

ature rise described by the isentropic relationship in Equation 3.3, the compressor's

inefficiency further increases its outlet air temperature. To reduce this temperature
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rise, a heat exchanger (known as an intercooler or aftercooler) is installed after the

compressor to cool the air charge and increase the density of the air introduced to

the engine. These heat exchangers transfer energy from the high-temperature com-

pressed air stream to a low-temperature stream that can be the ambient air or a

liquid coolant. For transportation applications, air-to-air intercoolers are the most

common designs due to their significantly lower weight compared to air-to-liquid heat

exchangers [141.

Power Source

Turbocharging and supercharging are differentiated by their power sources; tur-

bochargers implement a turbine that extracts energy from the exhaust gases of the

engine, while superchargers consume power directly from the engine's output shaft.

As the latter encompasses a simple mechanical coupling, the remainder of this section

will focus on the turbocharging system.

The turbocharger turbine expands the engine's high temperature and pressure

exhaust gases, extracting the power required to drive the system's compressor. Sim-

ilar to the compressor, Equation 3.3 provides the relationship between the exhaust

gas pressure and temperature, assuming an isentropic expansion and an ideal gas

[34]. Furthermore, the relationship between the turbine's isentropic efficiency and

temperatures is

77T =T2,a - T(36)
T2,s - T1'

where WT is the turbine's isentropic efficiency, T, represents the inlet temperature,

T2 ,, is the isentropic outlet temperature, and T2,a represents the actual outlet temper-

ature, with these temperatures in kelvin [32, 331. Figure 3-9 provides a characteristic

turbine performance map, which compares a turbine's reduced mass flow rate (cor-

rected for temperature and pressure), combined isentropic and mechanical efficiency,

and pressure ratio at varying rotational speeds [331. This map is matched with a

compressor's performance map, when considering their features (i.e. pressure ratios,
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rotation speed, etc.) in specific conditions, to ensure desirable performance over the

anticipated range of operation.

Advantages and Disadvantages

An engine's application and performance requirements dictate the choice in imple-

menting supercharging or turbocharging. Assuming equal engine performance, a tur-

bocharger is inherently more efficient than a supercharger due to drawing the re-

quired power directly from the exhaust gases instead of the engine. However, the

turbocharger's turbine creates back pressure in the exhaust path, hindering the en-

gine's breathing and performance [33]. Furthermore, the turbocharger's dependence

on the exhaust gases limits the system's response time in transient operation, as the

turbocharger must speed up or slow down to produce a change in the intake manifold

pressure, which requires time to overcome the system's inertia [33].

For some high-performance applications, a turbocharger and supercharger are in-

stalled in series; the supercharger provides fast adjustment in transient conditions

while the turbocharger improves the system efficiency. Furthermore, multiple stages
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of turbocharging or supercharging are commonly used to increase the overall pres-

sure rise and efficiency, as an individual compressor's efficiency decreases with higher

pressure ratios [331. Finally, a select few high-performance engines implement turbo-

compounding, where a power turbine (usually downstream of additional turbines or

used with supercharging) is directly coupled to the engine's crankshaft, harnessing

energy to increase the engine's power. This added power can provide upwards of a

5% improvement in engine efficiency [33]

3.2.2 Combustion Timing

The onset of combustion is often specified by the instantaneous angle of the crankshaft

relative to an anchor point, such as TDC or BDC (i.e. the crankshaft's relative

position before or after TDC/BDC when the event occurs, measured in degrees). In

using a particular combustion timing, the engine balances trade-offs between power,

efficiency, and emissions, based on the application and operating conditions [14].

Combustion initiation is controlled through the use of spark plugs and fuel in-

jection for SI and CI engines, respectively. Early combustion (combustion advance)

unnecessarily raises the cylinder pressure during the compression stroke, causing this

cycle portion to consume more energy. Alternatively, late combustion (combustion

delay) limits the peak cylinder pressure (and temperature), diminishing the work

extracted during the power stroke [14]. The point where these forces are balanced

is known as and engine's maximum brake torque (MBT) timing, where the engine's

output torque is maximized. Figure 3-10 illustrates this balance for an SI engine,

where the vertical axis is the normalized torque and the horizontal axis corresponds

to the spark timing.

In addition to engine architecture, optimum combustion timing depends on opera-

tional factors that influence the rate of flame development and propagation, including

engine speed, load (i.e. power output, dictating amount of air and/or fuel used per

cycle), and intake manifold pressure and temperature [14]. Advancing or delaying

combustion timing provides the engine with flexibility to maximize power output

and efficiency by responding to these fluctuating operation parameters. Furthermore,

60



1.02

2)

o 0.98

0.96

N 0.94

CU 0.92

o 0.9
z

Spark Retard
0.88'I _________I

0.88 1 - - ----
-10 -5 0 5 10 15

Spark Retard from MBT (*CA)
Figure 3-10: The combustion timing that maximizes an engine's torque is known as
maximum break torque (MBT) timing. Advancing or delaying the timing from this
point will decrease the engine's torque and thus its output power [28].

engines often advance or delay their combustion timing to achieve other purposes,

such as increasing their overall power output through expanding the potential oper-

ating conditions and controlling their emissions output, as described in the following

sections [14, 28].

Improving Engine Power Output

While MBT timing ensures maximum power output for specific intake air conditions

(i.e. temperature, pressure, and mass flow rate), combustion delay is an effective

tool for increasing the maximum potential power output for a given engine design. In

particular, SI engines heavily benefit from spark delay due to their performance being

limited by knock considerations and the peak pressures that the engine's structure

can handle. In delaying combustion and operating with the same airflow rate, the

SI engine cylinders reach lower peak temperatures and pressures, which reduce the

engine block stresses and the fuel's knock tendencies [281.
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Because these limiting factors are lowered, the engine can increase its airflow rate

and the amount of fuel burned per cycle without experiencing knock or structural fail-

ure of the engine. Thus, by increasing its power output without needing to strengthen

the design (which adds cost and weight) or use fuels with higher knock resistance, an

engine can significantly improve its specific power. However, the increase in power

output comes at the cost of reduced engine efficiency, due to peak pressure occurring

later than the optimal timing [291.

Figures 3-11a and 3-11b illustrate these concepts for SI engines. First, Figure 3-

11a compares the engine's combustion timing and peak pressure on the vertical axes

vs. increasing brake mean effective pressure (BMEP) on the horizonta axis. Here,

the combustion timing is identified as the crank angle at which 50% of the cycle's fuel

has burned (CA50), and BMEP is used as a performance measure that normalizes an

engine's power output into a theoretical pressure. 3 As illustrated in the top two traces

(the average peak pressure and the average plus 3 sigma peak pressure that accounts

for the uncertainty in individual cycles), increasing BMEP causes the engine's peak

pressure to rise until spark delay (manifested as the retarding of the 50% burn angle) is

utilized. As seen in the bottom trace, the combustion timing is delayed after exceeding

a BMEP of approximately 14 bar, which enables the engine's power to continue

increasing without peak pressure rising above the maximum limit. Furthermore,

Figure 3-11b plots the engine's efficiency on the vertical axis with varying spark

timing on the horizontal axis. The provided data illustrates the significant penalty

in efficiency that occurs when implementing spark delay, due to the pressure release

timing being retarded past ideal operation [301.

As identified in Section 3.3, piston engines suffer low specific powers when com-

pared to gas turbines. Thus, in an effort to increase the engine's power output, this

analysis will utilize the benefits of spark delay to identify the upper limits of piston

engine performances. However, to fully leverage this technique, an engine must be

designed to produce the higher airflow (and fuel) rate that is enabled. This includes

3BMEP is calculated as follows: BMEP = , where P is the engine's power output, nR isVdN'
the number of crankshaft revolutions per each power output stroke, Vd is the engine's displacement
volume, and N is the engine speed.
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reduced efficiency [30].

a boosting system (turbocharging or supercharging) that produces a higher outlet

pressure, an intercooler with higher cooling capacity, and larger piping components

to minimize pressure drops. These larger components will increase the system weight,

partially counteracting the engine's improvement in specific power. Thus, the amount

of added weight must be accounted for when determining the performance advantages

provided by spark delay.

While there are clear benefits for SI engines using spark delay, this technique

does not significantly improve CI engine performance or design capabilities. This

is because, in addition to not having knock considerations, their power output is

predominantly limited by the diffusion process and not peak pressures. Thus, this

report only considered the use of spark delay for improving SI engine performance.

Emissions

Combustion timing is strongly connected to an engine's emissions, including the pro-

duction of nitrogen oxides (NOX, consisting of NO and NO 2 ), unburned hydrocarbons
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(HC), and particulates.4 High combustion temperatures drastically increase NO, pro-

duction, while slightly decreasing the formation of HCs (at low loads) and particu-

lates. Thus, spark delay is commonly used to limit cylinder temperature and NO,

formation, but must be moderated due to the increased production of particulates

and HCs [14]. However, to justify their implementation in rotorcraft applications,

piston engines must first overcome their significant disadvantage in specific power

before controlling their emissions becomes a priority. Thus, this study did not focus

combustion timing's effect on emissions.

3.2.3 Two-Stroke Operation

Alternative to the four-stroke operation mode, some engine designs utilize a two-

stroke cycle; instead of completing four strokes during each cycle, the engine only

requires two stokes, and thus one crankshaft rotation, to produce work. Figure 3-12

illustrates the following two-stroke processes [14]:

1. Compression stroke - the inlet and exhaust valves are closed, followed by the

compression of the cylinder's charge and initiation of combustion near TDC.

2. Power (expansion) stoke - the cylinder charge is expanded, producing the en-

gine's power until the exhaust valve(s) is opened. At this point, the majority of

the high-pressure burned gas mixture is exhausted before the intake valve(s) is

opened, enabling fresh gas to flow into the cylinder in preparation of the next

cycle.

By producing work during each crankshaft revolution, an engine's power out-

put per unit displacement volume (i.e. the engine's volumetric size) is substantially

increased, with a theoretical limit of twice as large. However, this advantage is dimin-

ished by the complications of a two-stroke engine's breathing. Because of the limited

time available for the intake and exhaust processes, high-pressure fresh charge must

4With regards to particulates, CI engines predominately produce soot (combustion generated
carbonaceous material), with some absorbed organic compounds. SI engines produce sulfates, lead
(when using leaded fuel), and organic particulates (including soot) [14].
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be used to help displace the previous cycle's burned gas, a process known as scav-

enging. This process results in a significant amount of fresh charge (either air or

an air/fuel mixture) passing through the cylinder and out the exhaust valve (known

as short-circuiting), which reduces the fresh charge density, increases the boosting

system's power consumption, and, if direct injection is not implemented, drastically

increases the engine's fuel consumption [14].

The scavenging process is often assisted by implementing port valves, as illustrated

in Figure 3-12. Counter to the poppet valve configuration, port valves are passive

designs, with their activation dictated by the piston's position. The valves are closed

by the piston as it moves towards TDC and reopened as the piston translates back

to BDC, resulting in the port valve timing (i.e. when the port is opened and closed)

being fixed across all operating ranges [14]. Two-stroke engines favor these valves,

as they can be shaped and positioned to increase airflow rate, limit short-circuiting,

improve mixing, and effectively scavenge the previous cycle's residual burned gases

[14]. However, due to the piston translating across these valves in the cylinder wall,

the piston's lubricated surface is constantly disrupted. Thus, a downside to port

valves configurations is the need for oil to be mixed with the engine's fuel to constantly

re-lubricate the cylinder walls, causing a significant increase in oil consumption [14].
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Based on their valve configuration, two-stroke engines are classified into cross-

scavenged, loop-scavenged, and uniflow-scavenged designs. Cross- and loop-scavenged

configurations use port valves for both the intake and exhaust, while (in standard en-

gine configurations 5 ) uniflow-scavenged engines utilize intake port valves and poppet

exhaust valves [14]. Each category requires careful designing of the engine's pistons

and cylinders to maximize their scavenging and mixing capabilities.

For gasoline designs, two-stroke operation is usually restricted to small applica-

tions, where low cost and high specific power are important factors, including motor-

cycles and boat outboard engines [14]. On the other hand, two-stroke diesel engines

are very common in large applications, such as locomotive, marine, and stationary

power generation. In these large configurations, the engine speeds are very low, al-

lowing scavenging to be easily accomplished. Furthermore, due to the combustion

characteristics of diesel engines, only intake air is lost during short-circuiting, thus

eliminating the efficiency penalty of fuel passing through the engine without com-

busting [141.

3.3 Performance Trends

Piston engines exhibit distinct trends in performance capabilities that illustrate the

potential applications in which they are best suited. In particular, the piston en-

gine's SFC and mass (thus the specific power) are the most influential parameters for

rotorcraft applications and will be evaluated in the following sections.

3.3.1 Specific Fuel Consumption

First, each identified piston engine design's SFC was characterized to be compared

with the gas turbine capabilities. While there is a wide spread in efficiencies based

on specific designs, this analysis focused on identifying the upper limit of feasible

performance, and thus, despite the design process for an actual engine dictating its

5For an alternative engine design where each cylinder contains two opposed pistons, uniflow-
scavenging is achievable using both inlet and exhaust port valves [14].
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efficiency, it was assumed that a particular engine design's SFC is constant across

varying power output using the maximum attainable efficiencies. With this assump-

tion, Figure 3-13 was populated using the lowest anticipated SFC values that each

identified engine design can achieve, based on industry trends and aircraft engine

data [14, 36, 621. Here, the vertical axis is the engine SFC at the rated takeoff power

and the horizontal axis corresponds to the power output. In addition to the piston

engines, the best-performing gas turbine engines are included for reference.

The diesel four-stroke engine provides the lowest SFC of 0.2 kilograms per kilowatt-

hour, while the gasoline two-stroke design has the highest SFC of 0.375 kilograms

per kilowatt-hour. Between these bookend values, the diesel two-stroke and gasoline

four-stroke engines have estimated SFCs of 0.225 and 0.25 kilograms per kilowatt-

hour, respectively. With the exception of the gasoline two-stroke engine, these values

are substantially lower than the high-end turboshaft data until the takeoff power

ratings exceed approximately 1,500 kilowatts, at which point the gas turbine efficiency

approaches the gasoline four-stroke engines. Thus, in direct implementation, the

gasoline two-stroke configuration does not appear to have a distinct advantage over

gas turbines, while the remaining piston engine designs are competitive up to high

takeoff power ratings.

Furthermore, as the engines must operate over a range of power outputs, the

gasoline and diesel four-stroke engines' part-load SFC were estimated using data

acquired on two turbocharged example aircraft engines, chosen due to their high

performance capabilities [63, 971. Figure 3-14 provides the results, where the engine's

fractional SFC, normalized to the takeoff power rating, are the vertical axes, the

horizontal axis corresponds to the engine's load as a fraction of the takeoff power,

and the resulting trends are included for reference.

Both engine's experience initial declines in their SFC, falling to approximately

94% and 92% for the diesel and gasoline engines, respectively. However, as the diesel

data extends further into part-load operation, the SFC rebounds to a higher level,

displaying a minimum SFC that exists around 60% of the rated takeoff power. For

the gasoline engine, this trend is not immediately clear from the data, as the engine's
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Figure 3-13: The piston engine SFC trends were plotted with the high-end gas turbine
engines to illustrate the difference in their performance.

SFC was only provided at a minimum power fraction of roughly 60%. However, based

on the trend fit, as well as additional gasoline aircraft engine data, a similar rebound

in SFC is predicted [65]. This trend of reduced SFC at part-load is counter to the gas

turbine's characteristics, where the engine's efficiency rises with falling power output

(see Section 2.3). As aircraft operate at part-load through most of their flight (see

Chapter 5), this provides the piston engines with a significant advantage.

Due to limited available data, these trends were assumed to also represent two-

stroke engine operation. As these engines are often restricted by breathing, the lower

loads (i.e. engine speed, or airflow rate) would likely provide a substantial benefit

to the two-stroke configurations, and thus these trends were justified as appropriate

approximations [14]. Additionally, it is important to note that the gasoline trend

is based on a turbocharged engine; naturally aspirated gasoline engines suffer from

poor part-load efficiencies due to the required throttling of the intake air [14]. As

this analysis is investigating high-performance engines with boosting systems, the

part-load efficiency trend provided in Figure 3-14 is an accurate description.
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3.3.2 Engine Mass

While the piston engines possess advantages in operational efficiency, their masses

are the main limiting factor to their implementation in rotorcraft applications. To

characterize this feature, example aircraft piston engine data was acquired through

various manufacturer documentation, certifications from government agencies, and

multiple commercial databases, providing trends in engine mass versus power output

for the four-stroke gasoline, four-stroke diesel, and two-stroke diesel engines. Due to

limited available data, trends could not be determined for two-stroke gasoline engines,

and, hence, the trends for these engines were determined through modeling, which

is described in Chapter 4. Figure 3-15 illustrates the resulting relationships, where

the vertical axis corresponds to engine mass, the horizontal axis is the rated takeoff

power, and the resulting trends are included for reference.

The data was used to determine correlations of dry mass to takeoff power6 ,

mgasoline four-stroke, dry = 0.531 * Pengine + 55.6, (3.7)

mdiesel four-stroke, dry : 1.21 * Pengine, (3-8)

mdiesel two-stroke, dry = 0.809 * Pengine + 13.0, (3.9)

where mengine is the identified engine configuration's dry mass in kilograms and Pengine

represents the engine's takeoff power in kilowatts. Each engine design experiences a

different trend in mass versus power output, as indicated by the differences in the

correlations. Here, the slope of the line is related to the inverse of the engine's specific

power; a low slope indicates the engine's mass modestly increases at higher power

ratings, resulting in a high specific power, while larger slopes correspond to higher

engine masses and lower specific powers. Thus, as expected and verified by these

trends, the gasoline four-stroke engines have the highest piston engine specific powers

(i.e. the lowest slope), followed by the diesel two-stroke and four-stroke engines, in

6 Due to the diesel four-stroke engine data's best fit curve resulting in a negative y-intercept, the

trend provided by Equation 3.8 was artificially constrained to pass through the origin to ensure that

negative engine masses could not be predicted.

70



1,000

900

800

700

.~600

500

400

300

200

100

0

0 200 400 600 800 1,000
Takeoff Power [kW]

(b) Diesel four-stroke trend

0 100 200 300 400 500

Takeoff Power [kW]

(c) Diesel two-stroke trend

Dry Mass [kg] = O.S31*Power [kWI+ 55.6 Rolls-Royce Griffon 65

Rolls-Royce Merlin 61

Daimler-Benz DB 600 -
TRACE OE600A Anerican Eagle 540

Hamilton Standard Ught Power Engine
-FV2400-2TC Corp. KVG-600

- Teledyne Continental TSIOL-550-A

-Lft"Ibach L2400 13X1

RoW, 91215

0 200 400 600 800 1,000 1,200 1,400 1,600 1,8
Takeoff Power [kW]

(a) Gasoline four-stroke trend

Dry MaSS [kg] = 1.21*Power kW] CRM 1SD/SS

-Napier Culverin Charomskiy ACh-30B

Continental CD-310

Technffy

C enturion 4.0

VM Motori TPI VU Motori TP1 1308HF
-1304HF

-VMV MotorI TPJ 1306HF
Crntnental CD-155

1,200 1,400 1,600

600 700 800

Figure 3-15: The identified piston engines were graphed to illustrate the mass vs.
takeoff power trends for gasoline four-stroke, diesel four-stroke, and diesel two-stroke
engines [11, 13, 61, 62, 63, 64, 65, 66, 93, 94, 95, 96].

71

0

1,800

1,600

1,400

1,200

S1,000)

800

600

400

200

0

700

600

500

400

300

200

100

0

Ql

Dry Mass [kg]= OJ.gPower jkW] + 13.0 Junkers Jurno 207 -

- Junkers Jumno 2050 -

WAksch Airmotive
WAM167-BB

DeltHawk DIAH K In-Tech tenational

lade Air
Gemini 10D

- Novikov (RKBM) DN-200



that order. However, as identified in Section 3.3.1, the trends in efficiency exhibit the

opposite relationship, where the diesel four-stroke engines achieve the lowest SFC, and

the gasoline four-stroke engine has the highest SFC of these designs. Based on these

counteracting trends, the three engines provide separate design points with varying

degrees of emphasis on efficiency and mass.

Furthermore, in addition to the dry mass, the engine coolant fluid and oil con-

tribute to the system mass and must be accounted for when comparing these designs

with gas turbines. As all of the configurations considered in this study are liquid-

cooled, a database was created to evaluate the coolant volume and rated power output

for a set of liquid-cooled piston engines, comprised mainly of automobile engines due

to the limited availability of coolant data for aviation piston engines. Additionally, a

similar trend between an engine's oil volume and rated power output was compiled

using manufacturer data for the example aircraft engines that are identified in Section

4.3. These values are provided in Figure 3-16, which compares each selected engine's

power output on the horizontal axes to the system's coolant fluid (3-16a) or oil vol-

ume (3-16b) on the vertical axes, with the data sets' characteristic trends included

for reference.

Fits of this data were developed to estimate a piston engine configuration's fluid

masses based on its power output 7 ,

mcoolant = 0.503(Pengine0 .55 2 ) * 1.076, (3.10)

inoi = 0.0528(Pengine0 .895 ) * 0.875, (3.11)

where mcolant and m, 1 are the coolant and oil masses in kilograms and Pengine is

the engine's rated power output in kilowatts. Additionally, as the data provided

in Figure 3-16 corresponds to the fluid volumes, the fits were modified to correlate

7The coolant and oil calculations were kept constant for two- and four-stroke engine models.
While two-stroke engines generally require more oil and coolant, due to the increase in power cycles
and port valves requiring oil to be mixed with the fuel, the engines are also assumed to be in smaller
configurations, because their power density is significantly higher. As these factors counteract one
another and arise from complex relationships, this analysis assumed equal coolant and oil calculations
for both engine designs.
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the fluid masses by multiplying the volume trends by the average densities of the

example aircraft engines' coolant and oil. Using the fluids that are specified by the

manufacturers, the coolant and oil densities were calculated to be 1.076 kilograms

per liter and 0.876 kilograms per liter, respectively [60, 62, 65, 66, 67, 701. These

equations, combined with either Equation 3.7, 3.8, or 3.9 (for gasoline four-stroke,

diesel four-stroke, or diesel two-stroke engines, respectively), provide an estimation

for an engine configuration's wet mass given its power output,

mengine, wet - Mengine, dry + mcoolant + moil. (3.12)

To compare these trends with gas turbines, each piston engine's specific power

was estimated using Equation 3.12, with the dry mass calculated by the equation

corresponding to the particular engine type. Figure 3-17 provides this result, with

the specific power on the vertical axis, the takeoff power on the horizontal axis, and

the high-end gas turbine data included for context. As shown in this plot, the high

power turboshaft engines have significantly higher specific powers compared to that

of the piston engines. Thus, at high power classes, the large piston engine masses put

these configurations at a significant disadvantage with respect to the gas turbine.

3.4 Performance Limitations

Similar to gas turbines, piston engine performance in limited by multiple factors,

which differ between design categories. These restrictions reflect the challenges of

improving a piston engine's feasibility for rotorcraft applications, due to their impacts

on the performance trends provided in Section 3.3.

Mixing Time

To facilitate combustion, proper mixing between the fuel and fresh air is required for

both gasoline and diesel engines. For the former, this is not a major limiting factor,

as the premixing of the gasoline and fuel prior to combustion, injection techniques
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the difference in their performance.

discussed in Section 3.1.1, and advanced cylinder head, piston, and port designs ensure

proper mixing for a wide range of high-performance operation (i.e. high engine speeds,

high air mass flow rates) [141.

However, for diesel engines, this mixing is extremely influential on the engine's

performance. As outlined in Section 3.1.2, the diesel engine's combustion process

requires a diffusion flame, where the air and fuel must mix and burn in the same

space. The timescale of this process is a limiting factor for diesel engine speeds (in

small to medium-sized applications), which directly limits their power output and

specific power. Despite being improved by common techniques that increase the

charge's turbulence and mixing, this factor is a major limitation to diesel engine

performance [141.
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Engine Architecture

Both diesel and gasoline engines produce power through reaching high cylinder pres-

sures (and the corresponding temperatures), caused by the combustion of their fuel.

These adverse conditions require the engines to be designed with sufficient structural

integrity, which results in the their heavy masses 114]. This coupling necessitates

a balance in engine design; higher cylinder pressures will improve the engine's per-

formance at the expense of a heavier design, which counteracts the improvement in

specific power gained from this added performance. The use of ignition delay, de-

scribed in Section 3.2, helps limit the cylinder's peak pressure, but at the expense of

poor efficiency.

Furthermore, the size of an engine's pistons and cylinders can limit the attainable

operational speeds. For diesel engines, this effect is less pronounced, as the engine

must operate at moderate speeds to facilitate proper mixing (as discussed in the

previous section). Alternatively, large gasoline engines become restricted by their

piston sizes, due to the large forces cause by heavy reciprocating components. This

causes the engines to operate at slower speeds, which directly limits the configuration's

specific power [141.

Knock Tendencies

Finally, for gasoline engines, knock is a major limitation to their performance capa-

bilities. As described in Section 3.1.1, knock is the spontaneous combustion of fuel

that occurs ahead of the cylinder's induced flame front, causing detrimental pressure

rises that can destroy an engine. An engine's knock tendency grows directly with its

cylinder pressures and temperatures (as seen in Section 4.2), which directly limits the

performance of the engine.

3.5 Piston Engine Niche

Based on the performance trends and limitations identified in the previous sections,

piston engines are best suited in applications that minimize the impact of the engine's
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weight while maximizing its efficiency advantage. As rotorcraft require high specific

powers in addition to adequate efficiencies, the piston engine's heavy architecture is

the major limiting parameter than must be overcome to exceed the performance of

gas turbines. Thus, the range of potential airframe sizes was restricted to a maximum

of 5,500 kilograms with power requirements less than 1,000 kilowatts per engine. In

this spectrum, the efficiencies of piston engines are substantially higher than that of

gas turbines (see Section 3.3.1), while the specific powers are anticipated to remain

competitive, although much lower (see Section 3.3.2). Before evaluating these stan-

dard engine configurations, alternative designs were investigated for improving the

performance of pistons engines, as described in Section 3.6.

3.6 Performance Improvement Investigations

Based on the performance trends and limitations described in Sections 3.3 and 3.4,

this analysis sought alternative configurations to leverage the piston engine's ad-

vantage of high efficiency and reduce its disadvantage of low specific power. After

literature review, two additional engine designs were identified as having the potential

to significantly improve the piston engine's performance, which are outlined in the

following sections.

3.6.1 Two/Four-Stroke Engine

The first identified alternative configuration was the two/four-stroke engine, a con-

cept that was initially conceived to improve the performance of passenger vehicles by

leveraging the high specific power of the two-stroke cycle with the efficiency advantage

of four-stroke operation [37]. For rotorcraft applications, the engine would use two-

stroke operation during takeoff and climb when extra power is required. Then, once

the airframe reaches cruising altitude, the engine would switch to four-stroke opera-

tion, leveraging the improved efficiency to increase the airframe's range. By improving

the engine's specific power while maintaining a high efficiency, the two/four-stroke

configuration could substantially improve the piston engine's capabilities.
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In this platform, direct injection is required to ensure adequate efficiency during

two-stroke operation, as other fuel introduction methods result in fuel being lost

in the short-circuiting of the flow path through the cylinder [141. Furthermore, to

enable switching between the two operation modes, the valve and spark timing must

be varied rapidly over a wide range of values. While the spark is easily changed

through the engine's spark plug, the valve timing is not readily variable in standard

valve-train configurations. This can be overcome by using alternative designs for

actuating the poppet valves, or through different valve configurations. For changing

poppet valve configurations sufficiently to run both two and four-stroke operation,

variable valve actuation (VVA) is required, including cam switching, variable cam

phasing, electromechanical, hydraulic/electro-hydraulic, and electromagnetic designs

[42, 43, 44, 45, 46, 47]. To varying degrees, these technologies have been utilized in

applications and are viable options to enable the two/four-stroke engine's operation.

However, assuming that the VVA technologies are able to successfully switch the

engine between two and four-stroke operation, the poppet valves present a consider-

able limit to the performance of this engine platform, as two-stroke engines greatly

prefer port valves to enhance their operation (see Section 3.2.3). By limiting the en-

gine design to poppet valves, the power advantage of two-stroke operation is partially

mitigated due to the restriction of the engine's breathing [37, 38, 39]. Alternatively,

this analysis considered the use of port intake valves with the capability of switching

their timing (i.e. sleeve vales) in a similar fashion to the identified VVA technology.

This technology has previously been implemented in aviation piston engines and, in

addition to the previously discussed improvement to the intake airflow, allows the

engine to increase the size of its exhaust valves, which further improves the engine's

breathing and performance [48, 491. This analysis evaluated both poppet and port

intake valve configurations, with Section 4.4 describing the results of modeling each

configuration, and the overall performance of the two/four-stroke switching engine.

Based on these simulations, the capabilities of the configuration were compared with

baseline engines to determine the feasibility of the alternative design.
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3.6.2 Dual-Fuel: Ethanol-Gasoline

The second alternative engine configuration considered in this report was the ethanol-

gasoline design, which uses both ethanol and gasoline as fuel sources. In this architec-

ture, the engine leverages the ethanol to improve the engine's performance through

both an increased octane number and significant charge cooling, as discussed in the

following sections.

Octane Effect

Ethanol has a substantially higher octane rating than standard gasoline, which al-

lows the engine to operate at higher pressures and temperatures before experiencing

knock. This characteristic was evaluated in an investigation conducted by Kasseris

and Heywood, where a research engine was tested using fuels with varying amounts

of ethanol while measuring the onset of knock. The results were correlated with a

gasoline knock prediction integral to provide an estimation for each ethanol blend's

"effective" RON that can be used with traditional gasoline knock prediction methods,

which was required during the modeling described in Chapter 4 [41].

Figure 3-18 plots the results of this analysis, where the effective octane number

is the vertical axis and the volumetric content of ethanol in the fuel corresponds to

the horizontal axis. The ethanol blends provide significantly higher RONs, reaching

a maximum of approximately 115 at blends near 50% ethanol. This higher octane

rating provides the engine with higher knock resistance, which enables substantial

improvements to engine performance.

Cooling Effect

The second benefit of ethanol fuel is the increased charge cooling effect of the fluid.

When introduced through direct injection, an engine's fuel vaporizes within the cylin-

der charge, which consumes energy and lowers the temperature of the surrounding

gas. This lower temperature increases the density of the cylinder charge during each

cycle (when injection occurs with the intake valve open, which is a common practice),
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Figure 3-18: A research engine was tested with fuel using varying amount of ethanol,
while measuring the onset of knock. The results were correlated with a gasoline
knock prediction integral to provide an estimation of each ethanol blend's effective
RON [41].

in addition to lowering the knock tendency of the charge [14, 40]. While gasoline also

provides this benefit, ethanol has a significantly higher heat of vaporization, resulting

in lower cylinder temperatures and more substantial advantages.

Figure 3-19 illustrates this effect, where a characteristic engine's intake conditions

were used to compare the effect of injecting varying concentrations of ethanol with

gasoline. Here, the vertical axis is the maximum potential change in cylinder charge

temperature after all fuel has been injected, while the horizontal axis corresponds

to the fuel's volumetric ethanol content. From the steep rise in temperature change

that occurs with increasing ethanol content, the results verify that ethanol provides

a substantial improvement in charge cooling (and thus density) over that of standard

gasoline. This benefit, as well as the RON trend described in Section 3.6.2, was

built into the modeling described in Chapter 4, which evaluated this configuration's

capabilities. Based on these results, the ethanol-gasoline engine was compared with

the standard designs to determine the feasibility of the concept's implementation in

rotorcraft applications.
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Figure 3-19: The charge cooling associated with the heat of vaporization of an engine's
fuel is drastically increased when using blends of ethanol [40].
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Chapter 4

Engine Performance Modeling

Thus far, the baseline piston engine performance characteristics and potential avenues

for their improvement have been outlined in Chapter 3. However, to conduct an ac-

curate comparison between the gas turbines and alternative configurations, the latter

designs' performances must be modeled to identify their realistic capabilities in both

the standard and adverse conditions that are prevalent in rotorcraft applications. To

accomplish this goal, the commercial software GT-POWER was utilized for modeling

the promising engine configurations. The following sections will outline the software's

essential design parameters and will discuss the setup and results of modeling a set of

modern aviation engines, a baseline engine configuration, and the alternative design

avenues.

4.1 Simulation Design Parameters

GT-POWER is an industry standard engine simulation software that enables sophis-

ticated modeling of engine performance capabilities, including power output, airflow

rate, and fuel consumption [50]. The program was used to model the various engine

configurations that this analysis identified as promising, resulting in a more accurate

understanding of their capabilities and feasibility in rotorcraft applications. Figure

4-1 illustrates a representative simulation architecture, where ambient air enters the

system on the left side of the model, passes through a single-stage supercharger and
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Figure 4-1: This representative GT-POWER model is a four-stroke supercharged
gasoline engine using poppet valves and direct injection.

intercooler, flows through the four cylinders, and exits the model on the bottom right.

Each model was constructed by altering the example engine configurations that

are provided in the GT-POWER software package, which are predominately four-

cylinder engines and include features such as two- and four-stroke operation, SI and

CI cycles, and naturally aspirated, turbocharged, and supercharged intake systems.

As the designs were based on automotive applications, the engine sizes are signifi-

cantly smaller than most rotorcraft piston engines (see Section 3.3). However, many

component parameters were directly implemented in subsequent models, while the re-

mainder were sized to accommodate the changes in engine architecture. The following

sections discuss these important engine components, including their parameters and

effects on engine performance.
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Ambient Conditions

As mentioned in Section 1.3, rotorcraft must be capable of operating in low pressure

and high temperature environments, which hinders the performance of their engines.

To attain an approximation of this effect on piston engines, each configuration was

modeled as operating in both standard sea level (1 bar, 298 K) and hot and high con-

ditions (0.875 bar, 315.2 K). The difference in performance between the two operating

conditions provided an estimate of the configuration's hot and high derating.

Engine Piping and Manifolds

An engine's ducting, consisting of the piping that connects each component and

the intake and exhaust manifolds, facilitates the flow of intake and exhaust gases

throughout the system. In GT-POWER, each section of ducting is specified by its

geometry (length, diameters, and/or volume), thermal attributes, and pressure drop

characteristics. For all engine models, the thermal traits were based on the example

configuration's parameters, which include a basic heat transfer correlation, initial

wall temperature, and transient wall temperature solver. Furthermore, the pressure

drop characteristics were maintained as being calculated based on the ducting and

surrounding component diameters and lengths. Thus, the geometry was the only

direct change to the example engine ducting parameters.

In altering the geometry, the modeling scaled the piping and manifold sizes ac-

cording to the engine's operation; if higher airflow rates were required, the component

diameters would be increased to mitigate their pressure drops and improve the en-

gine's breathing. Additionally, the piping length can be adjusted to minimize these

pressure drops, but this flexibility is limited by feasible geometric constraints within

the engine architecture (i.e. connections between components cannot be reduced to

negligible lengths). Lastly, the manifold volumes were increased if higher airflow rates

required more stable conditions for the intake air entering the cylinders (intake man-

ifold) or the exhaust air upstream from the turbocharger turbine (exhaust manifold).
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Boosting Systems

The majority of the engine models contained either a supercharger or turbocharger

configuration to boost their intake air pressure (and density). Each of these boosted

configurations implemented a compressor that utilized the baseline performance maps

provided in GT-POWER, which related the compressor's speed, mass flow rate (cor-

rected for temperature and pressure), pressure ratio, efficiency, and power consump-

tion. For superchargers, the gearing ratio that couples the engine's crankshaft to

the compressor's input shaft controls the relationship between the rotational speeds

of these components. Based on the compressor's performance map and the engine

speed, this gearing ratio heavily influences the performance of the compressor and

thus the entire system. In models that implemented supercharging, this ratio was

varied to achieve desirable engine conditions, with an imposed maximum allowable

compressor pressure ratio of 2.5. This was chosen as a conservative limit to ensure

reliable performance and is consistent with various industry models [51, 52, 53, 54].

As the modeling pushed the compressors into regions that fell outside of their

baseline maps, device "multipliers' were used to increase the map ranges by a mul-

tiplication factor. In particular, the mass flow rate and efficiency parameters were

adjusted to accurately model compressors that are designed for higher flow rate ap-

plications. While the mass flow rate was not capped at a maximum value, the ef-

ficiency was aimed to be approximately 70%, which is a reasonable upper-value for

these compressors. As it was anticipated that altering these multipliers may affect

GT-POWER's compressor power consumption prediction, an external analysis was

conducted on the supercharger to calculate this power, which is described in Ap-

pendix C, and was accounted for in the results of each simulation. Furthermore, both

boosting systems utilize a predictive intercooler based on the example GT-POWER

engine designs, which adjusts the intake air's outlet temperature based on the mass

flow rate and the component's heat transfer effectiveness data. These intercoolers

were placed after each compression stage for every engine model.

Finally, for the turbocharging systems, the exhaust turbine performance map
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was also inherited from a baseline GT-POWER engine, relating its speed, mass flow

rate, pressure ratio, and efficiency. The turbine's operation, given constant exhaust

conditions, was controlled via a waste gate, which is a feature that allows the exhaust

flow to bypass the turbine to reduce its power output and rotational speed. Given

that the turbine is directly coupled to the compressor, the adjustable waste gate

enables control over the compressor's speed and operation (i.e. amount of boost),

which dictates the engine's performance.

Intake and Exhaust Valves

The engine's initial intake and exhaust valve characteristics were based on the GT-

POWER example engines, including their diameters, lift profiles (i.e. how far the

valve head is displaced into the cylinder), discharge coefficients (the actual mass flow

rate divided by the ideal rate), and timing. For large cylinder volumes, the lift profiles

were slightly increased (i.e. less than 20%) to enable the higher flow rates that were

required. Additionally, the valve diameters were scaled according to the changes in

the cylinder geometry; the poppet valve areas were increased proportionally with the

larger bore sizes, while the port valve areas were scaled proportionally with the in-

crease in cylinder surface area (influenced by both the bore and stroke). Furthermore,

by removing the intake poppet valves, the port intake valve configurations enabled

significantly larger exhaust valves due to the increase in available space, with the

maximum diameters restricted by the geometric constraints of the cylinder bore.

For the poppet valves, the discharge coefficient data maps were used to relate this

coefficient to the ratio of the valve's lift divided by its diameter. In simulations where

the engine geometry exceeded the range provided in the example engine models, the

map was extended to accommodate the larger ratio by maintaining the baseline trend

in the line slope (see Figure 4-2). Finally, each engine model's valve timing was varied

throughout the operation ranges to facilitate proper airflow and achieve the desired

performance.
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Figure 4-2: The GT-POWER discharge coefficient data was extended to reach oper-
ating conditions that exceeded the original range by maintaining the data trend of
decreasing slope with increasing values.

Fuel Type and Injection

All engine simulations used direct injection of their fuel, with the injection timing

and rate held relatively constant based on the example engine parameters. The

amount of fuel injected per cycle was specified by the engine's air-fuel ratio, which

was adjusted to accommodate the engine's performance requirements (i.e. to increase

power or reduce knock tendencies). For the ethanol modeling, the analysis used E85,

which is defined as containing 85% ethanol by volume. This mixture was chosen

due to wide availability, extensive literature data, and the diminishing performance

advantage gained with increasing ethanol volume at this level of concentration (see

Section 3.6.2) [28, 40, 41].

Unless otherwise noted, the gasoline engine models used Avgas 100 (known as

aviation gasoline) for their fuel, which has combustion characteristics similar to stan-

dard gasoline and a minimum motor octane number (MON) of approximately 100
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[24]. Despite this minimum MON being a specified parameter, Avgas does not have

a rated research octane number (RON), due to the aviation fuel testing procedures

differing from the standard automobile techniques [55]. However, as discussed in Sec-

tion 4.2, the GT-POWER simulations require the fuel's RON to accurately predict

the engine's knock characteristics. To estimate this value, a set of high-performance

gasoline octane numbers was used to correlate Avgas's MON and RON, with this anal-

ysis provided in Appendix B. Based on this result, the simulations were conducted

using an Avgas RON of 110.

Cylinders and Combustion

As part of GT-POWER, models for heat transfer, friction, and the scavenging pro-

cesses are provided. In this work, these models (based on geometry and operating

conditions) were used to calculate the impact of these processes on the engine per-

formance.

The burn duration for each engine's operating point was first estimated using

correlations that were developed by extrapolating the burn rates measured in an

experimental setup operating with both gasoline and E85. These trends were fitted

as a function of the engine speed and manifold pressure,

CAo-90 , gasoline= 24.84 + 0.002767 * EngineSpeed - 8.058 * MAP, (4.1)

CA10-90, E85= 22.75 + 0.0033155 * EngineSpeed - 7.057 * MAP, (4.2)

where CA1 o-go represents the number of crank angle degrees that pass between 10%

and 90% of the fuel burning, engine speed is specified in rpm, and MAP (the engine

manifold absolute pressure) is measured in bar [28]. Once these values were calculated,

final burn durations were scaled using the engine configuration's bore dimension,

This method for approximating the burn duration is not complete, as other factors will influ-
ence the time of combustion, such as the cylinder temperature, pressure, and the air/fuel ratio.
Additionally, the modeling conducted in this report exceeded the verified range that was tested
in referenced paper, creating uncertainty in the prediction validity [28]. However, this approach
provides a reasonable estimation for the purposes of this analysis.
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CA10 -90, f = CA 10.90, i * ( ) (4.3)
86

where B is the cylinder bore in millimeters, and 86 is the bore size (in millimeters) for

the engine that was used to derive this correlation [28]. The adjustment accounts for

the difference in the flame propagation distance (and thus the overall burn duration),

due to the differences in the engine bores (i.e. cylinder diameters).

Furthermore, the spark timing was varied in each simulation based on the operat-

ing conditions and the model's purpose; for current engines configurations, the spark

timing was based on available manufacture data, while, for the alternative engine

designs, the timing was varied to maximize engine performance. In all models, it

was assumed that approximately 100% of the injected fuel was combusted to provide

an upper limit on the engines' performance. Finally, cylinder characteristics such

as engine speed, cycle mode (two- vs four-stroke), and geometry (i.e. bore, stroke,

compression ratio) were specified based on the model's purpose, such as simulating

an existing engine's operation or estimating the performance of a new design. The

essential outputs of each model (i.e. peak pressure, power output, etc) are described

in the following section.

4.2 Modeling Outputs

After conducting simulations on an engine platform, GT-POWER produces a wide

range of performance data that describes the engine's operation characteristics, as

well as the interaction of individual components with the intake and exhaust gases.

Specifically, as the basic goal of the GT-POWER modeling was to provide upper limits

on the capabilities of the various engine configurations, the predicted engine power

was the most essential output for these simulations. While an engine's efficiency is

crucial to its performance in rotorcraft applications, the factors that influence this

parameter (i.e. in-cylinder mixing, crevices, and incomplete combustion) were not

the target of this investigation, and thus GT-POWER was not used for predicting

efficiency.
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In addition to the performance (power output) capabilities, an engine's cylinder

conditions are instrumental in evaluating the feasibility of the engine design. Specifi-

cally, as discussed in Section 3.4, gasoline engines are limited by their peak pressures

and fuel knock tendencies, with the former dictating the engine structure's mass

and the latter predicting if the engine can operate safely. While the cylinder's peak

pressure is readily available in GT-POWER, knock tendency was measured through a

customized technique to ensure sufficient prediction capabilities. This method, known

as the Livengood-Wu integral, is based on an empirically derived induction time cor-

relation that is integrated over a portion of the engine cycle to determine if knocking

will occur,

t, dt 
(4.4)

t=0 T

where T is the induction time, t = 0 is the time when the intake valve closes, and tf

is time at which one of two ending conditions are reached [14, 56]. First, the integral

can reach unity during the cycle, at which point Equation 4.4 predicts the engine will

experience knock. Second, the integral is terminated if less than 10% of the total

fuel mass remains unburned, as this amount of fuel is assumed to be too dispersed

for significant knock to occur [57]. The most widely recognized correlation for the

induction time was implemented with Equation 4.4,

(ON 3.402 _ 3800)
S=17.68 y 0) p- 7 exp ( ,) (4.5)

(100 (T

where ON is the fuel's road octane number (RON), and p and T are the instantaneous

cylinder pressure and temperature in atmospheres and kelvin, respectively [14, 58].

These equations were built into GT-POWER to ensure adequate prediction of each

engine configuration's knock. While Equation 4.4 predicts knock when reaching unity,

the models' maximum allowable integral values were limited to lower values to ensure

stable operation, with this imposed restriction defined in the following sections.
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4.3 Example Aircraft Engines

Prior to simulating the alternative design configurations proposed in Section 3.6,

further understanding of piston engine performance was gathered by modeling six

aviation engines using manufacturer and certification data, as seen in Table 4.1 with

additional parameters provided in Appendix A.1. Specifically, a baseline knock in-

tegral value was desired to ensure that the two/four-stroke and ethanol-gasoline en-

gines were simulated with a realistic buffer before knocking would occur. By using

the method provided in Section 4.2, the final knock integral values were modeled for

each example engine, with the results displayed in Table 4.1.

These engines provided a wide spread of knock integral values, ranging from 0.60

for the Continental TSIOL-550-A up to 0.96 for the TRACE OE600A. From reviewing

the simulation data, the Continental knock integral result was deemed to be an outlier,

due to the value being significantly lower than the next closest ending knock integral.

Thus, after discarding this data point, the example engine modeling resulted in a

median knock integral of 0.92, which was used as the target integral value for all of

the subsequent testing. This value provides an engine with sufficient knocking cushion

from adverse conditions and operational variance, while not being so low as to hinder

the potential performance of the simulated engine models.
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Table 4.1: The example aircraft engine data and modeling results [11, 60, 61, 62, 63,
64, 65, 66, 67, 68, 69, 701

Hamilton Teledyne

Engine Standard Limbach Rotax RotorWay Continental TRACE

Parameters FV4000- L2400 DX 912iS RI-162F TSIOL-550- OE600A

2TC A

Rated power (kW) 268.5 118.0 73.5 111.9 261 447

Wet mass (kg) 253.7a 92.3 68.3 99.1 220.7a 365.3a

Specific Power
1.06 1.28 1.08 1.13 1.18 1.22

(kW/kg)

SFCh (kg/kW/hr) 0.305 0.255 0.278 0.256 0.304 0.268

Knock integral 0.82 0.94 0.92 0.73 0.60 0.96

a These engines' coolant masses were estimated using trend data compiled from the other example

aviation piston engines, as seen in Section 3.3.2.

b The SFC is measured when operating at the rated power output.

4.4 Two/Four-Stroke Engine Simulation

4.4.1 Modeling Parameters

As described in Section 3.6.1, the two/four-stroke switching engine harnesses the

specific power advantage of two-stroke operation while leveraging the efficiency of a

four-stroke engine. To determine this engine configuration's capabilities, the tech-

nology was modeled by separately implementing the two operation modes in a core

engine platform, which is outlined in Table 4.2. As discussed in Section 3.4, designing

an engine's cylinder geometry is a complex task that must consider multiple factors

aside from the performance requirements. Since this exercise falls out of the scope

of this analysis, the two/four-stroke platform's bore, stroke, maximum engine speed,

and compression ratio were chosen to emulate the standard aviation piston engine

designs described in Section 4.3.
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Table 4.2: The two/four-stroke engine architecture.

Initially, the two/four-stroke platform incorporated turbocharging to leverage the

inherent efficiency benefit. However, when operating in two-stroke mode, the tur-

bocharger's turbine created substantial back pressure in the exhaust path, which

severely limited the engine's breathing and performance. Thus, to improve the two-

stroke operation, the modeling switched to supercharging. With regards to the valve

configuration, the modeling first utilized poppet intake and exhaust valves, due to

their widespread adoption and simplistic implementation. However, through itera-

tions of design, it was determined that this configuration would not fully leverage

the engine's capabilities. Despite previous investigations using poppet intake valves,

this modeled engine size is significantly larger than a standard automotive engine's

architecture, thus resulting in the configuration's performance being restricted by

breathing [37, 38, 39]. Due to this restriction, the final configuration implemented

port intake valves with poppet exhaust valves.

In addition to calculating the potential power output of these models, the anal-
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Bore 100 mm

Stroke 86.07 mm

Number of cylindersa 4

Compression ratio 8.5:1

Maximum engine speed 4,400 rpm

Boosting system Supercharged

Fuel grade Avgas 100

Valve configuration Port intake, poppet exhaust valves



ysis required an approximation of the engine's mass to optimize the two/four-stroke

engine's specific power, given that this parameter is the design's crucial advantage

over standard piston engines. To accomplish this goal, the engine takeoff power vs.

mass trend provided in Section 3.3 was used to estimate the platform's mass. How-

ever, this trend was populated using conventional piston engine data, and thus the

performance of this two/four-stroke switching engine would not provide an accurate

result. Therefore, the core engine platform outlined in Table 4.2 was modified to

accommodate conventional operation by using poppet intake valves.

With this new configuration, a third simulation was conducted to determine the

performance of the conventional design. First, the simulated power output provided

an estimation of the engine platform mass by using Equations 3.7, 3.10, and 3.11.

Then, due to two-stroke operation creating a higher demand on the boosting system

from the greater air mass flow rate, the change in mass between the standard and

two-stroke configurations' boosting systems was estimated and added to the initial

platform mass, as outlined in Appendix C. The final two/four-stroke engine mass

prediction, along with the configuration's power output, enabled the two-stroke GT-

POWER model to be tuned for maximum specific power, providing the optimum

performance capability for rotorcraft applications.

Finally, for all three simulations, the compressor characteristics (i.e. the gear ra-

tios and the mass flow rate and efficiency multipliers) were initially sized to maximize

engine performance at standard ambient conditions. Afterwards, these parameters

were used as fixed values for modeling engine performance in hot and high condi-

tions, while the remaining unfixed variables (i.e. spark and valve timing) were used

to optimize the engine's power output. The difference in power provided an initial es-

timate for the hot and high effect on piston engines, which is an essential consideration

for rotorcraft applications.

4.4.2 Simulation Restrictions

Using the common platform provided in Table 4.2, the two and four-stroke models

were optimized to maximize their specific power and net power output, respectively,
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while being limited by the maximum allowable ending knock value and peak cylinder

pressure. As discussed in Section 4.3, 0.92 was chosen to be the maximum ending

knock integral value, as this provides a cushion before detrimental knock would occur

in adverse operating conditions and is consistent with the aviation piston engine

modeling results.

Furthermore, the maximum allowable cylinder pressure was selected by consid-

ering the balancing of improving an engine's performance through attaining higher

pressures with the associated increase in the engine's mass. Based on literature re-

view, the peak pressure was capped at 120 bar. This is an attainable value for high

performance gasoline engines, provides high performance capabilities to illustrate an

upper limit on the engine's performance, and is not sufficiently high to cause the en-

gine structure to approaches diesel engine designs, which would result in significantly

heavier architectures [30, 78, 791

4.4.3 Modeling Results

The variable parameters identified in Section 4.1 were used to tune and optimize each

engine configuration, resulting in the engine performance and operational parameters

provided in Table 4.3 and Appendix A, respectively. The two-stroke configuration

drastically outperformed both four-stroke models, achieving a power output (and

power density) that was 33% and 42% higher than that of the four-stroke port and

standard configurations, respectively. This improvement in power output was ob-

tained at the expense of added mass, with the configuration resulting in an estimated

engine mass of 219 kilograms, compared to 202 kilograms for the standard four-stroke

model. Accounting for this difference, the two-stroke platform still achieved a signifi-

cant performance advantage, with a 36% increase in specific power over the traditional

four-stroke platform.
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Table 4.3: The two/four-stroke engine modeling results

Engine Performance Two-Stroke, Four-Stroke, Four-Stroke,

Parameter Port Valve Model Port Valve Model Standard Model

Net power outputa (kW) 344 259 243

Estimated wet massb (kg) 210 210c 203

Specific power (kW/kg) 1.64 1.23c 1.20

Power density (kW/L) 127 96 90

Hot and high power loss -19% -16% -12%

a This power output accounts for the supercharger's power consumption.

b The engine masses were estimated using the power vs mass trends located in Section 3.3.2 and

adjusted based on supercharging and intercooler mass considerations, as seen in Appendix C.

C The four-stroke port valve modeling estimated the change in power when switching between the

two- and four-stroke operation modes. Thus, their engine masses were assumed to be equal.

d The hot and high power loss is the configuration's percent decrease in maximum available power

when the engine is operating in ambient air conditions of 315.2 K and 0.875 bar.

However, the performance of the two-stroke port valve and four-stroke poppet

valve models are not directly comparable, as the standard configuration is sized for

a smaller power application. To distill a direct comparison between the two config-

urations when designed for the same application, the engine mass vs. power rating

trend provided in Section 3.3 was used to estimate the mass of a standard engine

configuration sized to produce 344 kilowatts (the power produced by the two-stroke

model), resulting in an engine mass of 260 kilograms and a specific power of 1.32

kilowatts per kilogram. Thus, in this direct comparison, the two/four-stroke configu-

ration provides a 24% increase in specific power, less than the previously referenced

31% improvement, due to the standard configuration's specific power increasing with

higher power ratings. Through these results, it is evident that implementing the two-

stroke port valve configuration enables significant increases in performance, both over
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the four-stroke port valve operation mode and the conventional platform.

In addition to the significant performance improvements, consideration must be

given to the configuration's effect on engine efficiency and hot and high power loss.

As mentioned in Section 3.6.1, the major advantage of the two/four-stroke engine is

the ability to provide a rotorcraft with the power required for takeoff (and climb)

by operating in the two-stroke mode, and attain a high efficiency through the four-

stroke mode during the remainder of the flight to maximize range, all while operating

in a light engine architecture. These two features improve the airframe's range in

different manners; a high specific power enables the rotorcraft to carry more fuel due

to the lighter engine (which can still provide sufficient power), while high efficiencies

increase how far the helicopter can travel given a set amount of fuel. Despite the

importance of its efficiency, as stated in Section 4.2, the GT-POWER simulations

were not suitable for estimating the engine platform efficiency, and this report was

unable to conduct the optimization of specific power vs efficiency. Additionally, since

no efficiency modeling was completed, this analysis assumed that the two/four-stroke

engine's SFC in the two- and four-stroke modes were equal to the values provided in

Section 3.3 (0.25 and 0.375 kilograms per kilowatt-hour, respectively), as well as the

engine's part-load efficiency obeying the trends outlined in this same discussion.

Furthermore, as seen in Table 4.3, hot and high operation is detrimental for all

three configurations, resulting in an 19%, 16%, and 12% decrease in power output

for the two-stroke, four-stroke port valve, and four-stroke standard engine models,

respectively. This significant impact is partially caused by each engine using the

maximum amount of available boost in standard conditions, resulting in the boosting

system being unable to compensate for the adverse ambient temperature and pressure

reducing the air mass flow rate. In particular, the two-stroke model was substantially

derated in hot and high conditions due to the configuration's optimum performance

in standard temperatures and pressures occurring with minimum spark delay, as the

engine's knock tendency and peak pressures were sufficiently low. Thus, when operat-

ing in adverse ambient temperature and pressure, the engine cannot utilize its spark

timing to counteract the reduction in airflow. This hot and high derating significantly
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impacts the engine's sizing for rotorcraft applications, due to the helicopter's pow-

erplant being required to provide sufficient performance for a full flight profile when

operating in adverse ambient conditions, as discussed in Section 1.3.

However, if additional boost was available (i.e. dual-staged supercharging), this

performance degradation would be partially mitigated by the increase in airflow rate.

To analyze this scenario, the two-stroke model was simulated with a compressor ratio

that exceeded the limit of 2.5 during both standard and hot and high conditions, with

the former scenario aiming to optimize its specific power and the latter attempting

to achieve maximum power output. Due to the uncertainty in both the sizing of

the superchargers and the stability of delayed combustion in two-stroke configura-

tions, the models were restricted to operating at maximum break torque (MBT) tim-

ing, which minimized the engine's dependence on increasing the boosting to achieve

greater performance. Table 4.4 lists the resulting performance characteristics, with

the operational parameters and mass estimations provided in Appendices A and C,

respectively.

Table 4.4: The revisited two-stroke engine modeling results

Net power outputa 395 kW

Estimated wet massb 247 kg

Specific power 1.60 kW/kg

Power density 146 kW/L

Hot and high power loss' -13%

a This power output accounts for the supercharging power consumption.

b The engine mass was estimated using the baseline four-stroke configuration

mass listed in Table 4.3 and adjusted based on supercharging and intercooler

mass considerations, as seen in Appendix C.

c The hot and high power loss is the decrease in maximum available power when

the engine is operating in ambient air conditions of 315.2 K and 0.875 bar.
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The redesigned configurations provide significantly more power at the expense of

heavier components, resulting in a new wet mass of 247 kilograms and a specific power

of 1.60 in standard operation. However, hot and high derating still occurs, albeit to a

lesser extent, with a 13% reduction in power. These results were used to develop a cor-

relation by modifying the gasoline four-stroke engine's dry mass prediction equation

(see Section 3.3),

mengine, dry = 0.531 * Pengine, max + 55.6, (4.6)
Cpower )

where mengine, dry is the engine's dry mass in kilograms, Pengine is the power output

capability of the two-stroke operation mode in kilowatts, and Cpower is a power cor-

rection factor, which approximates the engine's fractional increase in power output

when switching from the four-stroke mode to two-stroke operation. By selecting an

appropriate constant for Cpower, the equation provides an estimation of the two/four-

stroke model's dry mass, which, when combined with Equations 3.10 and 3.11 (i.e.

the coolant and oil mass trends), predicts the engine's configurations wet mass and

specific power. Using the revisited power output and wet mass as data points, Cpower

was calculated to be 1.26. However, as the GT-POWER modeling was not optimized

to strike a balance between standard and hot and high optimization, a compromise

in the engine's specific power and hot and high derating was conducted to further

balance these effects. Additionally, as the intercooler was not adjusted across models,

it is anticipated that this component could be designed to better handle the adverse

ambient temperature and pressure, further reducing the hot and high penalty. Thus,

the analysis modified the Cp,,we constant from 1.26 to 1.25, while also decreasing the

hot and high power derating from 13% to 10%,

mtwo/four-stroke engine, dry 0.531 * "enine, max + 55.6. (4.7)

Furthermore, as the modeling's boosting system was also not optimized for adverse

ambient conditions, the standard gasoline engines were assumed to experience the

same 10% hot and high derating, with this value falling in a similar range as two
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example aircraft engines (the Rotax 912iS and the ULPower UL520) [65, 71]. Finally,

due to the project's time constraints, gasoline engine configurations were exclusively

modeled in GT-POWER, resulting in hot and high estimates for these engine designs

only. As no other data was available, the diesel engine hot and high power loss

was also assumed to be 10%. This is a reasonable estimation as both gasoline and

diesel engines require sufficient airflow to maximize their performance, and thus the

lower density hot and high conditions will decrease a diesel engine's power output

in a similar manner. These ratings will be influential in the airframe engine sizing

process, as described in Chapter 5.

4.5 Dual-Fuel: Ethanol-Gasoline

From the analysis conducted in Section 3.6.2, operating with a combination of ethanol

and gasoline fuels can provide substantial improvements to an engine's performance,

due to ethanol's higher charge cooling capabilities and octane number [40, 41]. To

identify the potential for implementing this configuration in rotorcraft applications,

the Limbach L2400 DX example aircraft engine model was modified to compare the

configuration's performance when operating with gasoline and E85, with this engine

being chosen due to its high efficiency and specific power (see Table 4.1). The basic

engine architecture was held constant, aside from varying the fuel and introducing

dual-staged turbocharging when necessary. This additional boosting capability was

simplified by altering the turbocharger's intake air conditions to simulate an upstream

compressor. The pressures and temperatures were specified based on modeling the

process of an isentropic compression with an enthalpy balance across the compressor.

The intake air pressure (and the corresponding temperature) was chosen to facilitate

the modeling requirements, as discussed in the following paragraph. Despite the

inherent inaccuracy, this method allowed for an initial approximation for evaluating

the engine's operation and feasibility in rotorcraft applications.

To compare the engine's performance when operating with the two separate fuel

sources, two spark sweeps (i.e. changing the spark timing across a range of possi-
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ble ignition times) were completed, while separately maintaining a constant knock

integral of 0.92 or a maximum peak pressure of 91 bar.2 At each spark timing, the

engine's boost conditions and operating parameters were varied to adhere to these

fixed performance characteristics, as seen in Appendix A. The results of the first

spark sweep, where the knock integral was held constant, are shown in Figure 4-3,

with the engine's spark delay (measured against the baseline MBT of 7' ATDC) var-

ied across the horizontal axis and the corresponding engine power output or peak

cylinder pressure plotted on the vertical axis.

Figure 4-3a demonstrates the ethanol's power improvement when holding the

knock integral constant, which is gained by leveraging the fuel's higher octane num-

ber and charge cooling. However, this advantage requires significantly higher peak

pressures, as increasing the engine's power output to roughly 250 kilowatts results in

the engine cylinder's peak pressure reaching nearly 180 bar, requiring an engine struc-

ture as strong (and thus as heavy) as a diesel engine [301. Due to the importance of

specific power in rotorcraft applications, this requisite peak pressure rise heavily mit-

igates the performance improvement provided by ethanol. To compare performance

in the same engine architecture (i.e. with the same mass), a second spark sweep was

conducted while holding the engine's peak pressure constant. Figure 4-4 displays the

result, with the engine's spark delay varied across the horizontal axis and the power

output or final knock integral plotted on the vertical axis.

The engine produces nearly equivalent power output when using either fuel source,

while E85 results in a lower knock integral value. These trends are due to E85's

advantages; ethanol has a higher octane number and provides greater charge cooling,

thus limiting the knock integral values. However, with heavy spark delay, the engine

performance becomes limited by peak pressure and not knock, which mitigates the

benefit of E85. Thus, given the equal performance at constant peak pressure and

the mass considerations that limit their advantage at high peak pressures, ethanol-

gasoline engines were not considered an attractive option for rotorcrafts.

291 bar was the peak pressure when operating at a CA50 of 70 ATDC, identified as the engine's
baseline MBT timing, and thus was used for the pressure-limited spark sweep.
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Figure 4-3: The GT-POWER ethanol-gasoline model simulated a spark sweep while

maintaining a constant knock integral, resulting in the engine producing significantly

larger power output when operating with E85, at the expense of large peak pressures.
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Figure 4-4: The GT-POWER ethanol-gasoline model simulated a spark sweep while
maintaining a constant peak pressure, resulting in the engine producing very similar
power output when operating with either fuel source, while having a significantly
lower knock integral when running on E85.
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Chapter 5

Flight Profile Modeling

To determining the feasibility and niche applications for alternative engine configu-

rations, a flight profile model was constructed to simulate a characteristic helicopter

flight path and evaluate the airframe's performance when equipped with various en-

gine designs. Specifically, the simulations were conducted with gas turbines, gasoline,

and diesel piston engines, including the two-stroke diesel and two/four-stroke gasoline

engine configurations. These designs were modeled in multiple combinations when

equipped in a variety of airframe sizes to determine their applicability, as discussed

in the following sections.

5.1 Modeling Construction

The flight profile model was built to simulate a realistic flight path consisting of

takeoff, climb, cruise, reserve, descent, and landing flight segments. Within each

segment, the airframe's instantaneous power requirement was calculated to size and

estimate the aircraft's engine, as well as estimate its performance throughout the flight

path. The following sections discuss the development of the flight profile modeling

architecture.
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5.1.1 Instantaneous Power Requirements

At each point during the flight profile, the airframe's instantaneous power requirement

is calculated to determine the helicopter's engine load and the corresponding fuel

consumption. The engine counteracts the aerodynamic and gravitational forces to

provide forward and vertical flight capabilities,

Pttl Pj + PO + Pp + Pc,d 51Ptotai = F+P Cd(5.1)
Xm

where Ptt,01 is the total power required by the helicopter's engines, Pi represents the

airframe's induced power that produces lift, P is the profile power caused by the

rotor's viscous losses, P, is the parasitic power that corresponds to the airframe's

drag, Pc,d represents the power required for the helicopter to climb vertically or the

reduction in power when descending, and xm is a correction factor that accounts for

the miscellaneous airframe power requirements, including the tail rotor, transmission

losses, and auxiliary equipment. Based on industry approximations, the correction

factor is assumed to be 0.91 for forward flight and 0.85 during hovering (i.e. stationary

flight) [3, 61.

Figure 5-1 illustrates characteristic power curves for level forward flight, with flight

speed on the horizontal axis and each power requirement (i.e. induced, profile, para-

sitic, and climb or descent), along with the total airframe power, on the vertical axis.

Before evaluating each power component, a handful of terms must be defined that

will be used in the subsequent calculations. Table 5.1 lists these parameters, along

with their symbols and implications, with Figure 5-2 providing context to the physi-

cal interpretation of the terms in a characteristic forward flight path. The following

sections outline how these parameters are used to calculate each power component.

Parameter Calculations

The terms identified in Table 5.1 are required to determine the instantaneous power

requirements in the following sections, which are derived from the physical relation-

ships shown in Figure 5-2, as well as additional features of rotorcraft flight [3]. First,
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Figure 5-1: A characteristic forward flight power curve illustrates the change in each
power component and the overall power requirement when varying forward speed [6].
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power requirements (adapted from [3]).
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Table 5.1: The important terms used when calculating an airframe's instantaneous power requirement [31

Term name Symbol Description

Rotor disc area (m 2
) Aprop The total swept rotor area, calculated as a circle with the propeller's radius

The fuselage drag coefficient, based on a reference drag area, that is used to calculate the
Fuselage drag coefficient CDf equivalent fuselage wetted area

Airfoil profile drag coefficient Cdo The coefficient used to calculate the rotor's aerodynamic drag force

Drag force (N) D The aerodynamic drag force that opposes flight

a 2) The aggregate area used to account for the drag of the fuselage, hub, and other components,
Equivalent fuselage wetted area (in2 ) f not including the rotor

Blade profile power correction factor K The empirical correction factor used to adjust the airfoil profile power

Reference drag area (ft 2) Sref A reference area arbitrarily defined and used to calculate the equivalent fuselage wetted area

Rotor thrust (N) T The total force the rotor produces to counteract the airframe weight and drag forces

Blade tip speed (m/s) Vbiade The tangential speed of the rotor blade tip

Climb or descent speed (m/s) Vc,d The vertical speed at which the airframe increases or decreases its altitude

Ground speed (m/s) _ _ The horizontal speed at which that the aircraft travels

Relative ambient velocity (m/s) Vrel The velocity of the ambient air relative to the rotor

Airframe total weight (N) Wot The total weight of the airframe at an instantaneous point during the flight path

Rotor attack angle (rad) CfAoA The angle between the relative velocity of the incoming air and the rotor plane

Indued owe corecton actr KThe correction factor used to account for non-ideal physical effects on the rotor, including tip
Induced power correction factor losses, nonuniform inflow, wake swirl, finite blade, etc.

Rotorinflw raio AThe ratio between the induced velocity of the incoming ambient air perpendicular to the rotor
Rotorplan and the rotor blade tip speed

Roto advncerati ILThe ratio between the component of the incoming ambient air velocity parallel to the rotor
Rotor advance ratio plane and the rotor blade tip speed

Ambient air density (kg/m3) Pamb The density of the ambient air

Rotor solidity 0' The fraction of the rotor disc area that is occupied by the total area of the rotor blades

Flight path angle (rad) OFP The instantaneous vertical angle of the flight path, measured from the horizon
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the helicopter's reference drag area is used to calculate the aircraft's equivalent wetted

area,

WN
Sref = tt * 2.2046 2/3, (5.2)

9.81

where Sei is the reference drag area in square feet and Wt is the total helicopter

weight in newtons. With this area, the airframe's equivalent fuselage wetted area is

calculated,

f = (CDf * Sref)0.099 (M 2 ) (5.3)

where f is the equivalent wetted area in square meters, CDf is the fuselage drag

coefficient, and Sf1 is the reference drag area calculated in Equation 5.2. Next, the

equivalent fuselage wetted area enables the calculation of the aircraft's aerodynamic

drag,

1
D = pamb(Vrel2)f (5.4)

2

where D is the airframe's total drag (excluding the rotors) in newtons, Pamb is the

ambient air density in kilograms per cubic meter, f represents the equivalent fuselage

wetted area in square meters as calculated by Equation 5.3, and vre is the velocity of

the incoming ambient air relative to the rotor disc in meters per second. This latter

parameter is determined from the flight path velocities (assuming no wind),

Vrel = cd2 + Vg 2  (5.5)

where vrel is the velocity of the incoming ambient air relative to the rotor disk in

meters per second, v, is the airframe's vertical climb (or descent) rate in meters per

second, and vg is the helicopter's horizontal (or ground) speed in meters per second.

After calculating the aircraft's aerodynamic drag (using the relative velocity), the

total thrust required by the rotor is calculated,
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T = V/D2 + Wtot 2  (5.6)

where T is the thrust produced by the rotor in newtons, D is the airframe's aero-

dynamic drag in newtons, and W 0tt is the total weight of the helicopter in newtons.

Furthermore, using the aircraft's aerodynamic drag, the flight path angle is deter-

mined,

6 FP = arctan * D2 + Wrt~ 2  (5.7)

where OFP is the flight path angle in radians, Vc,d is the helicopter climb (or descent)

rate in meters per second, vg is the horizontal speed in meters per second, D is the

airframe's aerodynamic drag in newtons and calculated by Equation 5.4, and Wtrt is

the helicopter's total weight in newtons. With this flight path angle, the rotor's angle

of attack can be evaluated,

aAoA = 0 FP + arctan (rD)(5.8)
Wtot

where aAoA is the rotor's angle of attack in radians, OFp represents the airframe's flight

path angle in radians, D corresponds to the aircraft's aerodynamic drag in newtons

and calculated by Equation 5.4, and Wrt, is the helicopter's total weight in newtons.

With this angle of attack, the rotor's advance ratio is determined,

Vrel cos(aAoA) (5.9)
Vblade

where p is the rotor's advance ratio, vre is the velocity of the ambient air relative

to the rotor in meters per second and calculated in Equation 5.5, O!AOA is the rotor's

angle of attack in radians, and Vblade is the rotor blade tip speed in meters per second.

Finally, with these parameters, the rotor's inflow ratio is calculated,

T

A = [t tan (fAxoA) + T 22(5.10)2 pamb * Aprop * Vblade2 (2 + A 2 )

where A is the rotor's inflow ratio, ft is the rotor's advance ratio, aAOA is the rotor's
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angle of attack in radians, T is the thrust produced by the rotor in newtons, Pamb is

the ambient air density in kilograms per cubic meter, Apop is the total swept rotor

area in square meters, and Vblade is the rotor blade tip speed in meters per second.

These parameters will be used to calculate the individual power requirements in the

following sections.

Induced Power

As seen in Figure 5-1, induced power is the dominant power source during low flight

speeds, and quickly decreases as forward velocity increases. This power is related to

the lift produced by accelerating air through the rotor disk,

Pinduced K * , (5.11)
2 Pamb * Aprop * Vblade 2  2

where Pinduced is the airframe's induced power in watts, r is the induced power cor-

rection factor, T is the thrust produced by the rotor in newtons and calculated in

Equation 5.6, Pamb is the ambient air density in kilograms per cubic meter, A ToO is

the total swept rotor area in square meters, Vblade is the blade tip speed in meters

per second, A is the rotor inflow ratio calculated in Equation 5.10, and P is the rotor

advance ratio calculated in Equation 5.9 [3].

Profile Power

The profile power contributes a substantial amount of the total airframe power re-

quired during all operation conditions and slightly increases at higher flight speeds,

as seen in Figure 5-1. This power represents the rotor's viscous losses,

S* Cd
Pprofile - "(I + K * /p2 )Pamb * Aprop * Vblade 3 , (5.12)

8

where Pprofile is the profile power in watts, - is the rotor solidity, Cdo is the airfoil

profile drag coefficient, K is the blade profile power correction factor, P is the rotor

advance ratio calculated in Equation 5.9, Pamb is the ambient air density in kilograms

per cubic meter, Aprop is the total swept rotor area in square meters, and Vblade is the
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blade tip speed in meters per second [3].

Parasitic Power

The airframe's parasitic power is very small factor during slow flight speeds, but

rapidly increase in high speeds, as seen in Figure 5-1. This power defines the airframe's

drag force,

13
Pparasitic 2Pamb * f * VbIade , (5.13)

where Ppamsitic is the parasitic power in watts, Pamb is the ambient air density in

kilograms per cubic meter, f is the equivalent wetted area in square meters, and Vblade

is the blade tip speed in meters per second [3].

Climb or Descent Power

The airfoil climb power is required to increase the airframe's altitude, while the de-

scent power reduces the airframes power requirement while descending,

Pcimb, descent = Wtot(1 + X)vc,d. (5.14)

Here, Pclimb, descent is the climb or descent power in watts, Wrt~ is the total airframe

weight in newtons, Vc,d is the climb or descent velocity in meters per second, and

xf is an adjustment factor that accounts for the fuselage vertical drag. This latter

parameters is approximated to equal 0.05 during climb, -0.05 when descending, and

0.00 during hover based on industry assumptions [3].

Hover Power

While the previous sections provide the power calculations during forward flight, the

total airframe power correlation can be simplified during hover conditions (i.e. no

forward or vertical velocities),
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-*Wtot 3/2 + Pamb*Aprop "blade 3 *-*Cdo
2Pamb*APrOP8

Phover - 0.85 , (5.15)

where , is the induced power correction factor, Wt0t is the total airframe weight

in newtons, Pamb is the ambient air density in kilograms per cubic meter, Apop is

the total swept rotor area in square meters, Vblade is the blade tip speed in meters

per second, o- is the rotor solidity, Cdo is the airfoil drag coefficient, and the 0.85

factor represents the miscellaneous power correction factor (Xm) in hover conditions

[3]. As outlined in Section 5.2.1, the rotorcraft's hover power is essential for sizing

an airframe's engine, due to this portion of flight requiring the maximum amount of

power (see Figure 5-1).

Hot and High Consideration

In addition to an engine's performance, ambient pressure and temperature directly

impacts an airframe's instantaneous power requirement, due to the ambient air den-

sity's influence on the induced, profile, parasitic, and simplified hover power calcula-

tions. As the anticipated flight path ranges between sea level and cruise altitude, the

ambient air density is estimated throughout the flight profile,

Pamb -- Po * T o * 1 - 0.0065 , (5.16)
(To - 0.0065h) T o

where Pamb is the ambient air density in kilograms per cubic meter, po represents the

International Standard Atmosphere (ISA) density at sea level (1.225 kilograms per

cubic meter), To is the ISA mean temperature of air at sea level (288.15' kelvin), and

h is the pressure altitude in meters [91]. Furthermore, as identified in Section 1.3, the

helicopter must be capable of takeoff at a pressure altitude of 4,000 feet (1,219 meters)

and ambient temperature that is 350 Celsius greater than the ISA temperature for

that altitude (i.e. 7 + 35 = 420 Celsius). Thus, Equation 5.16 is modified to account

for this specification when sizing an airframe's takeoff power requirement,
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Takeoff Landing
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Figure 5-3: The flight profile is broken into the takeoff, climb, cruise, reserve, descent,
and landing segments. The times of each segment are not to scale, with the takeoff,
climb, reserve, descent, and landing portions lasting for minutes compared to the
cruise segment which lasts for hours. Additionally, the cruise altitude is assumed to
be 1,219 meters, while takeoff is approximated to occur at ground level.

Pamb = Po * o - * - 0.0065 h ) , (5.17)(To +350 -0.0065h) To'

where the 350 increase is accounted for when calculating the ambient temperature at

hot and high takeoff conditions.

5.1.2 Flight Segments

As illustrated in Figure 5-3, the flight path is broken into six separate segments:

takeoff, climb, cruise, reserve, descent, and landing. Each of these flight portions are

modeled to provide a realistic flight profile, and to evaluate the performance of the

airframe across all associated operating conditions. The following sections evaluate

the six segments in further detail.

Takeoff and Climb

The airframe's takeoff and climb procedures are the initial portions of the flight profile

that the helicopter utilizes to reach its cruising altitude. As a simplified approach,
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the modeling assumed a one-minute vertical ascent at approximately hovering condi-

tions, followed by two climb segments. First, the airframe accelerated vertically and

horizontally until reaching the desired climb velocity, including the ground speed and

vertical climb speed. The ideal ground speed is identified as the airframe's horizon-

tal speed that produces a minimum power requirement for the airframe, with this

minimum illustrated in Figure 5-1. The vertical initial climb speed for each airframe

is calculated based on a trend observed in example helicopters, with this analysis

provided in Appendix D. However, due to various engine architectures changing the

total available power, this speed is allowed to be reduced if the available engine power

could not facilitate the baseline climb speed. Upon reaching the desired climb veloc-

ity, the airframe continued to climb until reaching the cruising altitude, which is set

to a typical industry value of 4,000 feet (1,219 meters) [84].

Cruise

After climbing to the cruise altitude, the airframe travels horizontally at the speed

that maximizes its range, until the remaining fuel is the minimum amount necessary

for the reserve, descent, and landing portions of the flight profile. This optimum value

is illustrated in Figure 5-4, which plots a characteristic airframe's fuel consumption

rate across a range of flight speeds. Here, maximum range is achieved when the

ratio between the fuel consumption rate and the flight speed is minimized, with

this ratio being equivalent to the slope of a line that passes through the origin and

intersects with a point on the curve. Thus, due to the desire to minimize this slope

while being restricted by the aircraft's operational characteristics, the maximum range

speed arises when the line is tangent to the curve [3].

For the flight profile modeling, this speed is directly calculated through comparing

the ratio of the fuel consumption rate and flight speed over a range of speeds, until

the minimum is determined. The variations in the airframe's fuel consumption rate

profile arise from the flight speed's effect on the airframe power requirement and the

corresponding effect on the engine's SFC, with the former illustrated in Figure 5-1

and the latter discussed in Sections 2.3 and 3.3.
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Maximum range
speed

Maximum endurance
speed

Flight speed

Figure 5-4: The airframe will travel at the maximum endurance/minimum power
speed during the climb and reserve flight segments, while cruising at the maximum
range speed (adapted from [61).

Reserve

After cruising for most of the mission, the rotorcraft transitions into the reserve

portion of flight. Based on the legal requirements for fuel during rotorcraft flight,

airframes are typically sized with enough reserve fuel to travel for 30 minutes after

the maximum cruise duration [84, 90]. This requisite amount of fuel is calculated

with the airframe traveling at the maximum endurance speed, as seen in Figure 5-4,

which is standard industry practice [82, 88]. Similar to the best range speed, the

modeling calculated the maximum endurance speed by determining the minimum

power requirement speed, which is a common approximation' [3, 6]. With the reserve

fuel specified, the airframe is modeled as traveling at the best range speed until

consuming all of the reserve fuel (with sufficient fuel left for descent and landing), as

'A more accurate approach entails calculating the minimum fuel consumption rate speed, similar
to the maximum range speed procedure. However, as calculating the required amount of reserve fuel
only impacts how much fuel is available during cruise vs. reserve (with the cumulative amount re-
maining constant), and considering that both the reserve and cruise best range speeds are calculated
in the same manner, this approximation does not impact the aircraft's overall range prediction.
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this provides the maximum potential range for the airframe and is common practice

in reporting a helicopter's range [1, 80, 81, 83, 84, 86, 88].

Descent and Landing

Finally, the airframe is modeled as descending from altitude at the minimum power

(and fuel consumption rate) flight speed, with a vertical descent rate of 2.5 meters per

second. This speed was chosen to insure that the rotorcraft flight does not fall into a

region where vortex rings begin to form, resulting in adverse operation and dangerous

flight conditions [3]. However, this portion of the flight represents a small fraction of

the overall fuel consumption, and thus an accurate determination of descent speed is

not crucial. To finish the flight, the helicopter landing procedure is modeled as a one

minute hover, analogous to the takeoff assumption.

5.2 Engine Configurations

For each airframe, multiple engine configurations are compared to evaluate their ef-

fect on the rotorcraft's performance, comprised of gas turbine, diesel, and gasoline

engines implemented in a variety of combinations. In addition to a standard swap

where the gas turbines are directly replaced by the piston engines, two alternative

configurations are identified in this analysis to further leverage the piston engine's

advantages and mitigate their limitations: the hybrid and auxiliary engine designs.

The hybrid concept implements both a gas turbine and a piston engine to leverage

each engine's advantages while mitigating their disadvantages; the gas turbine pro-

vides a portion of the required takeoff power in a light package due to the engines

high specific power, while the piston engine's high efficiency is used to maximize the

airframe's range.

Similarly, the auxiliary engine configuration utilizes a small gas turbine to assist in

takeoff and OEI conditions, while one or two main engines (depending on the aircraft

size) provide the remainder of the airframe's power. This additional engine is capable

of improving the airframe's performance in multiple ways. If sized with a sufficient
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power rating, gas turbine have higher specific powers than piston engines (see Section

2.3), and thus, when paired with main piston engines, the auxiliary engine reduces

the airframe's total engine mass. Additionally, the configurations' main engines do

not need to be sized to solely handle OEI conditions during hot and high takeoff, as

the auxiliary engine provides a secondary source of power in these situations. This

reduces the overall power requirement of the airframe, which lowers the aircraft's

total engine mass. Finally, when the auxiliary engine is paired with gas turbines, the

decrease in the main engine power rating enables these gas turbines to operate at

power outputs that are closer to their maximum rating, which substantially improves

their operating efficiency (see Section 2.3).

Each configuration is required to provide sufficient power in both hot and high

and, if applicable, OEI conditions. Thus, the required hovering power in hot and

high conditions are used as engine sizing requirement, due to the assumption that

hovering requires the most power during the flight profile (see Figure 5-1), and that

the hot and high condition is the most stringent case for each engine's power output.

Additionally, for conditions that required OEI considerations, each engine is sized to

provide sufficient OEI power during the baseline hot and high takeoff requirement.

The engine designs, as well as the sizing requirements, are outlined in the following

sections.

5.2.1 Engine Sizing Considerations

For each configuration, the engine sizing process is based on ensuring an airframe is

capable of takeoff in hot and high conditions when, if applicable, experiencing OEL.

Per the discussion in Section 1.3, the former stipulation entails that the engine must

provide the total airframe power required to takeoff in hot and high conditions that

are equivalent to the pressure at an altitude of 1,219 meters at 350 C greater than the

ISA temperature at that altitude, with this airframe power requirement identified as

Phover, H&H. Additionally, the latter consideration requires that, in OEI conditions,

the remaining functional engine(s) provides 70% of the takeoff decision point (TDP)

power output (see Section 1.3). As discussed in Section 2.3, gas turbines are estimated
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to have a derating of 25% under these hot and high conditions, due to the lower

air density and negative effects of high air temperature [10, 16, 92]. Similarly, as

discussed in Section 4.4.3, the piston engine hot and high derating is approximated

as 10%, with the negative affects being limited by the excess boosting capabilities

that are achieved through proper design. These hot and high power adjustments

are identified in the following sections as XGT,H&H for the gas turbines and Xpist,H&H

Furthermore, per the data and discussion provided in Section 2.3, gas turbines are

estimated to be capable of providing a 20% increase in power output during OEI

operation, which is referred to in subsequent sections as XGTOEI. Finally, as piston

engine data is based on maximum performance, this analysis assumes that attempting

to gain higher output power would result in rapid engine destruction, due to higher

speeds (and thus greater stresses) causing the rotating and reciprocating components

to fail, and/or higher peak pressures damaging the cylinders and cylinder heads while

causing the onset of knock. Thus, the piston engine configurations are not rated for

increased performance in OEI conditions. Each of these factors and parameters are

used to estimate the required engine sizing for the following configurations, with each

configuration's procedure provided in Appendix E.

Standard Implementations

First, five standard designs are separately modeled in each airframe, including the

baseline gas turbine, diesel two- and four-stroke engines, gasoline four-stroke engine,

and two/four-stroke gasoline engine. These engines are sized by considering hot and

high performance and, when applicable, OEI capabilities. For the gas turbine, the

configurations resulted in the following sizing requirements for the single- and dual-

engine airframes,

Phover, H&H _ Phover, H&H
Psingle-engine~ =- , (5.18)

XGT, H&H 0.75

1 1 4 Phover, H&H
Pdua-engine =- 1= 0. 7 8 Phover, H&H, (5.19)

2 XGT, OEI * XGT, H&H
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where Psingleengine/dual-.engine are the power ratings required in the single- and dual-

engine configurations. Alternatively, for the piston engines, the resulting engine sizing

requirements for the single- and dual-engine airframes are as follows, using the same

Psingle-engine, dual-engine nomenclature,

Phover, H&H __ Phover, H&H (5.20)
Psmgle-engmne -. 9 ---0

XPist, H&H -

Pdual-engine = 1 1 4 Phover, H&H 0 7 8 Phover, H&H. (5.21)
2 \ XPist, H&H

Note that the sizing requirements for the dual-engine gas turbine and piston engine

configurations are equivalent by coincidence only, as these equations are derived using

different hot and high performance adjustments and only the gas turbine is rated as

having an OEI power increase. The derivations for these equations are provided in

Appendix E.

Hybrid Implementation

The hybrid configuration is the second design category evaluated in this analysis,

where the four piston engine architectures are separately paired with a gas turbine on

each airframe. As both of the configuration's engines must provide sufficient hot and

high and OEI capabilities, the hybrid design's gas turbine and piston engine power

calculations are identical to Equations 5.19 and 5.21, respectively, which are used for

the standard implementation configuration. The derivations for these equations are

provided in Appendix E.

Auxiliary Engine Implementation

Finally, the third engine design incorporated an auxiliary gas turbine with the stan-

dard piston engine and gas turbine configurations serving as the main engines. To

mimic the original airframe designs, one main engine is paired with the auxiliary en-

gine for single-engine airframes and two main engines are implemented in dual-engine

rotorcraft, as described in Section 5.3.3. Despite the potential for improvement, the
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auxiliary configurations must balance the negative effect of decreasing the main en-

gines' size; the specific power for both gas turbines and piston engines increase with

increasing power while the gas turbine's efficiency also rises with power (see Sections

2.3 and 3.3). Furthermore, due to OEI considerations, the allowable range of aux-

iliary engine power allocation is restricted to ensure that the airframe can produce

70% of the power required at the takeoff decision point, per the discussion provided

in Section 1.3.

This stipulation results in upper and lower bounds in the allocation of power

between the main and auxiliary engines, based on situations where either the auxiliary

engine or, for dual-main-engine configurations, one of the main engines fail. In the

former scenario, the main engine(s) must have sufficient power to produce the requisite

OEI power, and thus this failure mode corresponds to the lower limit for the main

engine sizing. On the other hand, when one of the main engines fail in the dual-

main-engine configurations, only half of the power allocated to the main engines is

available. Thus, as increasing the main engine power allocation would decrease the

airframe's capabilities, this scenario provides the upper limit for the dual-main-engine

sizing.

For single-main-engine configurations, the analysis assumed that the design must

only ensure OEI capabilities for the main engine, as this provides the same likelihood

of catastrophic failure when compared to the standard design (i.e. the standard single

engine is as likely to fail as the main engine). Thus, the upper limit for the percent

of total power provided by the single-main-engine was determined to be 100%. For

the gas turbine configurations, the total airframe power requirement and ranges of

allowable main engine power allocation are calculated as follows,

Ptotal = 1. 3 3 Phover, H&H, (5.22)

0.583 5 Xmain frac, single-engine < 1.000, (5.23)

0.583 < Xmain frac, dual-engine < 0.833, (5.24)

where Pota corresponds to the total power required by engine configuration and
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Xmain frac, single-engine/dual-engine are the fraction of the total engine configuration power

allocated to the main engines in the single- and dual-engine airframes. Similarly, the

piston engine configurations' total airframe power requirement and ranges of allowable

main engine power allocation are determined by the following relationships,

Ptotal = Phover, H&H , (5.25)
0.9 + 0.15Xmain frac

0.660 Xmain frac, single-engine < 1.000, (5.26)

0.660 Xmain frac, dual-engine 0.676, (5.27)

using the same nomenclature as Equations 5.22 through 5.24. Appendix E provides

the derivation of each allocation limit, as well as the engine power requirements.

Within the ranges provided in Equations 5.23, 5.24, 5.26, and 5.27, the flight

profile modeling optimizes the main engine power allocation to balance the advantages

and disadvantages of the auxiliary engine configuration. This optimization entails

running the modeling with varying allocation values until achieving the maximum

airframe range, with the process completed for each main engine design and airframe.

The resulting power allocations are provided in Section 5.4.

5.2.2 Engine Mass and Specific Fuel Consumption

Following the calculation of their required power output, the engine masses are es-

timated to fully determine the designs' impacts on the each airframe's performance.

To facilitate this evaluation, the mass versus power output trends compiled in Sec-

tions 2.3, 3.3, and 4.4 are used for the gas turbines, standard piston engines, and the

two/four-stroke configuration, respectively. Using these masses, the mass allocation

process is conducted on each airframe, where the change in engine mass must be bal-

anced with a equal and opposite alteration to the aircraft's fuel and the corresponding

fuel tank mass (see Appendix D).
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The airframe's power requirement also dictates the gas turbine's specific fuel con-

sumption (SFC, rated at takeoff power), as predicted by the trends discussed in

Section 2.3. The standard piston engine designs are assumed to have SFCs of 0.2

kilograms per kilowatt-hour for the diesel two- and four-stroke engines and 0.25 kilo-

grams per kilowatt-hour for the four-stroke gasoline engine across all power ratings

(See Section 3.3). Additionally, the two/four-stroke engine is modeled as having a

SFC of 0.25 and 0.375 kilograms per kilowatt-hour when operating in the four-stroke

and two-stroke modes, respectively (as discussed in Section 3.6.1). Furthermore, the

modeling adjusted each engine's SFC when operating at part-load based on the trends

provided in Sections 2.3 and 3.3 for the gas turbines and piston engines, respectively.

In the analysis of the two/four-stroke engine configurations, the engine's SFC is as-

sumed to follow the same part-load efficiency trends of the standard gasoline engines.

5.3 Airframe Design

To facilitate the comparison of each engine configuration's effect on rotorcraft per-

formance, baseline airframes are designed using industry standard practices for gas

turbine-powered helicopters. This entailed identifying trends in designs of modern air-

frames, as well as tuning the model to accurately predict the performance capabilities

of a set of modern aircraft examples.

5.3.1 Helicopter Design Trends

The following industry trends in airframe parameters are used to design the baseline

aircraft that are evaluated in this analysis. The correlations are derived from multiple

sets of aircraft databases, and partially provide the structure for designing a generic

airframe.

Propeller Radius

To determine appropriate rotor radii for the airframes, data was collected on example

rotorcraft to create a trend between the propeller radius and the gross takeoff mass.
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Figure 5-5: The propeller radius and gross takeoff mass are compared for a variety of
rotorcraft, providing a trend in this relationship [1, 3, 80, 81, 82, 83, 84, 85, 86, 87,
88, 89].

The results are displayed in Figure 5-5, where the rotor radius is the vertical axis and

the airframe's gross takeoff mass corresponds to the horizontal axis. Additionally, the

best-fit curve is included and is as follows,

Rpropeier = 0.55 (mGTOM) 0.29, (5.28)

where Rp,,ee,- is the helicopter's propeller in meters and mGTOM is the airframes

gross takeoff mass in kilograms. This correlation is used to specify the rotor radius

of each baseline airframe, with the resulting values provided in Appendix D.

Fuel Fraction of Gross Takeoff Mass and Climb Speed

A set of example airframe data was used to create a trend in an airframe's fuel fraction

of the gross takeoff mass and the helicopter's climb speed, as seen in Figures 5-6 and

5-7. Here, the airframe's gross takeoff mass corresponds to each horizontal axis, while

the fuel fraction of gross takeoff mass and the vertical climb speed are the vertical
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Figure 5-6: The fraction of gross takeoff mass dedicated to fuel is compared for the
example aircraft listed in Appendix D [1, 80, 81, 82, 83, 84, 85,.86, 87, 88].

axes, respectively. The fuel fraction best-fit is included and determined to be as

follows,

mruel fraction = -2.0e-6 (mGTOM) + 0.19, (5.29)

where mfel fraction is the fraction of the airframe's gross takeoff mass and mGTOM is the

gross takeoff mass in kilograms. Furthermore, the illustrated climb speed correlation

is as follows,

Vclimb = 0.0003 (mGTOM) + 6.3, (5.30)

where Vclimb is the helicopter's climb speed in meters per second and mGTOM is the

gross takeoff mass in kilograms. These trends are used to calculate each baseline

airframe's total fuel capacity and climb speed, based on their gross takeoff mass.
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Figure 5-7: The climb speed and gross takeoff mass of the example aircraft listed in
Appendix D are graphed to identify their relationship. The Westland Lynx airframe
is not included as its climb speed is an outlier [1, 80, 81, 82, 83, 84, 85, 86, 87, 88].

Rotor Solidity

A database containing the rotor solidity and gross takeoff mass of multiple aircraft

was created to compare these parameters, with the results provided in Figure 5-8.

Here, the horizontal axis is the airframe's gross takeoff mass and the vertical axis

corresponds to the rotor solidity. Furthermore, the best-fit data trend is plotted for

reference and is described as follows,

JR= 6.0e-6 (mGTOM) + 0-051, (5.31)

where OR is the rotor solidity and mGTOM is the airframe's gross takeoff mass in

kilograms. This correlation is used to estimate the rotor solidity for all of the baseline

airframes developed in this analysis.

Fuel Tank Mass

Based on the amount of fuel that an airframe carries, the fuel tank is estimated

to be 17% of the fuel mass from using a literature correlation [130]. This factor is
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Figure 5-8: A database of airframes was used to create a trend between a helicopter's
rotor solidity and gross takeoff mass [89].

accounted for when adjusting each aircraft's mass allocation due to changes in engine

configurations.

Blade Tip Speed

The airframe's blade tip speed must strike a balance between multiple counteracting

forces, including high speeds delaying blade stall while lower velocities mitigate com-

pressibility effects at increasing flight speed [3]. Based on industry references, each

airframe's rotor tip speed is specified as 220 meters per second [3, 89].

Power Factors

As defined in Section 5.1.1, two constants are used to adjust a helicopter's instanta-

neous power requirement; K is a blade profile power correlation factor and K is the

induced power correction factor that accounts for the aerodynamic losses and nonuni-

form flow. Based on the suggestions made form empirical analyses, 4.675 and 1.15

are selected as K and , values, respectively [3, 89].
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Payload

In addition to the gross takeoff mass, each airframe is identified by its payload mass,

which further describes the aircraft's mission capabilities. The baseline payloads are

calculated using an industry-guided estimation,

mpayloaa = (1 - 0.55)(mGTOM) - mfuel - Mpilot, (5.32)

where mpayload is the helicopter's payload mass, mGToM represents the aircraft gross

takeoff mass, mhel is the fuel mass, and npiot is the pilot mass, all in kilograms [61.
The pilot mass is assumed to be 85 kilograms for all airframes, while the remaining

parameters are based on the particular airframe and engine configuration.

5.3.2 Varied Parameters and Modeling Verification

After using the correlations identified in Section 5.3.1 to calculate the majority of the

baseline airframe's parameters, estimations are required for the airfoil profile drag

coefficient, Cdo, that is used to predict the rotor drag force, and the airframe drag

coefficient, CDf, which predicts the total airframe drag (see Section 5.1.1). However,

a wide range in each coefficient's potential values was observed, and thus a general

estimation was not obtained from industry trends. Additionally, an estimation of

the modeling accuracy was desired to ensure reasonable predictions of the baseline

airframe performance characteristics.

To accomplish both goals, a set of twelve example aircraft were modeled using

manufacturer and certification data, including the gross takeoff, fuel, and engine

masses, rated takeoff power, propeller radius, climb speed, and engine specific fuel

consumption (SFC). Appendix D lists these values that are specified by the aircraft

documentation, while the remaining airframe performance parameters are calculated

using the correlations provided in Section 5.3.1. From the manufacturer data, each

helicopter's actual range was identified and used as the modeling target to verify the

simulation's accuracy, with the airfoil profile and airframe drag coefficients tuned to

improve this accuracy. After completing this process, the resulting airfoil profile and
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airframe drag coefficients are 0.01 and 0.07 for the dual-engine configurations and

0.008 and 0.055 for the single-engine configurations, respectively, which fall within

the range of standard industry values [3, 89] 2.

Figure 5-9 displays the final comparison between the modeling predicted and man-

ufacturer specified ranges when using these drag coefficient values. Here, each example

aircraft is listed on the vertical axis with the airframe ranges corresponding to the

horizontal axis. In reviewing the results, the Westland Lynx and Sikorsky S-76D have

significant discrepancies in the modeling and manufacturer ranges. For the Westland

Lynx, this is potentially explained by the design being a military helicopter, and thus

it is like to have significantly different performance parameters. For the Sikorsky

S-76D, the difference in values was not reconciled, but could be due to the manufac-

turer using different airframe parameters or configurations (i.e. an extra fuel tank)

in their estimation. Despite these discrepancies, the remainder of the rotorcraft re-

sulted in similar range values when comparing the manufacture data and modeling

results. providing verification that the simulation parameters are appropriate estima-

tions. Furthermore, as the modeling is used for a direct comparison between engine

configuration performances when implemented in the same airframes, the absolute

accuracy is not essential for this analysis.

2These values are allowed to be different based on the assumption that dual-engine configurations
will result in a greater amount of drag
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Figure 5-9: The example aircraft were tested in the flight profile model, with the
output range compared to the values specified by the manufacturers [1, 80, 81, 82,
83, 84, 85, 86, 87, 88].

5.3.3 Baseline Airframe Characteristics

Based on the helicopter design trends that are obtained in the previous sections, a

set of ten baseline airframes are designed to facilitate the comparison of each alter-

native engine configuration's effect on rotorcraft performance. Table 5.2 provides the

resulting airframe characteristics, with additional parameters listed in Appendix D.

The range of airframe gross takeoff masses (i.e. less than 6,000 kilograms) is selected

based on the expectation that piston engines will only be competitive in this size

region, as discussed in Section 3.5. Furthermore, the number of engines is increased

from one to two after the airframe gross takeoff mass exceeded 2,500 kilograms to

emulate modern helicopter trends (see Appendix D).
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Table 5.2: The baseline airframe characteristics

Airframe Number Gross Takeoff Fuel mass Total Power

(Number of Engines) Mass (kg) (kg) Payload (kg) Requireda(kW)

1 (1) 1,000 193 172 204

2 (1) 1,500 288 302 318

3 (1) 2,000 382 433 439

4 (1) 2,500 475 565 565

5 (2) 3,000 567 698 846

6 (2) 3,500 658 832 1,009

7 (2) 4,000 784 967 1,176

8 (2) 4,500 837 1,103 1,347

9 (2) 5,000 926 1,240 1,522

10 (2) 5,500 1,013 1,377 1,702

a The total power required includes both engines if the airframe implements dual-engines, and is

sized for gas turbine performance characteristics, as discussed in Section 5.2.1.

5.4 Airframe Performance Comparison

To summarize the overall modeling process, Figure 5-10 provides the flow of each step

outlined in the preceding sections, which are described as follows. First, as part of

the development of the baseline rotorcraft designs, the baseline airframes' engine (gas

turbine), fuel, fuel tank, and total aircraft masses are determined based on industry

trends and data. Using the baseline airframes' gross takeoff masses, the alternative

engine configurations are sized to ensure adequate hot and high and, if applicable,

OEI capabilities, based on the particular engine's performance trends. Following

this sizing, the alternative engine configurations are conceptually mounted onto each

aircraft (creating the modified airframes), while holding constant both the helicopter's

gross takeoff mass and the portion of this mass allocated to the identified components

(i.e. engine(s), fuel, and fuel tank). Based on the changes in the engine mass that

are dictated by the engine's performance trends, the fuel and fuel tank are altered to
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Figure 5-10: The flight profile modeling diagram shows the steps that are implemented
to compare the performance of gas turbines and alternative engine configurations.

maintain the amount of the gross takeoff mass allocated to the combination of these

components, which ensures that the remainder of the aircraft's design is held constant.

After completing the conceptual engine swap, the modified airframes containing the

new engine configurations are tested in the flight profile modeling, along with the

baseline airframes. The resulting performances are then evaluated to identify the

advantages and disadvantages of the alternative engines compared to those of the

standard gas turbines across various aircraft sizes, providing the feasibility of their

implementation in rotorcraft applications. The following sections outline the results

for each alternative engine configuration.
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5.4.1 Standard Implementation

For the standard configurations, the piston engines are evaluated across each airframe,

with the four-stroke diesel engine providing the heaviest and most efficient architec-

ture, and the two/four-stroke gasoline engine representing a lighter design with lower

efficiency. After conceptually swapping the gas turbine engines with the four piston

engine designs, the airframe's mass allocation (i.e. distribution of available mass be-

tween the engine, fuel, and fuel tank) is shifted based on the particular configuration,

with Appendix D providing the individual mass values for each airframe. Figure 5-11

shows the general results, where the vertical axes correspond to the mass of each iden-

tified category, and the horizontal axes list each airframe equipped with the various

engine designs, using the following abbreviations: gas turbine (GT), four-stroke diesel

engine (4-S D.), two-stroke diesel engine (2-S D.), four-stroke gasoline engine (4-S G.),

and two/four-stroke gasoline engine (2/4-S G.). For this allocation, the airframe mass

is sectioned into the fuel, engine(s), payload, and balance (i.e. the remainder of the

aircraft, including the fuel tank), adding up the airframe's gross takeoff mass. As

illustrated by these results, the piston engines are significantly heavier than the gas

turbines, which drastically reduces the amount of fuel that the aircraft can carry. In

particular, for all of the dual-engine airframes, the four-stroke diesel engine masses

are greater than the allowable amount, with the two-stroke diesel engines experienc-

ing the same scenario in airframes 9 and 10. This results in the total airframe mass

exceeding the specified limit, indicating that these particular combinations of engines

and airframes are unfit for implementation.

After calculating these distributions of masses, the flight profile modeling eval-

uated each airframe when equipped with the identified engine designs to determine

the resulting changes in performance. In addition to the amount of fuel that is car-

ried (and consumed), the airframe's range is calculated and compared between the

engine designs as the most important performance parameter. Figure 5-12 provides

this result, where the aircraft range corresponds to the vertical axes and is compared

across each identified airframe and engine configuration listed on the horizontal axes.
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Here, a portion of the standard piston engine configurations achieve substantial range

improvement in single-engine configurations, with the lone exception being the four-

stroke diesel design. For all four of the single-engine aircraft, the two/four-stroke

gasoline engine provided the largest advantage, with a peak range improvement of

47% for the first airframe. Furthermore, the four-stroke gasoline engine exhibited im-

proved range in all four of these aircraft, while the two-stroke diesel design achieved

an advantage in airframes one and two. Despite these advantages, all four piston

engine configurations exhibited declining performance relative to the gas turbines as

the airframe sizes increased. This is particularly evident in Figures 5-121) and 5-12c,

where, in addition to the two- and four-stroke diesel engines not having enough fuel to

fly (with the exception of the fifth airframe for the two-stroke), the remaining gasoline

engines experience declining range values while the gas turbine configuration exhibits

the opposite trend. Thus, when considering the impact on the aircraft's range, the re-

sults indicate that the standard piston engine configurations are only suited in small,

single-engine airframes where the engine mass does not outweigh the improvements in

efficiency. Specifically, the two/four-stroke engine provides the best option for these

aircraft, while both the four-stroke gasoline and two-stroke diesel configurations show

promise in the smallest airframes.

Furthermore, the best-range cruise speed is compared between the standard imple-

mentation designs, resulting in Figure 5-13. Here, the vertical axes plot the average

cruise speed of each standard engine configuration and airframe, as specified by the

horizontal axes. Due to the gas turbine and piston engine SFC trends provided in

Sections 2.3 and 3.3, the configurations have different optimum power loads; gas tur-

bines are most efficient when operating at their rated power output, while piston

engines reach an optimum efficiency between approximately 50% and 70% of their

rated maximum power. Because of this difference, the best-range speed for piston

engines is significantly lower than that of gas turbines. Thus, aside from the im-

provement in fuel consumption, the piston engine configurations must cruise at lower

speeds to achieve their maximum range.
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5.4.2 Hybrid Design

In addition to the standard implementation, four hybrid designs incorporating a gas

turbine and each of the piston engine architectures are evaluated during the flight pro-

file modeling. The configurations aimed to combine the high specific power of a gas

turbine, with its power required during takeoff and climb, and the high efficiency of

the piston engine, which exclusively provides the power needed for cruising. For these

configurations, the power required by the gas turbine and piston engine are calculated

to be equal, based on their hot and high deratings and the gas turbine's OEI power

boosting capability (see Section 5.2.1). Figure 5-14 illustrates the results of each air-

frame's mass allocation, in addition to the standard gas turbine data for reference,

with Appendix D provides the individual mass values and additional parameters for

each airframe. Here, similar to Figure 5-11, the vertical axis represents the mass of

each identified category, divided into the fuel, engines, payload, and balance (i.e. the

remainder of the aircraft), and the horizontal axis provides each airframe equipped

with the various engine designs, using the following abbreviations: gas turbine en-

gine(s) (GT), a four-stroke diesel engine and gas turbine (H. 4-S D.), a two-stroke

diesel engine equipped with a gas turbine (H. 2-S D.), a four-stroke gasoline engine

and gas turbine (H. 4-S G.), and a two/four-stroke gasoline engine paired with a gas

turbine (H. 2/4-S G.).

As anticipated, the piston engines account for significantly more mass than the

gas turbines, illustrating the discrepancy between the engine designs' specific powers

as the engines are sized to produce equal power output (see Appendix D). Following

these allocations, each modified airframe is modeled to evaluate the associated changes

in aircraft performance (i.e. range and cruise speed). Figure 5-15 provides the first of

these results, where the aircraft range corresponds to the vertical axis for each hybrid

engine pairing identified on the horizontal axis. For the traditional single-engine

aircraft, the hybrid two-stroke implementation provides the highest performance in

airframe 1, with a 21% increase in range over that of the standard gas turbine.

Alternatively, the two/four-stroke engine achieves the greatest range in airframes
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pared to the standard gas turbine configuration, included and outlined for reference.
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2 and 3, with modest improvements of 6% and 3%, respectively. Similar to the

standard configurations, these benefits are mitigated at higher airframe sizes, where,

for airframe 4, only the two/four-stroke hybrid design is capable of matching the

gas turbine configuration's performance. Furthermore, these trends are repeated in

the traditional dual-engine aircraft, where the two/four-stroke gasoline engine's range

exceeds all configurations for each airframe. This benefit is at a maximum for airframe

5 with a 29% increase in range over the standard gas turbine implementation, and

is diminished at higher helicopter sizes, with a final range improvement of 10% for

airframe 10. As evident in both the single- and dual-engine categories, the hybrid

designs provide the greatest advantage in smaller aircraft, while gas turbines become

more competitive with increasing size.

As previously stated, the benefits of the hybrid designs are due to the helicopter's

allocation of power throughout the flight profile. During takeoff, the airframe requires

both engines to produce adequate power, and thus the large specific power of the

gas turbine minimizes the require engine mass. On the other hand, while cruising,

the airframe deactivates the gas turbine and runs exclusively on the piston engine,

leveraging the higher efficiency. This latter feature occurs at the cost of lower best-

range cruise speed (due to less power being used during flight), as illustrated in

Figure 5-16. Here, the vertical axis is the best-range cruise speed which is compared

for each airframe and engine configuration listed on the horizontal axis. Similar to

the standard configurations, the airframes equipped with hybrid designs cruise at a

significantly lower flight speed compared to those with gas turbines, with this trend

arising from a similar mechanism for the hybrid designs. As these configurations

maximize their range by exclusively drawing power from their piston engine during

cruise, only half of the total available airframe power is accessible during this portion

of flight. The reduction in available cruise power, in addition to the piston engine's

efficiency rising in part-load operation (see Section 3.3), results in the best cruise

speed shifting to lower values. Thus, despite improvements in fuel consumption, the

hybrid airframe designs must travel at lower cruise speeds to achieve their maximum

range.
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5.4.3 Auxiliary Engine Configurations

Finally, the auxiliary engine configurations are evaluated and compared to the stan-

dard gas turbine implementations. These designs incorporated either single or dual

main piston and gas turbine engines, matching the traditional single- or dual-engine

airframes, while installing an auxiliary gas turbine. The auxiliary engine serves to

provide power when needed during takeoff and OEI scenarios, while the main engines

handle the remainder of the flight. This allows the airframe to leverage the piston

engines' superior efficiency or, for the gas turbine auxiliary configurations, enables

the two main engines to operate at high loads in cruise, which improves their SFC

(see Section 2.3). The distribution of the total available power between the main and

auxiliary engines is optimized to maximize the configuration's range, while ensuring

sufficient OEI and hot and high capabilities. Figures 5-17 and 5-18 show the result-

ing mass and power allocations, with Appendix D providing values for the individual

masses, power allocations, and the associated parameters for each airframe.

For Figure 5-17, the vertical axes correspond to the mass of each identified cat-

egory, including the fuel, engines, payload, and balance (i.e. the remainder of the

aircraft). For Figure 5-18, the vertical axes are the percent of the total rated takeoff

power allocated to the main and auxiliary engines. In both charts, the horizontal axis

identifies each airframe equipped with the various engine designs, using the following

abbreviations: gas turbine engine(s) (GT, Std. for standard implementation, Aux.

for auxiliary engine configuration), four-stroke diesel main engine(s) (Aux. 4-S D.),

two-stroke diesel main engine(s) (Aux. 2-S D.), four-stroke gasoline main engine(s)

(Aux. 4-S G.), and two/four-stroke gasoline main engine(s) (Aux. 2/4-S G.).

In the single-main-engine airframes, the optimization results in different trends

for the various engine designs. For the gas turbine and two/four-stroke gasoline main

engine configurations, the airframe's range is maximized by minimizing the auxil-

iary engine's size, suggesting that these designs do not benefit substantially from an

auxiliary configuration. On the other hand, the four- and two-stroke diesel main

engine configurations allocate a substantial fraction of their total power to the auxil-
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iary engine in each of these single-main-engine airframes, showing that these designs

are improved by the auxiliary engine. Falling between these two extremes, the opti-

mization of the four-stroke gasoline main engine design results in minimum auxiliary

engine power when equipped in airframes 1 through 3, with this trend reversing in

airframe 4. In this aircraft design, a substantial portion of the airframe's power is

allocated to the auxiliary engine, which indicates that this design benefits form the

auxiliary engine in larger airframe sizes.

For each of the dual-main-engine aircraft, the auxiliary engines account for a signif-

icant portion of the total engine mass, with limited variations in the power allocations

across different configurations and airframes. These two trends are partially caused

by the hot and high and OEI restrictions that are imposed on the power allocation

process, as described in Section 5.23.

The flight profile modeling is conducted using these configurations, with the results

shown in Figure 5-19. The auxiliary configurations show substantial range improve-

ments for all modeled airframes when compared to the standard gas turbine designs.

Specifically, the two/four-stroke gasoline engine achieves the maximum range for air-

frames 1 through 6, which encompasses all of the single-main-engine aircraft (air-

frames 1 through 4), as well as the first two dual-main-engine airframes (5 and 6).

These improvements in range vary between a maximum of a 46% increase for airframe

1 down to a 10% improvement for airframe 6. For the remainder of the dual-main-

engine aircraft (i.e. airframes 7 through 10), the gas turbine auxiliary configuration

achieves the greatest range, with a maximum improvement of 16% over the standard

gas turbine implementation for airframe 10.

A comparison of the aircraft's best range speed is shown in Figure 5-20, where

the airframe's cruise speed is the vertical axis vs. the auxiliary configuration pair-

ings provided on the horizontal axis, with the standard gas turbine's speed included

for reference. Similar to the hybrid designs, the auxiliary configurations travel at

significantly lower cruise speeds to optimize the airframes' ranges, with the lone ex-

ception being the auxiliary gas turbine design incorporated in the single-main-engine

3The limited spread in these power allocations is also due to these performance restrictions.
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Figure 5-19: The auxiliary engine configurations achieved varying degrees of range
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Figure 5-20: While the gas turbine auxiliary engine configuration achieves similar
cruise speeds in the traditional single-engine airframes, the piston engine designs,
as well as the gas turbine auxiliary design in dual-main-engine airframes, travel at
significantly lower flight speeds.
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airframes (due to the minimal impact of the small auxiliary engine). The combination

of lower power available for the main engines (all auxiliary configurations) and the

SFC trends at part-load (piston configurations) are the driving forces that require the

airframes to travel at lower speeds to maximize their range.

5.4.4 Combined Range Comparison

After evaluating each implementation strategy independently, the results are com-

bined to identify the trends in airframe performance. In this final analysis, the data

is parsed to exclusively consider configurations that exceeded the standard gas tur-

bine's performance in at least one of the airframes. Furthermore, this evaluation is

completed by normalizing the configurations' range values by the baseline gas tur-

bine's range, providing a comparisons of the fractional change in range for each engine

design and airframe. The results are split into Figures 5-21 and 5-22 for the tradi-

tional single-engine and dual-engine airframes, respectively. Here, the vertical axes

represent the fractional change in range of the various engine designs compared to

the baseline gas turbine configuration, and the horizontal axes plot each airframe,

with the gross takeoff mass listed on the bottom of the chart and the corresponding

airframe payload provided above the figure.

Traditional Single-engine Airframes

Many engine configurations achieved substantial range improvements when equipped

in the traditional single-engine aircraft, led by the two/four-stroke standard design

with range improvements between 47% for airframe 1 (1,000 kilogram gross takeoff

mass, GTOM) and 15% for airframe 4 (2,500 kilogram GTOM). For the diesel piston

engines, the four-stroke auxiliary engine design provided a modest increase in range

for airframe 1 (albeit lower than the majority of other engines), but dropped off

drastically in larger aircraft. For the two-stroke diesel engines, the auxiliary design

achieved performance advantages in airframes 1 through 3, while the standard and

hybrid designs provided improvements in range up to airframe 2 (1,500 kilogram
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GTOM). Thus, when comparing these diesel configurations for the traditional single-

engine airframes, the two-stroke auxiliary design provides the highest airframe range

due to the ideal allocation of power and efficiency.

Alternatively, the gasoline hybrid and auxiliary designs achieved varying degrees

of range improvement. For the two/four-stroke engine, the hybrid design provided

a modest advantage, which, with increasing airframe size, is diminished to matching

the performance of the gas turbine in airframe 4 (2,500 kilogram GTOM). On the

other hand, both the four-stroke and two/four-stroke gasoline auxiliary engine designs

improved each airframe's range, but only matched the performance of the piston

engine architectures' standard implementations. Thus, due to the added complexity

of incorporating two different engines, the standard configuration is the favored four-

stroke and two/four-stroke implementations in these airframes.

However, despite these improvement capabilities, each piston engine configuration

experienced significant declines in performance with increasing airframe sizes. This

indicate that, for single-engine configurations, many piston engine designs would be-

come further limited in airframes that exceed 2,500 kilograms in gross takeoff mass.

While these engine combinations experienced a diminishing advantage with increasing

aircraft size, each identified designs shows potential for feasibility in, at a minimum,

a portion of the considered sizes of single-engine aircraft.

Traditional Duel-Engine Airframes

For the traditional dual-engine airframes, the number of configurations that provided

range improvements over the standard gas turbine is lower, with only auxiliary and

hybrid designs and no diesel four-stroke engines. While smaller than the traditional

single-engine airframe results, the alternative engine configurations provided improve-

ments in range across the entire set of airframes. For the piston engines, the hybrid

two/four-stroke gasoline engine design provided the largest range advantage, with a

maximum of a 29% increase when equipped in airframe 5 (3,000 kilogram GTOM),

while the auxiliary gas turbine configuration achieved the largest improvements in

airframes 9 and 10 (5,000 and 5,500 kilogram GTOM), reaching a maximum of a
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Figure 5-21: The fractional changes in range achieved by the best performing engine
configurations are plotted for the traditional single-engine airframes.
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16% increase in range for airframe 10. For the four-stroke and the two/four-stroke

gasoline designs, the hybrid configurations outperformed the auxiliary engine im-

plementation across all ten airframes; the four-stroke auxiliary and hybrid gasoline

designs provided range advantages up until airframes six (3,500 kilogram GTOM) and

ten (5,500 kilogram GTOM), respectively, while the two-stroke auxiliary and hybrid

implementations achieved improved range in all modeled dual-engine airframes. Sim-

ilarly, the diesel two-stroke hybrid configuration provides slightly higher ranges than

the auxiliary implementation, with both designs initially achieving improvements in

range that are lost in airframes 6 through 10.

However, analogous to their implementation in the traditional single-engine air-

frames, each piston engine design experienced a significant decline in performance

with increasing airframe size, culminating in airframe 10, where only the two/four-

stroke hybrid and auxiliary engines achieve an improvement in range. Based on

this trend, the performance advantages are mitigated in greater aircraft sizes for all

piston engine designs, with the exception of the two/four-stroke hybrid implementa-

tion. Alternatively, the auxiliary gas turbine configurations experiences the opposite

trend, where the design's range improvement increases with the airframe sizes. Thus,

when considering the sizes of aircraft evaluated in this analysis, the alternative en-

gine configurations provide significant improvements in range and fuel consumption

compared to the standard gas turbine implementations, at the expense of lower flight

speeds (with the exception of the auxiliary gas turbine configuration in traditional

single-engine airframes).

5.5 Uncertainty Impact

The results evaluated in the previous sections were developed using multiple trends

compiled from industry data, including engine masses, fluid volumes, SFCs, and part-

load efficiencies. With these trends comes inherent uncertainty in their accuracy, due

to the variations in the collected data. To estimate the impact of the potential errors,

the results are calculated after accounting for the variance in the piston engine mass

152



Payload [kg]
967 1,103 1,240 1,377

3,000 3,500 4,000 4,500 5,000

- U- Hybrid Diesel 2-
Stroke

- 0- Hybrid Gasoline 4-
Stroke

-0- Hybrid Gasoline 2-
Stroke

-*-Auxiliary GT

- Auxiliary Diesel 2-
Stroke

-h Auxiliary Gasoline 4-
Stroke

-* Auxiliary Gasoline 2-
Stroke

5,500
Gross Takeoff Mass [kg]

Figure 5-22: The fractional changes in range achieved by the best performing engine
configurations are plotted for the traditional dual-engine airframes.
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predictions, including the dry engine and fluid masses. While uncertainty exists in all

of the populated trends, the impact of the engine masses demonstrates the sensitivity

of these results to changes in the input data.

5.5.1 Uncertainty Calculation

For the piston engine dry masses, confidence bounds of one standard deviation (i.e.

64.2%) for each linear curve fit's coefficients were calculated by MATLAB's "confint"

function, with these bounds defining the interval that has a 64.2% probability of

containing the true curve fit. Using the resulting coefficients, the upper and lower

bound trends for the diesel four-stroke, diesel two-stroke, and gasoline four-stroke

engines were compiled,

mD. 4-S, dry, UB = 1.233 * Pengine, (5.33)

MD. 4-S, dry, LB =1.182 * Pengine, (5.34)

mD. 2-S, dry, UB 0.923 * Pengine + 61.3, (5.35)

mD. 2-S, dry, LB 0.695 * Pengine - 35.4, (5.36)

mG. 4-S, dry, UB 0.571 * Pengine + 87.1, (5.37)

mG. 4-S, dry, LB 0.490 * Pengine + 24.2, (5.38)

where each m refers to the particular engine's predicted dry mass in kilograms, D.

is the abbreviation of diesel, G. is the abbreviation for gasoline, 2-S and 4-S repre-

sent two- and four-stroke configurations, respectively, UB corresponds to the engine's

upper bound trend, LB is the engine's lower bound trend, and Pengine represents the

engine's rated takeoff power in kilowatts. The mass-power relationship for two/four-

stroke gasoline engines is based on the four-stroke relations (Equations 5.37 and 5.38).

The four-stroke trends were modified to account for the 25% increase in power when

switching form four-stroke operation to the two-stroke mode, as well as the increase

(and uncertainty) of the mass of the supercharging system for the two/four-stroke
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configuration,

mG. 2/4-S, dry, UB = 0.571 * 12 ) + 87.1 + 12.5, (5.39)

mG. 2/4-S, dry, LB = 0.490 * ( i5e + 24.2 - 12.5. (5.40)

Here, mG. 2/4-S, dry refers to the two/four-stroke engine's predicted dry mass in kilo-

grams, UB and LB correspond to the engine's upper and lower bound trends, respec-

tively, Pengine represents the engine's rated takeoff power in kilowatts, and the +/-

12.5 (kilograms) factor corresponds to half of the assumed increase in mass for the

two/four-stroke engine's supercharging system (see Section 4.4). This latter adjust-

ment is made to incorporate the approximate uncertainty in the supercharging mass

prediction, as the value was assumed based on sparse industry data. To illustrate

the difference between the original trends and the new fits that account for the un-

certainty in the data, Figure 5-23 was compiled for the four-stroke diesel, two-stroke

diesel, and four-stroke gasoline engines. Here, the vertical axes provide the engine's

mass, the horizontal axes represents the engine's rated takeoff power, and the identi-

fied trends are included for comparison. Based on these graphs, it is evident that the

diesel two-stroke engine provides the most uncertain results, due to the scarcity of

data and the wide spread in values. On the other hand, the diesel four-stroke engines

provide the most accurate fit, with the gasoline four-stroke engines falling in-between.

In addition to the piston engine dry masses, the coolant and oil volumes were

predicted using industry trends with inherent uncertainty. Due to their minimal

impact on the overall engine masses and the limited data used to compile the trends,

the uncertainty in these values is taken to equal the largest difference between the

data points and their corresponding trend-predicted volumes. This resulted in data

spreads of six liters for the coolant fluid and two liters for the oil, with these volumes

added or subtracted to the baseline trend-predicted values to account for the upper

and lower uncertainty bounds in the data.
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Figure 5-23: The variation in the industry data results in uncertainty in the calculated
piston engine trends, represented by the standard deviation confidence bounds.
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5.5.2 Modeling Impact

Using the upper and lower engine mass bounds, in addition to the coolant and volume

corrections, the flight profile modeling is reevaluated to provide the impact of these

mass uncertainties. From the change in the results, the sensitivity of each airframe's

range with respect to the engine masses is evaluated to provide context when con-

sidering a specific application for the identified engine configurations. This analysis

is separated into the single- and dual-engine airframes, with the following sections

discussing these results.

Single-Engine Airframes

First, for the single-engine airframes equipped with the piston engine configurations

that provided an improvement in performance (as identified in Section 5.4), Figure

5-24 illustrates the impact of using the upper (5-24a) and lower (5-24c) piston engine

mass uncertainty bounds compared to the baseline trend results (5-24b). Here, each

vertical axis corresponds to the fractional change in range from the standard gas

turbine configuration and the horizontal axes are the gross takeoff mass (bottom)

and payload mass (top). From these results, it is evident that the variation in piston

engine mass trends results in drastic changes to the predicated airframe ranges when

equipped with each configuration. When using the upper standard deviation bound,

all piston engine implementations fail to match the performance of the standard gas

turbine design. On the other hand, using the lower standard deviation bound, each

configuration achieves substantial improvements in range across all four airframes

(with the exception of the auxiliary diesel four-stroke design), with the two-stroke

standard and auxiliary configurations providing in excess of 120% improvements in

range in the first airframe (1,000 kilogram GTOM).

To further evaluate these effects, the best performing configuration (largest im-

provement in range, based on the original mass trends) for each of the four piston

engine categories (i.e. two- and four-stroke diesel, four-stroke gasoline, and two/four-

stroke gasoline) are individually plotted with their upper, baseline, and lower trend
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Figure 5-24: The impacts of the upper and lower standard deviation bounds for the
piston engine mass trends are illustrated by the significant variations in the single-
engine airframe ranges.
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results. Figure 5-25 provides these results, where each vertical axis is the fractional

change in range form the standard gas turbine configuration, and the horizontal axes

corresponds to each airframe's gross takeoff mass (bottom) and payload mass (top).

As anticipated, the diesel two-stroke and four-stroke auxiliary designs exhibit the

widest and smallest variance in range, respectively, as the two-stroke engine's mass

trend had the greatest uncertainty and the four-stroke design contained the lowest

uncertainty (see Figure 5-23). For the diesel two-stroke auxiliary configuration, these

uncertainty bounds resulted in a fractional change in range that varied for the first

airframe (1,000 kilogram GTOM) between an improvement greater than 120% to a

decrease of approximately a 40%. On the other hand, the diesel four-stroke auxiliary

design's variance in range is significantly smaller for this airframe, falling between

an increase slightly greater than 20% and a decrease less than 10%. Based on these

wide changes in range, the sizing an engine for a specific application is essential; an

airframer must obtain accurate estimates for an engine's mass to ensure that the

anticipated performance can be achieved. Additionally, if an engine design can ex-

ceed the baseline trends identified in this analysis (i.e. better efficiency and specific

power), the aircraft is capable of achieve substantially higher performance, further

demonstrating the feasibility of implementing the engine configuration.

Dual-Engine Airframes

The same single-engine airframe range comparison is conducted on the dual-engine

airframes equipped with the piston engine configurations that provided improvements

in range, with Figure 5-26 illustrating the results of using the upper (5-26a) and lower

(5-26c) piston engine mass uncertainty bounds compared to the baseline trend results

(5-26b). Here, the vertical axes correspond to the fractional change in range com-

pared to the standard gas turbine designs, and the horizontal axes are each airframe's

gross takeoff (bottom) and payload masses (top). While less pronounced than in the

single-engine airframes, the mass uncertainties significantly change the aircraft ranges

achieved with each engine configuration. When modeling the piston engine upper

mass bounds, only the gasoline four-stroke and two/four-stroke engines provided im-
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Figure 5-25: The best-performing configurations for each of the piston engine designs
in single-engine airframes are individually evaluated to illustrate the impact of their
upper and lower uncertainty bounds.

provements in range for any of the aircraft. Alternatively, when using the lower mass

bounds, each configuration resulted in increased range across all airframes, with the

auxiliary diesel configuration nearly achieving a 60% increase in range in the first

dual-engine airframe (3,000 kilogram GTOM).

Furthermore, the individual mass uncertainty impacts are evaluated for the best

performing (largest improvement in range, based on original mass trends) configura-

tions of each piston engine category, with the results provided in Figure 5-27. Here,

each vertical axis is the fractional change in range from the standard gas turbine

configuration, and the horizontal axes corresponds to each airframe's gross takeoff

mass (bottom) and payload mass (top). Due to the two-stroke diesel engine's mass
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Figure 5-26: The impacts of the upper and lower standard deviation bounds for the
piston engine mass trends are illustrated by the significant variations in the dual-
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trend having the greatest uncertainty and the four-stroke diesel design containing the

lowest uncertainty (see Figure 5-23), the hybrid two-stroke and four-stroke configu-

rations exhibited the widest and smallest variances in range, respectively. For the

diesel two-stroke hybrid design, the interval of the resulting ranges varied for the first

dual-engine airframe (3,000 kilogram GTOM) between an increase of approximately

40% and a decrease of nearly 30%, while the diesel four-stroke hybrid configuration's

interval is contained within decreases of approximately 30% and 45%. This variation

indicates that, while less sensitive than single-engine airframes, the engine mass must

be carefully estimated for specific dual-engine airframe applications to ensure ade-

quate performance. Additionally, if the engine's is capable of exceeding performance

trends identified in this report (i.e. better efficiency and specific power), an air-

frame's advantages can be substantially increased, further emphasizing the feasibility

of implementing these engine designs.
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Chapter 6

Summary and Conclusions

This project considered multiple avenues to improve the performance of rotorcraft

powerplants through the use of alternative engine configurations, with the main goal

of increasing a helicopter's range. To approximate a realistic operation profile, the ro-

torcraft performance required adequate capabilities in the adverse conditions of high

altitude and temperatures, as well as during scenarios where engine failure occurs.

Through these lenses, the airframe's powerplant was identified as being instrumental

to the helicopter's performance, and thus was the focus of this thesis. In particular,

the engine's specific power, efficiency, and performance in the specified adverse con-

ditions were identified as the essential parameters to be considered for improvement.

As gas turbines are implemented in the vast majority of modern airframes, these

engines were evaluated across a range of power classes to identify the baseline ro-

torcraft powerplant capabilities, as well as determine the factors that dictate their

advantages, disadvantages, and limitations. This analysis was conducted through

compiling multiple turboshaft databases, identifying industry trends, and evaluating

changes to gas turbine operation and architecture at varying sizes. Through these re-

sults, this investigation determined that gas turbines are severely limited in low power

class operation (thus small airframe sizes), due to changes in the engine architecture

and the scaling issues that inhibit their performance in these designs (gas turbine

efficiency and specific power drops as these engines become smaller). This region of

low gas turbine efficiency provides a niche where alternative engine configurations
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have a potential for significant performance improvements.

Following this exercise, standard gasoline and diesel piston engines were considered

as alternative powerplant configurations. These engines were evaluated by compiling

industry trends and engine data to determine performance capabilities and limita-

tions, similar to what was done in the gas turbine analysis. From these results, the

piston engines were shown to possess significant advantages in efficiency in the low

power classes, at the cost of high engine weights (low specific powers). Two/four-

stroke switching engine designs and ethanol-gasoline designs were considered as av-

enues to mitigate the piston engine's specific power disadvantage. The former config-

uration improves the engine's specific power by operating in two-stroke mode when

required and otherwise running in four-stroke mode to maximize efficiency. In the case

of the ethanol-gasoline engine, the use of the two fuels increased the engine's specific

power by leveraging ethanol's improved knock resistance and charge cooling. These

configurations were modeled using the GT-POWER simulation software to determine

their capabilities and performance characteristics, in addition to providing hot and

high performance data for standard piston engines. While the two/four-stroke en-

gine provided substantial improvement in specific power over the baseline four-stroke

gasoline engine, the ethanol-gasoline engine did not attain improvements due to the

need for heavier engines to fully utilize the ethanol's advantages.

Using these results, flight profile modeling was conducted using a variety of air-

frames that were within the niche region investigated by this project, including both

single- and dual-engine designs. The rotorcraft were created using industry standard

practices with gas turbine engine characteristics predicted by high-end performance

trends. Using each identified engine design, these virtual aircraft were then equipped

with multiple configurations, including standard engine swaps that replaced the gas

turbines with piston engines, hybrid designs that incorporated both a gas turbine

and piston engine, and the auxiliary engine configurations that included a small gas

turbine in addition to the standard gas turbines or piston engines. With these con-

figurations separately installed, the aircraft were simulated as conducting a charac-

teristic flight path to compare the changes in the airframe's performance with those
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achieved using the baseline gas turbine engines. From this modeling, the advantages

and disadvantages of the various designs were identified, as well as the regions of ap-

plications that would achieve greater performance with particular alternative engine

configurations. Finally, the uncertainties in the piston engine mass trends, along with

their impact on the flight profile modeling, were evaluated to provide context on the

importance of sizing an engine for specific applications.

6.1 Main Conclusions

Through this investigation, the following conclusions were drawn regarding the fea-

sibility of replacing current gas turbine engines with alternative configurations, in-

cluding the difference in engine configuration advantages as well as their impacts on

airframe performance.

Engine Comparisons

When compared to gas turbines, the piston engine designs poses distinct advantages

in efficiency at the expense of significantly heavier architectures. These effects shift

from each design, with the two extremes being the diesel four-stroke configuration,

achieving the highest efficiency and mass, and the two/four-stroke gasoline engine,

which has the poorest efficiency (when considering the effect of operating in two-stroke

mode during a portion of the flight) and the lightest architecture.

With regards to adverse operation, both gas turbines and piston engines possess

separate advantages. In OEI situations, gas turbines are able to boost their power

output for short durations, decreasing the takeoff power rating required to handle

these scenarios. On the other hand, piston engines are better suited to handle hot

and high conditions, which limits the required power buffer that ensures the airframe

can achieve full flight capabilities in the anticipated envelope of operation. In ad-

dition to an aircraft's power requirement in standard conditions, these performance

parameters dictate how large the engines must be sized to handle the adverse scenar-

ios. The resulting power requirement directly impacts the total engine mass, which
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alters the mass of fuel that an airframe can carry and thus the maximum range that

the helicopter can travel.

Airframe Performance

When equipped in rotorcraft, select alternative engine configurations achieved sub-

stantial advantages in range and fuel consumption for each of the modeled airframes

when compared to the standard gas turbines. In the traditional single-engine air-

frames (i.e. gross takeoff masses less than 3,000 kilogram) the two/four-stroke gaso-

line standard and auxiliary configurations achieved the highest range (nearly identical

between the two designs) for airframes 1 through 4 (1,000, 1,500, 2,000, and 2,500

kilogram GTOMs).

Furthermore, for the traditional dual-engine airframes (i.e. gross takeoff masses

of 3,000 kilograms and higher), multiple configurations provided significant improve-

ments in airframe range when compared to the standard gas turbines. In airframes 5

(3,000 kilogram GTOM), 6 (3,500 kilogram GTOM), 7 (4,000 kilogram GTOM), and

8 (4,500 kilogram GTOM), the two/four-stroke hybrid design achieved the highest

range, while the auxiliary gas turbine configuration provided the farthest ranges in

airframes 9 and 10 (5,000, and 5,500 kilogram GTOMs).

In total, the following configurations provided significant (i.e. greater than 5%)

improvements in range for the identified airframes. The particular airframes are

specified using their gross takeoff mass, with their range improvements included:

" Standard diesel two-stroke: 1,000 kg (35%)

" Standard gasoline four-stroke: 1,000 (32%), 1,500 (17%), and 2,000 kg (7%)

" Standard gasoline two/four-stroke: 1,000 (47%), 1,500 (31%), 2,000 (21%), and

2,500 kg (15%)

" Hybrid diesel two-stroke: 1,000 (21%) and 3,000 kg (7%)

" Hybrid gasoline four-stroke: 3,000 (19%), 3,500 (13%), 4,000 (9%), and 4,500

kg (6%)
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" Hybrid gasoline two/four-stroke: 1,000 (11%), 1,500 (6%), 3,000 (29%), 3,500

(23%), 4,000 (19%), 4,500 (16%), 5,000 (13%), and 5,500 kg (10%)

" Auxiliary gas turbine: 3,000 (6%), 3,500 (9%), 4,000 (11%), 4,500 (13%), 5,000

(15%), and 5,500 kg (16%)

" Auxiliary diesel four-stroke: 1,000 kg (9%)

" Auxiliary diesel two-stroke: 1,000 (39%) and 1,500 kg (15%)

" Auxiliary gasoline four-stroke: 1,000 (32%), 1,500 (17%), and 2,000 kg (7%)

" Auxiliary gasoline two/four-stroke 1,000 (46%), 1,500 (30%), 2,000 (21%), 2,500

(14%), 3,000 (13%), 3,500 (10%), 4,000 (8%), and 4,500 kg (6%)

However, these improvements in range are achieved at the expense of reductions

in the airframe's best-range cruise speed. This change is due to the gas turbines

and piston engines experiencing opposite trends in their efficiency when operating in

part-load conditions; turboshaft efficiency falls when producing less than the takeoff

rated power, while piston engine efficiency rises in part-load operation. Thus, the

optimal cruise speed of piston engines is reduced to take advantage of this increase in

efficiency, while the gas turbine configurations travel at higher speeds to counteract

their reduction in efficiency. Additionally, the auxiliary gas turbine configuration's

best-range cruise speed was also lower than the standard gas turbines in the traditional

dual-engine aircraft, due to the reduction in the available power for the main engines.

Therefore, the alternative engine configurations are capable of providing significant

improvements in range and fuel consumption, at the expense of lower flight speeds.

Finally, a helicopter's performance is very sensitive to the predicted engine masses,

as illustrated by the modeling of the uncertainty in the engine mass trends. To

consider implementing one of the identified engine configurations, an airframer must

carefully estimate the engine's characteristics (i.e. mass and efficiency) to ensure the

aircraft is capable of achieving the desired performance, due to the wide variance

in engine performances. Furthermore, if an engine is identified as exceeding the
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performance trends provided in this analysis, an airframe's range can be substantially

increased, further emphasizing the feasibility of implementing these configurations.

Recommendations

Based on these results, the analysis recommends that airframers investigate the identi-

fied engine configurations in the airframe sizes in which they are capable of achieving

improved performance over that of the gas turbines. In particular, the two/four-

stroke switching engine exhibits the greatest piston engine performance capability in

the standard and hybrid implementations for the single- and dual-engine airframes, re-

spectively. To verify these capabilities, it is recommended that an engine manufacture

provide more detailed evaluations of the configurations implementation, including the

development time and feasible performance capabilities based on the manufacturer's

expertise. Furthermore, for designs that could be implemented today, the diesel

two-stroke auxiliary configuration provides substantial benefits in small single-engine

airframe sizes, the gasoline four-stroke hybrid design exhibits improvements in range

for the small and medium sized dual-engine airframes, and the auxiliary gas turbine

configuration shows significant increases in range for all dual-engine airframes.

However, when considering the feasibility of these designs, an organization must

obtain accurate estimations of engine masses and efficiencies to determine if the con-

figuration can match or exceed the performance trends identified in this investigation.

Due to the significant variance in these parameters, in addition to an aircraft's sen-

sitivity to their changes, a specific application must size an engine's characteristics

and evaluate the airframe's performance on a case-by-case basis. Additionally, the

evaluation must be conducted on the specific airframe considered for the engine's

implementation, as the aircraft performance parameters influences the helicopter's

response to different engine configurations. While this analysis indicates the feasi-

bility of the identified designs, an airframer must finalize the engine capabilities in

specific airframes to ensure adequate performance can be achieved.
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6.2 Future Work

Due to the time constraints imposed on this project, multiple topics were not fully

vetted and require additional evaluation. These investigations must be analyzed

to fully determine the feasibility of implementing the identified alternative engine

configurations in rotorcraft applications, as discussed in the following sections.

6.2.1 Engine Considerations

First, the future work required for the engines evaluated in this modeling was deter-

mined. Each item must be considered when investigation the total implications of

utilizing the engine designs.

Supercharging

Due to limited data, the supercharger maximum single-stage pressure ratio and mass

were estimated using specific designs points found on example supercharging systems.

However, to obtain a more accurate predictions, the boosting system must be designed

for a specific engine, as the relationships between the airflow rate, pressure ratio, and

mass are complex and experience too much variance to enable broad estimations. As

these features are essential to a piston engine's performance, particular applications

must individually conduct this sizing.

Turbocharging

The two-stroke operation mode was unable to accommodate turbocharging during

the GT-POWER modeling because of the sensitivity to the resulting exhaust back

pressure. However, turbocharging provides an inherent advantage in engine efficiency,

as the power is drawn directly from the engine's exhaust. Thus, for the potential dual-

stage boosting models in particular, turbocharging should be considered to further

augment the two/four-stroke engine's performance.

171



Emissions Impact

While referenced during the piston engine discussion, emission production was not

considered in this investigation. In particular, the piston engines were modeled under

the assumption that Avgas was used as a fuel, which contains lead as an anti-knock

additive. With rising concerns on the impact of aircraft on the environment, the

changes in emissions between each engine, as well as the extent of their impacts,

must be considered in actual implementation.

Engine Geometry

As mentioned in this analysis, a particular piston engine's ideal geometry is difficult

to approximate, as the relationships between the various dimensions (i.e. bore and

stroke, number of engines, etc.) complicates the process. Despite the substantial

benefits outlined in this analysis, further consideration is required to design an engine

for a particular application, with the potential for achieving greater performance

than with the geometry specified in this report. Furthermore, the engine's overall

dimensions (i.e. length, width, and height) are crucial to their implementation in

rotorcraft applications, as the airframe's available space must be able to accommodate

the engine size. This feature of the new engine configurations is an essential parameter

to evaluate when considering implementing an engine design in a helicopter.

Experimental Investigation of Two/Four-Stroke Engine

The two/four-stroke engine was discovered in literature, where a handful of studies

have experimentally verified its basic operation. However, these evaluations were in

engine sizes that are dwarfed by those considered in this analysis, and were not tested

at the engine's maximum capabilities. Thus, the concept proposed in this analysis

requires extensive experimental research to ensure that the platform can achieve the

performance identified through the GT-POWER modeling, in addition to identifying

realistic efficiencies in the two- and four-stroke operating modes and ensuring reliable

mode switching and performance throughout the lifetime of the engine.
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Diesel Engine Characteristics

Despite the investigation of gasoline performance using GT-POWER, diesel engines

were not modeled during this analysis. Thus, to more accurately predict their ca-

pabilities (i.e. hot and high derating), additional modeling and data is required for

both four-stroke and two-stroke diesel engines.

Auxiliary Mass Considerations

While the engine, fuel, and fuel tank masses were considered when swapping engines

within an airframe, multiple auxiliary factors will influence the final change in mass

between configurations. These include the changes in the structural mounting of

the fuel tank, engines, and their associated components, as well as the alterations

or additions to the transmission(s) (i.e. the coupling between the engine and the

rotor). These secondary features are important when determining the final change in

mass between configurations, and require further analysis to fully vet the associated

impacts.

Gas Turbine Wet Mass

Similar to piston engines, gas turbines incorporate lubrication oil to facilitate their

operation. While the amount of this fluid is significantly less than the coolant and oil

used in piston engines, their mass must be considered to fully compare piston engine

and gas turbine wet masses and specific powers.

Cost Analysis

This investigation exclusively considered the performance impacts of the identified

engine configurations. However, in actually applications, the rotorcraft costs are crit-

ical to their feasibility. Thus, a comprehensive analysis of the costs associated with

implementing the identified configurations is required to determine the feasibility in

industry applications. These costs include the development and purchasing of the

piston engines for particular application sizes (as well as the price of gas turbines),
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changes in the engine maintenance and replacement frequencies, fuel price and con-

sumption rates, and the monetary value of the changed airframe performance (i.e.

further range at a lower speed).

6.2.2 Modeling Considerations

In addition to the future work regarding the engine technologies, further investigation

into the modeling of these configurations is necessary to provide a full evaluation of the

alternative engine designs' impacts on airframe performance. The applicable topics

are listed in the following sections.

Additional Mission Profiles

The flight profile modeling evaluated a characteristic flight path that includes the

basic takeoff, climb, cruise, reserve, descent, and landing segments. However, many

airframes are designed and operated to accomplish specific missions, including recon-

naissance, search and rescue, and transportation. To achieve more accurate results

for specific applications, the flight profile modeling would require modification to its

flight path to mimic the desired mission. Furthermore, the required airframe ca-

pabilities in OEI and hot and high conditions (in addition to the definition of hot

and high) significantly impact the sizing of engines for a particular airframe. Thus,

these features require attention when considering the feasibility of an engine design

in specific applications.

Varying Performance Parameters

The simulated airframes were designed using industry trends to provide a general

prediction of aircraft performance features, which heavily influence the rotorcraft's

flight characteristics and capabilities. While these estimations provided baseline re-

sults, the specific parameters must be updated to match a particular airframe that is

being considered for implementing the alternative configurations.
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Modeling Altitude Adjustment for Engine Performance

Finally, while included during the engine sizing procedures, the modeling did not

account for changes in engine performance when at altitude during the flight path.

To provide more realistic results, each engine configuration would require their per-

formance trends to be built into the modeling to estimate their change in capabilities

during the entire flight profile.
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Appendix A

GT-POWER Simulation Parameters

The following sections outline the final modeling parameters for the example aviation

piston engines, two/four-stroke simulations, and the ethanol-gasoline configurations.

These parameters include specified characteristics that were emulated in the model,

as well as variable parameters that were used to tune the engine for optimization

(two/four-stroke, ethanol-gasoline engines) or to achieve a desired performance level

(example aircraft engines). Each section will further describe these parameters in

addition to the goals of the simulations.

A.1 Example Aircraft Engines

For the example aviation piston engines modeled in GT-POWER, a combination

of variable and fixed parameters were used to duplicate the engines' performance

characteristics and provide better understanding of their operation. Specifically, the

results were used to determine a maximum final knock integral value to be used in

subsequent modeling. The data referenced in Section 4.3 was compiled by utilizing

manufacturer and certification documentation describing the engines' parameters,

with this information provided in Tables A.1 through A.6. Through the GT-POWER

engine models, the example aircraft knock tendency trends were calculated using the

imposed knock integral specified in Section 4.2, which provided a baseline value that

served as the knock integral target for subsequent simulations.
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Table A.1: The Hamilton Standard FV4000-2TC engine specifications

Fixed Engine Parameters

Rated power 268.5 kW

SFC (at rated power) 0.305 kg/kW/hr

Wet massa 253.7 kg

Bore x stroke 87 x 83 mm

Number of cylinders 8

Compression ratio 9.7:1

Max engine speed 5,200 rpm

Boosting system Turbocharged

Fuel grade Avgas 1OOLL

Cooling method Liquid

Manifold Pressure 1.46 bar

Variable Engine Parameters

Ignition timing (50% CA) 6.50 ATDC

Intake valve open timing 3170 ATDC

Exhaust valve open timing 1200 ATDC

Equivalence ratio 1.28

a The coolant mass was estimated using trend data compiled from the

aviation piston engines, as seen in Appendix 3.3.2.

other example
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Table A.2: The Limbach L2400 DX engine specifications

Fixed Engine Parameters

Rated power 118.0 kW

SFC (at rated power) 0.255 kg/kW/hr

Wet mass 92.3 kg

Bore x stroke 97 x 82 mm

Number of cylinders 4

Compression ratio 8:1

Max engine speed 3,000 rpm

Boosting systemc Turbocharged

Fuel grade 98 RON

Cooling method Liquid-cooled cylinder heads,

air-cooled cylinders

Manifold Pressure 1.63 bar

Variable Engine Parameters

Ignition timing (50% CA) 110 ATDC

Intake valve open timing 2920 ATDC

Exhaust valve open timing 1420 ATDC

Equivalence ratio 1.10
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Table A.3: The Rotax 912iS engine specifications

Fixed Engine Parameters

Rated power 73.5 kW

SFC (at rated power) 0.278 kg/kW/hr

Wet mass 68.3 kg

Bore x stroke 84 x 61 mm

Number of cylinders 4

Compression ratio 10.8:1

Max engine speed 5,800 rpm

Boosting system Naturally aspirated

Fuel grade 95 RON

Liquid-cooled cylinder heads,
Cooling method

air-cooled cylinders

Manifold Pressure 0.88 bar

Ignition timinga (50% CA) 4.80 ATDC

Variable Engine Parameters

Intake valve open timing 3090 ATDC

Exhaust valve open timing 1180 ATDC

Equivalence ratio 1.17

a The manufacturer specifies a spark timing of 26' BTDC, which is equivalent to a

50% CA of 4.8' ATDC, based on the combustion modeling used in GT-POWER.
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Table A.4: The RotorWay RI-162F engine specifications

Fixed Engine Parameters

Rated power 111.9 kW

SFC (at rated power) 0.256 kg/kW/hr

Wet mass 99.1 kg

Bore x stroke 102 x 82 mm

Number of cylinders 4

Compression ratio 9.4:1

Max engine speed 4,250 rpm

Boosting system Naturally aspirated

Fuel grade 98 RON

Cooling method Liquid-cooled

Variable Engine Parameters

Ignition timinga (50% CA) 6.250 ATDC

Manifold Pressureb 0.88 bar

Intake valve open timing 3110 ATDC

Exhaust valve open timing 1250 ATDC

Equivalence ratio 1.07

a The manufacturer specifies a spark timing between 14 - 380 BTDC, with the final

timing set to 24.60 BTDC after optimizing the simulation. This is equivalent to a

50% CA of 6.250 ATDC, based on the combustion modeling used in GT-POWER.

b The manufacturer does not specify a manifold pressure, and thus this pressure

target is based on the manifold pressure of the Rotax 912iS, which is also naturally

aspirated.
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Table A.5: The Teledyne Continental TSIOL-550-A engine specifications

Fixed Engine Parameters

Rated power 261 kW

SFC (at rated power) 0.304 kg/kW/hr

Wet massa 220.7 kg

Bore x stroke 133 x 108 mm

Number of cylinders 6

Compression ratio 7.5:1

Max engine speed 2,700 rpm

Boosting system Turbocharged

Fuel grade Avgas 100 or 1OOLL

Cooling method Liquid-cooled

Ignition timingb (50% CA) 40 ATDC

Manifold Pressure 1.29 bar

Variable Engine Parameters

Intake valve open timing 3140 ATDC

Exhaust valve open timing 1250 ATDC

Equivalence ratio 1.22

a The coolant mass was estimated using trend data compiled from the other example

aviation piston engines, as seen in Appendix 3.3.2.

b The manufacturer specifies a spark timing of 20' BTDC, which is equivalent to a

50% CA of 40 ATDC, based on the combustion modeling used in GT-POWER.
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Table A.6: The TRACE OE600A engine specifications

Fixed Engine Parameters

Rated power 447 kW

SFC (at rated power) 0.268 kg/kW/hr

Wet massa 365.3 kg

Bore x stroke 113 x 102 mm

Number of cylinders 8

Compression ratio 8:1

Max engine speed 4,400 rpm

Boosting system Turbocharged

Fuel grade Avgas 10OLL

Cooling method Liquid-cooled

Ignition timingb (50% CA) 6.80 BTDC

Manifold Pressure 1.76 bar

Variable Engine Parameters

Intake valve open timing 2950 ATDC

Exhaust valve open timing 1260 ATDC

Equivalence ratio 1.03

a The coolant mass was estimated using trend data compiled from the other example

aviation piston engines, as seen in Appendix 3.3.2.

b The manufacturer specifies a spark timing of 38' BTDC, which is equivalent to a

50% CA of 6.80 ATDC, based on the combustion modeling used in GT-POWER.
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A.2 Two/Four-Stroke Engine

The four simulations outlined in Section 4.4 were completed with the parameters listed

in Tables A.7 through A.8. The two-stroke configuration was optimized to maximize

specific power in standard ambient conditions, with two different test scenarios. First,

the configuration was modeled with the compressor pressure ratio limited to 2.5 to

simulate a single supercharger. However, as this resulted in the configuration's per-

formance being restricted by its boosting capability, the second test scenario allowed

the model to increase the pressure ratio above 2.5 to approximate dual-supercharging.

Furthermore, the four-stroke port valve configuration was simulated to determine the

approximate change in power output when switching between the two- and four-stroke

operation modes, while the four-stroke poppet valve engine was modeled to estimate

the engine platform's mass before accounting for the added supercharging and inter-

cooler masses necessary for two-stroke operation. Each simulation was restricted by a

peak pressure limit of 120 bar, a knock integral maximum value of 0.92, and, with the

exception of the second two-stroke hot and high analysis previously described, a com-

pressor pressure ratio limit of 2.5. The remaining parameters provided in Section 4.1

enabled the tuning of each engine configuration to optimize the desired performance

(i.e. power output or specific power), with the resulting mass calculations provided

in Appendix C.
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Table A.7: The two-stroke engine operation parameters

Engine Performance
Two-Stroke, Initial Two-Stroke, Revisited

Parameter

Net power outputa (kW) 344 395

Estimated wet massb (kg) 210 247

Specific power (kW/kg) 1.64 1.60

Power density (kW/L) 127 146

Hot and high power lossa -19% -13%

Standard and (hot and high) operating parameters and characteristics

Intake valve opening
(0 ATDC)150 (154) 161 (154)

(- ATDC)

Exhaust valve opening
(0 ATDC)104 (106) 114 (104)

(- ATDC)

Spark timing

(50% CA, ATDC)

Equivalence ratio 0.97 (0.96) 0.97 (0.97)

Peak pressure (bar) 104 (86) 119 (108)

Final knock integral value 0.83 (0.58) 0.92 (0.83)

Compressor pressure ratio 2.50 (2.46) 3.15 (3.02)

a This power output accounts for the supercharging power consumption.

b The engine masses were estimated by using the output power vs engine mass trends

located in Section 3.3 and were adjusted based on the supercharging and intercooler

mass considerations, as described in Appendix C.

C The hot and high power loss is the configuration's percent decrease in maximum avail-

able power when the engine is operating in ambient air conditions of 315.2 K and 0.875

bar.
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Table A.8: The four-stroke engine operation parameters

Engine Performance Four-Stroke, Four-Stroke,

Parameter Port Valve Model Standard Model

Net power outputa (kW) 259 243

Estimated wet massb (kg) 219c 202

Specific power (kW/kg) 1.18c 1.20

Power density (kW/L) 96 90

Hot and high power loss -16% -12%

Standard and (hot and high) operating parameters and characteristics

Intake valve opening
300 (302) 309 (326)

(0 ATDC)

Exhaust valve opening
(0 ATDC)131 (127) 138 (130)(- ATDC)

Spark timing
13 (8) 16 (13)

(50% CA, 0 ATDC)

Equivalence ratio 0.97 (0.97) 0.975 (0.91)

Peak pressure (bar) 120 (114) 110 (103)

Final knock integral value 0.91 (0.91) 0.92 (0.92)

Compressor pressure ratio 2.50 (2.49) 2.50 (2.50)

a This power output accounts for the supercharging power consumption.

b The engine masses were estimated by using the output power vs engine mass trends

located in Section 3.3 and were adjusted based on the supercharging and intercooler

mass considerations, as described in Appendix C.

c The four-stroke port valve configuration modeling was conducted to estimate the change

in power available when switching between the two- and four-stroke operation modes.

Thus, the engine mass was assumed to be equal to the two-stroke configuration.

d The hot and high power loss is the configuration's percent decrease in maximum avail-

able power when the engine is operating in ambient air conditions of 315.2 K and 0.875

bar.
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A.3 Ethanol-Gasoline Engine

The two sets of ethanol-gasoline simulations varied the engine's spark timing while

either keeping the knock integral or cylinder peak pressure constant for both E85 and

Avgas fuel sources. Throughout the spark sweep, the engine's variable parameters

were tuned to achieve maximum power output, given the testing restrictions. Ta-

bles A.9 through A.12 provide the results and the parameters used to achieve these

performances, with every E85 and Avgas test case having operated with equivalence

ratios of 0.92 and 0.9, respectively.

Table A.9: The E85 configuration's constant knock integral parameters

Compressor Inlet
Spark Timing (50% Intake Valve Exhaust Valve

Temperature and
CA, ATDC) Opening (0 ATDC) Opening (0 ATDC) Pessure aK

Pressure (bar, K)

5 297 147 1, 293

7 297 147 1, 293

9 295 148 1, 293

11 295 145 1, 293

13 295 145 1.67, 359

15 295 145 1.67, 359

17 295 143 1.67, 359
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Table A.10: The E85 configuration's constant peak pressure parameters

Compressor Inlet
Spark Timing (50% Intake Valve Exhaust Valve

Temperature and
CA, 0 ATDC) Opening (0 ATDC) Opening (0 ATDC) Pessure aK

Pressure (bar, K)

5 297 147 1, 293

7 297 147 1, 293

9 297 148 1, 293

11 295 145 1, 293

13 295 145 1, 293

15 295 145 1, 293

17 295 143 1, 293

19 295 143 1.33, 332

21 295 143 1.33, 332

23 295 143 1.33, 332

25 295 143 1.33, 332

27 295 143 1.33, 332

29 295 143 1.58, 352.5

188



Table A.11: The Avgas configuration's constant knock integral parameters

Spark Timing (50% Intake Valve Exhaust Valve Compressor Inlet

CA, 0 ATDC) Opening (0 ATDC) Opening (0 ATDC) Temperature and
Pressure (bar, K)

5 295 148 1, 293

7 295 146 1, 293

9 295 148 1, 293

11 295 147 1, 293

13 295 147 1, 293

15 295 147 1, 293

17 295 143 1.58, 353

19 295 143 1.58, 353
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Table A.12: The Avgas configuration's constant peak pressure parameters

Compressor Inlet
Spark Timing (50% Intake Valve Exhaust Valve

Temperature and
CA, 0 ATDC) Opening (0 ATDC) Opening (0 ATDC) Pessure aK

Pressure (bar, K)

5 295 146 1, 293

7 297 146 1, 293

9 297 148 1, 293

11 295 147 1, 293

13 295 145 1, 293

15 295 145 1, 293

17 295 143 1, 293

19 295 143 1, 293

21 295 143 1.58, 353

23 295 143 1.58, 353

25 295 143 1.58, 353

27 295 143 1.58, 353

29 295 143 1.58, 353
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Appendix B

Avgas RON Estimation

As described in Section 4.1, the GT-POWER simulations required the RON for each

engine configuration's fuel to enable the estimation of knock tenancies. Thus, since

Avgas does not have a specified RON, a correlation between the MON and RON of

high-performance fuel was created to provide an adequate estimation for this param-

eter. Figure B-1 illustrates the resulting relationship, with each fuel's MON plotted

on the horizontal axis and RON displayed on the vertical axis.

125

RON =0.65MON + 45
120 -

115 -

110

0
105

Lower Bound: RON =0.65*M0N + 41,
100 .ARON=-4

95-

90
80 85 90 95 100 105

MON [-]
110 115 120 125 130

Figure B-1: The sample high-performance racing fuel was plotted to determine a
characteristic relationship between a fuel's RON and MON [129].
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Based on the best fit curve for this data, and the specified Avgas MON of 99.8,

the fuel's approximated RON is calculated to be 110. However, as seen in Figure B-1,

there is scatter in the data trend, with a worst case RON prediction of 106. Thus,

while the example aircraft and two/four-stroke engine GT-POWER configurations

analyses were based on the best fit curve, these models was also evaluated with the

worst case scenario RON to determine how the RON uncertainty would impact each

engine's knock prediction. The results of these tests are provided in the following

sections.

B.1 Example Aircraft Engine Testing

Three of the identified aviation piston engines, the Hamilton Standard FV4000-2TC,

Teledyne Continental TSIOL-550-A, and TRACE OE600A, operate with Avgas as

their minimum fuel requirement. For each of these engines, the GT-POWER modeling

was designed to maximize performance when assuming an Avgas RON of 110, with

the same operating parameters tested when using RON of 106. Table B.1 provides

the changes in each engine's knock integral.

Based on these results, the worst-case potential for the Avgas RON would create

significant changes to the example engines' knock integrals, averaging an increase

of 0.14. However, as the TRACE OE600A exceeds the knock threshold of unity

in this scenario, Avgas is likely to have a RON higher than 106. Furthermore, if

the target knock integral target was updated using these higher values, the limit

would be increased from the original 0.92 value. Thus, as subsequent testing was

conducted with a maximum knock integral value of 0.92, the modeling would provide

a conservative estimation of the engine capabilities, assuming their fuel's RON is

accurate (see following sections).
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Table B.1: The final knock integral values for the example aircraft engines that utilize
Avgas, when assuming 110 RON and 106 RON

Example Engine 110 RON Knock 106 RON Knock Change in Knock

Integral Integral Integral

Hamilton Standard
0.82 0.96 0.14

FV4000-2TC

Teledyne Continental
0.60 0.70 0.10

TSIOL-550-A

TRACE OE600A 0.96 1.13 0.17

B.2 Ethanol-Gasoline Engine Testing

For the ethanol-gasoline simulations, two separate test runs were conducted, with the

first evaluation restricting the knock integral final value and the second case limiting

the cylinder's peak pressure. For the first set of simulations, after evaluating the Avgas

test case knock integrals with 106 RON, the final values jumped from the target of

0.92 to 1.08, resulting in operation that would cause knocking. With the second set

of simulations, the differences in knock integral values between the baseline 110 RON

and 106 RON conditions are displayed in Figure B-2, where the engine's spark delay

is varied across the horizontal axis and the final knock integral values are plotted on

the vertical axis. Here, the difference in knock integrals is as high as 0.16 at a spark

advance of 2' (0.94 for 110 RON, 1.10 for 106 RON) and decreases to 0.09 at a spark

delay of 220 (0.54 for 110 RON, 0.63 for 106 RON).

Despite the change in the Avgas RON causing knock in both simulation sets,

the impact of the testing results does not change; to fully leverage the benefits of

ethanol, the engine must have very high peak pressures. This requires substantially

stronger (and thus heavier) engines, with the resulting increase in mass mitigating

the basic goal of increasing the engine's specific power. Furthermore, based on the
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The Avgas vs. E85 fixed pressure simulations were conducted with an
of 110 and 106 to determine the lower RON's effect on the final knock

constant peak pressure analysis, ethanol does not provide a significant advantage

when compared with Avgas in a representative gasoline engine architecture, despite

the potentially lower Avgas RON. The simulation utilized heavy spark delay to maxi-

mize the engine's power output, which eliminated knock as a performance restriction.

Therefore, regardless of the potential variance in the Avgas RON, the ethanol-gasoline

configuration was deemed to be unfit for implementation in rotorcraft applications

and was not considered in the flight profile modeling.

B.3 Two/Four-Stroke Engine Testing

Finally, the two/four-stroke engine was simulated using an Avgas RON of 110 and

106, with Tables B.2 and B.3 providing the results. The change in the final knock

integral values was significant for all configurations, causing both the four-stroke port

valve and four-stroke poppet valve configurations to knock. Based on these results,

the two/four-stroke engine's performance is sensitive to its fuel's RON due to multiple

engine platforms being restricted by knock. However, as there are additional high-
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performance gasoline fuels that provide a RON greater than or equal to 110, this

analysis based its results on running Avgas with a RON of 110 under the assumption

that a different fuel source with an adequate RON could be used if necessary [129].

Table B.2: The change in the final knock integral values
engine models

for the four-stroke

Engine Configuration Four-stroke, port Four-stroke,

valve poppet valve

110 RON Standard and (Hot and

High Knck Itegals0.91 (0.91) 0.92 (0.92)High) Knock Integrals

106 RON Standard and (Hot and
1.07 (1.07) 1.08 (1.08)

High) Knock Integrals

Change in Standard and (Hot and

High Knck Itegals0.16 (0.16) 0.16 (0.16)High) Knock Integrals

Table B.3: The change in the final knock integral values for the two-stroke engine
models

Two-Stroke,

Engine Configuration Revisited
Initial Modeling

Modeling

110 RON Standard and (Hot and
0.83 (0.58) 0.92 (0.83)

High) Knock Integrals

106 RON Standard and (Hot and

High) Knock Integrals 0.97 (0.68) 1.08 (0.98)

Change in Standard and (Hot and

High)0.14 (0.10) 0.16 (0.15)
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Appendix C

Supercharging Power and Mass

Adjustment

During the GT-POWER modeling, an estimation of the supercharging system power

consumption and mass was required to provide a full comparison of each configura-

tion's specific power, as these features directly affect the performance predicted by

the engine simulations and are used in the flight profile modeling. The former was

completed using an external first law energy balance, while the latter was estimated

using trends taken from industry superchargers. These analyses are provided in the

following sections.

C.1 Power Adjustment

As referenced in Section 4.1, the GT-POWER supercharger power requirement was

verified through an external calculation to correct for any discrepancies that arose

due to the altering of the compressor mass flow rate and efficiency multipliers. For

each simulation, a first law energy balance was created for the compressor, based on

the model's mass flow rate and the compressor's inlet and outlet air temperatures,

rmair * hin + Wcompressor - 7iair * hout, (C.1)
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where rhai, is the compressors mass flow rate in kilograms per second, and hi, and

hot are the specific enthalpies of the inlet and outlet air, respectively, in joules per

kilogram (calculated using the air temperatures). Tables C.1 through C.4 display

the data taken from each two/four-stroke GT-POWER simulation, along with the

resulting calculated enthalpies, supercharging power consumption, and difference in

the GT-POWER and external power estimations. Each simulation was updated with

their supercharging power adjustment, ensuring accurate performance predictions.

Table C.1: The two-stroke configuration's compressor conditions and the re-
sulting power consumption

Standard Hot and High
Parameter

Conditions Conditions

Mass flow rate (kg/s) 0.381 0.315

Inlet temperature, enthalpy

(K, kJ/kg) 298, 298 313, 314

Outlet temperature,

enthalpy (K, kJ/kg) 425, 426 441, 443

Calculated compressor
48.8 40.1

power (kW)

GT-POWER predicted
26.1 19.2

compressor power (kW)

Change in compressor
22.7 20.9

power (kW)
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Table C.2: The revisited two-stroke configuration's compressor conditions and
the resulting power consumption

Standard Hot and High
Parameter

Conditions Conditions

Mass flow rate (kg/s) 0.472 0.403

Inlet temperature, enthalpy

(K, kJ/kg) 298, 298 313, 313

Outlet temperature,

enthalpya (K, kJ/kg) 464, 467 481, 483

Calculated compressor
79.8 68.5

powera(kW)

GT-POWER predicted
25.3 17.5

compressor powera(kW)

Change in compressor
54.5 51

powera (kW)

a These compressor outlet conditions and

single supercharger with a pressure ratio

Thus, these values are not equivalent to

chargers in series.

power values are based on the

that was allowed to exceed 2.5.

an actual system of two super-
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Table C.3: The four-stroke port valve configurations' compressor conditions
and the resulting power consumption

Parameter Standard Hot and High

Conditions Conditions

Mass flow rate (kg/s) 0.281 0.233

Inlet temperature, enthalpy

(K, kJ/kg) 298, 298 313, 313

Outlet temperature,

enthalpy (K, kJ/kg) 425, 427 445, 447

Calculated compressor
36.2 31.2

power (kW)

GT-POWER predicted
27.5 22.7

compressor power (kW)

Change in compressor
8.7 8.5

power (kW)
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Table C.4: The four-stroke standard configurations' compressor conditions
and the resulting power consumption

Parameter Standard Hot and High

Conditions Conditions

Mass flow rate (kg/s) 0.270 0.223

Inlet temperature, enthalpy

(K, kJ/kg) 297, 297 311, 312

Outlet temperature,

enthalpy (K, kJ/kg) 431, 433 450, 453

Calculated compressor
36.6 31.4

power (kW)

GT-POWER predicted
26.1 20.8

compressor power (kW)

Change in compressor
10.5 10.6

power (kW)
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C.2 Mass Adjustment

The two/four-stroke engine mass estimation began with simulating the power output

of a conventional engine design (i.e. poppet valves, single-stage supercharging), as

outlined in Section 4.4. With this data, the standard engine configuration's wet mass

was calculated using Equations 3.7, 3.10, and 3.11, per the discussion in Section 3.3.2.

Then, after modeling the two/four-stroke platform, the additional supercharging

and intercooling requirements were determined for both of the two-stroke engine con-

figurations (i.e. sized for standard and hot and high operation conditions) and the

four-stroke operating mode. Due to the complexity of superchargers, variations in

their designs, and lack of available data, a direct prediction trend was not achievable,

and thus the modeling used example automotive racing supercharger systems as de-

sign points. Based on various manufacturers, a single high-performance supercharger

system was estimated to have a mass of 50 kilograms [72, 73, 74, 75, 761. Additionally,

as the two-stroke operating mode required additional boosting capability, the config-

uration was assumed to increase the supercharging system mass by 50% (resulting in

a total mass of 75 kilograms). This amount of additional mass is inline with smaller

industry compressors, and the extra supercharging capabilities are assumed to require

less mass than the initial main compressor [77].

Furthermore, the standard engine configuration's intercooler heat transfer rate

was taken to represent a mass of 9 kg, based on devices that are implemented in

similar sized high-performance applications [127, 128]. Using the assumption that

the intercooler's mass is proportional to its heat transfer rate, the two- and four-

stroke models' intercooler masses were approximated,

minercooler = ( Q out,new * 9, (C.2)
Oout,baseline)

where mintercoole, is the intercooler mass estimation in kilograms, Qout,new is the simu-

lated intercooler heat transfer rate for the applicable configuration, and Qout,baseine is

the heat transfer rate for the standard model's intercooler. Tables C.5 and C.6 provide

These results, as well as the wet engine mass and supercharger mass calculations.
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Table C.5: The two/four-stroke initial modeling mass analysis data

Two/Four-Stroke, Two/Four-Stroke, Standard

Engine Parameters Standard Hot and High Four-Stroke

Conditions Conditions Engine

Net power outputa (kW) 344 280 243

Trend-predicted engine dry N/A N/A 185

mass (kg)

Compressor mass (kg) 50 50 50

Intercooler mass (kg) 12 11 9

Final engine dry massb,c (kg) 188 188 185

Final engine wet mass' (kg) 210 210 204

a This power output accounts for the supercharging power consumption.

b The dry engine mass was calculated using the baseline four-stroke configuration's predicted dry

mass, and adjusting this value with the increased supercharger and intercooler masses.

C These values are equivalent as the engine platform is shared between the two operation modes.
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Table C.6: The revisited two/four-stroke modeling mass analysis data

EsTwo/Four-Stroke, Two/Four-Stroke,

Engine Parameters SadrCo itns Hot and High
Standard Conditions

Conditions

Net power outputa(kW) 395 344

Trend-predicted engine dry mass
(kg) N/A N/A(kg)

Compressor mass (kg) 75 75

Intercooler mass (kg) 21 22

Final engine dry massbfkg) 222 222

Final engine wet massc(kg) 247 247

a This power output accounts for the supercharging power consumption.

b The dry engine mass was calculated by taking the baseline four-stroke poppet valve

configuration's predicted dry mass, and adjusting this value based on the increased

supercharger and intercooler masses.

C These values are equivalent as the engine platform is shared between the two op-

eration modes.
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Appendix D

Airframe Characteristics and

Performance Parameters

As a part of the flight profile modeling conducted in Chapter 5, baseline airframe

characteristics and performance parameters were required to simulate each engine

configuration's effect on the airframe's capabilities. These values were determined

through a combination of industry standards and example airframes, and were ini-

tially designed with gas turbines as their engines. As a part of the modeling process,

the airframes were modified to be equipped with each alternative engine configuration

considered in this analysis. The flight profile modeling was then conducted, with the

performance achieved by the baseline and modified airframes compared to evaluate

the advantages and disadvantages of each engine configuration. The specific charac-

teristics for the example aircraft used to tune the modeling, the baseline airframes,

and the modified airframes are provided in the following sections.

D.1 Example Rotorcraft

To assist the development of the flight profile modeling simulations, twelve airframes

were identified and characterized through their manufacturer documentation and ex-

ternal sources, with the features identified in Tables D.1 through D.12. These rotor-

craft were used to develop the appropriate performance parameters listed in Section
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5.3.2 by modeling their range capabilities while varying the specified aircraft param-

eters. Once the fidelity of the developed models was verified by predicting a range

similar to what is reported by the airframe's documentation, the developed airframe

parameters could be used to simulate the constructed airframes.

Table D.1: The Sikorsky S-333 rotorcraft specifications [12, 831

Airframe parameters

Gross takeoff mass 1,157 kg

Rated takeoff power 209 kW

Rotor radius 4.2 m

Fuel mass 223 kg

Climb speed 7.0 m/s

Engine parameters

Engine name (number of engines) Rolls-Royce 250-C20W (1)

Engine mass 73.5 kg

Engine SFC (rated at takeoff power) 0.395 kg/kW/hr
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Table D.2: The Sikorsky S-434 rotorcraft specifications [12, 83]

Airframe parameters

Gross takeoff mass 1,315 kg

Rated takeoff power 239 kW

Rotor radius 4.2 m

Fuel mass 257 kg

Climb speeda 7.0 m/s

Engine parameters

Engine name (number of engines) Rolls-Royce 250-C20W (1)

Engine mass 73.5 kg

Engine SFC (rated at takeoff power) 0.395 kg/kW/hr

a The climb speed is taken from the S-333 due to these airframes' similarities.

Table D.3: The Airbus H120/EC120 rotorcraft specifications [12, 1]

Airframe parameters

Gross takeoff mass 1,715 kg

Rated takeoff power 376 kW

Rotor radius 5.0 m

Fuel mass 321 kg

Climb speed 5.8 m/s

Engine parameters

Engine name (number of engines) Turbomeca Arrius 2F (1)

Engine mass 103 kg

Engine SFC (rated at takeoff power) 0.338 kg/kW/hr
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Table D.4: The Airbus H130 rotorcraft specifications [12, 86]

Airframe parameters

Gross takeoff mass 2,500 kg

Rated takeoff power 710 kW

Rotor radius 5.4 m

Fuel mass 425 kg

Climb speed 8.0 m/s

Engine parameters

Engine name (number of engines) Turbomeca Arriel 2D (1)

Engine mass 133 kg

Engine SFC (rated at takeoff power)a 0.332 kg/kW/hr

a This data is based on the Arriel 2C2 turboshaft engine.

Table D.5: The Airbus EC135: Pratt & Whitney rotorcraft specifications [87]

Airframe parameters

Gross takeoff mass 2,950 kg

Rated takeoff power 926 kW

Rotor radius 5.1 m

Fuel mass 560 kg

Climb speed 7.4 m/s

Engine parameters

Engine name (number of engines) Pratt & Whitney PW206B3 (2)

Engine mass 238 kg

Engine SFC (rated at takeoff power) 0.330 kg/kW/hr

208



Table D.6: The Airbus EC135: Turbomeca rotorcraft specifications [12, 87]

Airframe parameters

Gross takeoff mass 2,910 kg

Rated takeoff power 958 kW

Rotor radius 5.1 m

Fuel mass 560 kg

Climb speed 7.6 m/s

Engine parameters

Engine name (number of engines) Turbomeca Arrius 2B2plus (2)

Engine mass 228 kg

Engine SFC (rated at takeoff power)a 0.328 kg/kW/hr

a This SFC data is based on the Arrius 2B2 turboshaft engine.

Table D.7: The Airbus EC145 rotorcraft specifications [12, 81]

Airframe parameters

Gross takeoff mass 3,585 kg

Rated takeoff power 1,100 kW

Rotor radius 5.5 m

Fuel mass 694 kg

Climb speed 8.1 m/s

Engine parameters

Engine name (number of engines) Turbomeca Arriel 1E2 (2)

Engine mass 250 kg

Engine SFC (rated at takeoff power) 0.349 kg/kW/hr
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Table D.8: The Airbus AS365 rotorcraft specifications [12, 881

Airframe parameters

Gross takeoff mass 4,300 kg

Rated takeoff power 1,250 kW

Rotor radius 6.0 m

Fuel mass 897 kg

Climb speed 6.7 m/s

Engine parameters

Engine name (number of engines) Turbomeca Arriel 2C (2)

Engine mass 256 kg

Engine SFC (rated at takeoff power) 0.333 kg/kW/hr

Table D.9: The Airbus EC155 BI rotorcraft specifications [12, 821

Airframe parameters

Gross takeoff mass 4,920 kg

Rated takeoff power 1,406 kW

Rotor radius 6.3 m

Fuel mass 993 kg

Climb speed 5.86 m/s

Engine parameters

Engine name (number of engines) Turbomeca Arriel 2C2 (2)

Engine mass 256 kg

Engine SFC (rated at takeoff power) 0.332 kg/kW/hr
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Table D.10: The Airbus H145/EC145 T2 rotorcraft specifications [12, 801

Airframe parameters

Gross takeoff mass 3,700 kg

Rated takeoff power 1,334 kW

Rotor radius 5.5 m

Fuel mass 694 kg

Climb speed 8.1 m/s

Engine parameters

Engine name (number of engines) Turbomeca Arriel 2E (2)

Engine mass 278 kg

Engine SFC (rated at takeoff power)a 0.330 kg/kW/hr

a This value is the average SFC for the Arriel 2C2 and Arriel 2S1 turboshaft engines.
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Table D.11: The Sikorsky S-76D rotorcraft specifications [84]

Airframe parameters

Gross takeoff mass 5,386 kg

Rated takeoff power 1,606 kW

Rotor radius 6.7 m

Fuel mass 893 kg

Climb speed 8.3 m/s

Engine parameters

Engine name (number of engines) Pratt & Whitney PS210S (2)

Engine mass 325 kg

Engine SFC (rated at takeoff power)a 0.296 kg/kW/hr

a The SFC is the predicted value at the rated power output, using the trend provided

in Section 2.3.
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Table D.12: The Westland Lynx Series 100 rotorcraft specifications [12]

Airframe parameters

Gross takeoff mass 4,875 kg

Rated takeoff power 1,760 kW

Rotor radius 6.4 m

Fuel mass 792 kg

Climb speed 12.6 m/s

Engine parameters

Engine name (number of engines) Rolls-Royce Gem Mk. 530 (2)

Engine mass 192 kg

Engine SFC (rated at takeoff power)a 0.310 kg/kW/hr

a The SFC is based on the Gem 42-1 turboshaft engine.

D.2 Baseline Airframes

Based on the completion of the airframe design process provided in Chapter 5, the

baseline airframes' final design characteristics are listed in Table D.13. The range

of gross takeoff masses and the choice of which airframes implemented single- and

dual-engine configurations were based on the trends observed for the example air-

frames listed in Section D.1. Furthermore, these rotorcraft were designed based on

the industry practices used to size an airframe with gas turbine engines. Thus, each

aircraft's gas turbine engine characteristics are provided in Table D.14, with the SFC

calculated based on the high-end turboshaft correlation provided in Section 2.3.
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Table D.13: The baseline airframe characteristics

214

Airframe Gross Takeoff Fuel mass Payload Propeller Climb Speed Rotor

Number Mass (kg) (kg) (kg) Radius (m) (m/s) Solidity, o-

1 1,000 193 172 4.1 6.7 0.0565

2 1,500 288 302 4.6 6.8 0.0595

3 2,000 382 433 5.0 6.9 0.0625

4 2,500 475 565 5.3 7.1 0.0655

5 3,000 567 698 5.6 7.2 0.0685

6 3,500 658 832 5.9 7.4 0.0715

7 4,000 784 967 6.1 7.5 0.0745

8 4,500 837 1,103 6.3 7.7 0.0775

9 5,000 926 1,240 6.5 7.8 0.0805

10 5,500 1,013 1,377 6.7 8.0 0.0835



Table D.14: The baseline airframes' engine characteristics

Airframe Number Engine Massa Power Outputa SFCb

(Number of Engines) (kg) (kW) (kg/kW/hr)

1 (1) 72 204 0.443

2 (1) 92 318 0.367

3 (1) 111 439 0.333

4 (1) 128 565 0.314

5 (2) 217 846 0.336

6 (2) 240 1,009 0.322

7 (2) 261 1,176 0.311

8 (2) 282 1,347 0.304

9 (2) 303 1,522 0.298

10 (2) 322 1,702 0.293

a The engine mass and power output includes both engines if the airframe is a dual-engine

configuration.

b The SFC is the predicted value when operating at the rated power output, using the

trend provided in Section 2.3.

D.3 Modified Airframes

During the flight profile analysis provided in Chapter 5, the baseline airframes were

modified to accommodate a variety of engine designs. Given the changes in engines,

the mass allocation of each airframe was updated, with the following sections pro-

viding the results. Here, the helicopter mass was sectioned into the fuel, engine(s),

payload, and balance (i.e. the remainder of the aircraft).
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D.3.1 Standard Implementation

First, the piston engines were installed in standard configurations, where the gas

turbines were conceptually swapped with each piston engine design. Figures D-1 and

D-2 provide the resulting mass allocation for the altered airframes, where the vertical

axes plot the mass of each specific component, and the following abbreviations are

used: gas turbine (GT), four-stroke diesel engine (4-S D.), two-stroke diesel engine (2-

S D.), four-stroke gasoline engine (4-S G.), and two/four-stroke gasoline engine (2/4-S

G.). Furthermore, Table D. 15 lists the airframes' power required for the piston engine

configurations. The powers are equal across all piston configurations due to the hot

and high and OEI restrictions, as discussed in Appendix E.
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Table D.15: The airframes' required piston engine power output

Airframe Number (Number of

Engines)Required Power Outputa(kW)Engines)

1 (1) 182

2 (1) 283

3 (1) 390

4 (1) 503

5 (2) 903

6 (2) 1,076

7 (2) 1,254

8 (2) 1,437

9 (2) 1,624

10 (2) 1,815

a The engine power output includes both engines if

engine configuration.

the airframe is a dual-

D.3.2 Hybrid Designs

Following the standard configurations, the piston engines were paired with gas tur-

bines in hybrid configurations to leverage the strengths of each engine. Figures D-3

and D-4 provide the resulting mass allocation for the airframes, where the vertical

axes plot the mass of each specific component, and the following abbreviations are

used: gas turbine (GT), a four-stroke diesel engine paired with a gas turbine (H. 4-S

D.), a two-stroke diesel engine and a gas turbine (H. 2-S D.), a four-stroke gasoline

engine combined with a gas turbine (H. 4-S G.), and a two/four-stroke gasoline en-

gine installed with a gas turbine (H. 2/4-S G). Additionally, Table D.16 contains each

airframes' power required for each piston and gas turbine engine. The powers are
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equal across all piston configurations due to the hot and high and OEI restrictions,

as discussed in Appendix E.
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Figure D-4: The hybrid designs use one gas turbine and one piston engine to mitigate
the total engine mass, as the piston engines are significantly heavier.
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Table D.16: The hybrid airframes' individual engine power output

Airframe Number (Number of
Engines)Required Power Outputa(kW)Engines)

1 (2) 127

2 (2) 198

3 (2) 273

4 (2) 352

5 (2) 451

6 (2) 538

7 (2) 627

8 (2) 719

9 (2) 812

10 (2) 907

a The engine power output is for a single engine,

the gas turbine and piston engines.

and corresponds to both

D.3.3 Auxiliary Engine Configurations

Finally, an auxiliary gas turbine was added to each standard piston and gas turbine

configuration, with a similar goal as the hybrid designs; the auxiliary engine is used

during takeoff and OEI conditions, while the main engines provide the remainder of

the required power throughout the flight profile. Figures D-5 and D-6 provide the

resulting mass allocation for the airframes, where the vertical axes plot the mass of

each specific component, and the following abbreviations are used: gas turbine (GT,

Std. for standard implementation, Aux. for the auxiliary configuration), four-stroke

diesel main engine(s) and auxiliary gas turbine (Aux. 4-S D.), two-stroke diesel main

engine(s) and auxiliary gas turbine (Aux. 2-S D.), four-stroke gasoline main engine(s)
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and auxiliary gas turbine (Aux. 4-S G.), and two/four-stroke gasoline main engine(s)

and auxiliary gas turbine (Aux. 2/4-S G.). Furthermore, Tables D.17 through D.21
contain each airframes' power required for the main and auxiliary engines. Note that

the power requirements converged to common values for the majority of configurations

due to the imposed limits on the acceptable ranges of power allocation caused by the

hot and high and OEI considerations. These ranges, as well as the required powers,
are calculated using the procedure provided in Appendix E.
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Figure D-5: The standard configurations are altered by introducing an auxiliary gas
turbine, requiring changes in the mass allocation of each airframe.
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Figure D-6: The dual-main-engines are paired with an auxiliary gas turbine, requiring
changes to the airframe mass allocation.
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Table D.17: The auxiliary gas turbine airframes' power outputs

Airframe Number Main Gas Turbine(s)a Auxiliary Gas Turbine

(Number of Engines) (kW) (kW)

1 (2) 213 5

2 (2) 332 7

3 (2) 458 10

4 (2) 590 13

5 (2) 451 322

6 (2) 538 384

7 (2) 627 448

8 (2) 719 513

9 (2) 812 580

10 (2) 907 648

a The main engine power output includes both engines if the airframe is a dual main

engine configuration.
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Table D.18: The auxiliary diesel four-stroke airframes' power outputs

Airframe Number Main Diesel Engine(s)a Auxiliary Gas Turbine

(Number of Engines) (kW) (kW)

1 (2) 127 65

2 (2) 198 102

3 (2) 273 141

4 (2) 352 181

5 (2) 451 232

6 (2) 538 277

7 (2) 627 323

8 (2) 719 370

9 (2) 812 418

10 (2) 907 467

a The main engine power output includes both engines if the airframe is a dual main

engine configuration.
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Table D.19: The auxiliary diesel two-stroke airframes' power outputs

Airframe Number Main Diesel Engine(s)' Auxiliary Gas Turbine

(Number of Engines) (kW) (kW)

1(2) 127 65

2 (2) 198 102

3 (2) 273 141

4 (2) 352 181

5 (2) 451 232

6 (2) 538 277

7 (2) 627 323

8 (2) 719 370

9 (2) 812 418

10 (2) 907 467

a The main engine power output includes both engines if the airframe is a dual main

engine configuration.
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Table D.20: The auxiliary gasoline four-stroke airframes' power outputs

Airframe Number Main Gasoline Auxiliary Gas Turbine

(Number of Engines) Engine(s)a (kW) (kW)

1 (2) 176 7

2 (2) 274 11

3 (2) 378 15

4 (2) 352 181

5 (2) 451 232

6 (2) 538 277

7 (2) 627 323

8 (2) 719 370

9 (2) 812 418

10 (2) 907 467

a The main engine power output includes both engines if the airframe is a dual main

engine configuration.
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Table D.21: The auxiliary gasoline two/four-stroke airframes' power outputs

Airframe Number Main Gasoline Auxiliary Gas Turbine

(Number of Engines) Engine(s)a(kW) (kW)

1 (2) 182 0

2 (2) 283 0

3 (2) 390 0

4 (2) 502 0

5 (2) 451 232

6 (2) 538 277

7 (2) 627 323

8 (2) 719 370

9 (2) 812 418

10 (2) 907 467

a The main engine power output includes both

engine configuration.

engines if the airframe is a dual main
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Appendix E

Engine Sizing

For each configuration, the engine sizing process took into account the OEI and hot

and high conditions and their influences on the airframe power requirements and

engine power ratings. In the calculations used to estimate the engine sizes, Pengine

is the total required power output of an individual engine in kilowatts, Phover, H&H

represents the airframe's power requirement when hovering at hot and high conditions

in kilowatts, XH&H is the hot and high derating for the specified engine type (i.e. gas

turbine or piston), xGT, OEI is the OEI power increase for the gas turbines, and xmain fac

is fraction of the total airframe power allocated to the main engine(s) for the auxiliary

configurations.

As discussed in Section 2.3, gas turbines are estimated to have a hot and high

derating of 25%, due to the lower air density and negative effects of higher air tem-

perature [10, 92]. Similarly, as identified in Section 3.6.1, the piston engine hot and

high derating is approximated as 10%, with the negative effects being limited by the

excess boosting capabilities that are achieved through proper design. Furthermore,

per the data and discussion provided in Section 2.3, gas turbines are estimated to

provide a 20% increase in power output during OEI operation. On the other hand,

as piston engine data is based on maximum possible performance, it is assumed that

attempting to gain further power output would result in rapid engine failure, due

to higher speeds (and thus greater stresses) causing the rotating and reciprocating

components to fail, or higher peak pressures damaging the cylinders and cylinder
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heads while causing the onset of knock. Thus, the piston engine configurations were

not rated for increased performance in OEI conditions. Additionally, for the OEI

calculations, the constant 0.7 accounts for the engine performance requirements in

this scenario. Per the analysis provided in Section 1.3, an engine must provide 70%

of the takeoff decision point (TDP) power output during OEI conditions, resulting

in the 0.7 factor used to calculate the power requirement at this flight profile stage.

Each of these factors and parameters are used to estimate the required engine sizing

for the following configurations.

E.1 Standard and Hybrid Implementation

Using the previously outline parameters, the engine power requirements for the stan-

dard and hybrid configurations were completed using the following equations.

E.1.1 Single-Engine Configurations

In single-engine configurations, no OEI considerations are require, and thus the engine

is sized based on the power requirement of the airframe in hot and high conditions,

accounting for the engine's hot and high derating.

Gas Turbines: Single-Engine Configurations

Pengine * XGT, H&H

Fengine

Phover, H&H

Phover, H&H

XGT, H&H

Phover, H&H

0.75

Pengine - 3 3 Phover, H&H (kW).
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Piston Engines: Single-Engine Configurations

engine * XPist, H&H Phover, H&H

Phover, H&H
Pengine-

XPist, H&H

Phover, H&H

0.9

Pengine =l-llPhover, H&H (kW). (E.2)

E.1.2 Dual-Engine Configurations

For dual-engine configurations, the OEI condition requires that the operable engine

produces 70% of the airframe's required power at the TDP in hot and high operation,

while accounting for the engine's derating in the adverse ambient conditions.

Gas Turbines: Dual-Engine Configurations

Pengine * XGT, H&H * XGT, OEI =0 7 Phover, H&H

O. 7 Phover, H&H
Pengine

XGT, OEI * XGT, H&H

O.7 Phover, H&H

1.2 * 0.75

Pengine = 0-7 8 Phover, H&H (kW). (E.3)
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Piston Engines: Dual-Engine Configurations

Pengine * XPist, H&H

Pengine

0
-7 Phover, H&H

U.7 Phover, H&H

XPist, H&H

U.7 Phover, H&H

0.9

Pengine = 0-7 8 Phover, H&H (kW). (E.4)

E.2 Auxiliary Engine Configurations

First, for each gas turbine and piston engine configuration, the airframe's total power

requirement was determined based on hot and high conditions. Subsequently, the

range of allowable auxiliary engine power allocation was calculated to ensure that the

airframe could produce 70% of the power required at the TDP, per the discussion

provided in Section 1.3.

E.2.1 Power Requirements

The engine configuration's total power capability is sized based on the airframe's

power requirement for takeoff in hot and high conditions, accounting each engine

design's hot and high derating.

Main Engine: Gas Turbine

Prmain engine(s) + Faux engine Phover, H&H , (E.5)
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Pmain engine(s) Xmain frac * Ptotal * XGT, H&H

Xmain frac * Ptotal * 0.75, (E.6)

Paux engine - Xmain frac) * Ptotal * XGT, H&H

--- Xmain frac) * Ptotal * XGT, H&H

(- Xmain frac) * Ptotal * 0.75. (E.7)

Substituting Equations E.6 and E.7 into Equation E.5,

Xmain frac * Ptotal * 0.75 + (1 - Xmain frac) * Ptotai * 0.75 Phover, H&H

0. 7 5xmain frac * Ptotal = Phover, H&H

Ptol Phover, H&H
total = 0.75

Ptotal -
3 3 Pihover, H&H- (E.8)

Pmain engine(s) + Paux engine Phover, H&H, (E.9)

Pmain engine(s) Xmain frac * Ptotal * Xpist, H&H

Xmain frac * Ptotal * 0-9,

Paux engine Xmain frac) * Ptotal * XGT, H&H

- Xmain frac) * Ptotal * XGT, H&H

(1 - Xmain frac) * Ptotal * 0.75.
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Substituting Equations E.10 and E.11 into Equation E.9,

Xmain frac * Ptotai * 0.9 + (1 - Xmain frac) * Ptotal * 0.75 = Phover, H&H

Ptotai(O.75 + Xmain frac(0.9 - 0.75)) = Phover, H&H,

Ptotal = Phover, H&H . (E.12)
0.75 + 0.15xmain frac

E.2.2 Main Engine Power Allocation Limits

The calculated limits to the main engine power allocation were based on situations

when either the auxiliary engine or, for dual main engine configurations, one of the

main engines fail. In the former scenario, the main engine(s) must have sufficient

power to produce the requisite 70% of the power requirement at the takeoff decision

point in hot and high operation, while accounting for the engine derating in this

condition. Thus, this failure mode corresponds to the lower limit for the main engine

sizing. As seen in Equations E.16 and E.25, the calculation of this limit is independent

of the number of main engines, resulting in the single and dual main engine analyses

being restricted by the same main engine lower limit.

On the other hand, when one of the main engines fail in the dual main engine

configurations, only half of the power allocated to the main engines is available.

Thus, as increasing the main engine power allocation would decrease the airframe's

capabilities, this scenario provides the upper limit for the dual main engine sizing.

For single main engine configurations, the analysis assumed that the design must only

ensure OEI capabilities for the main engine, as this provides the same likelihood of

catastrophic failure when compared to the standard design (i.e. the standard single

engine is as likely to fail as the main engine). Thus, the upper limit for the percent

of total power provided by the single main engine was determined to be 100%. The

remaining lower and upper limits were calculated using the following equations, where

Phover, H&H is substituted based on Equations E.1 through E.12 for the applicable

234



configuration.

Gas Turbine Lower Limit

Pmain engine(s) > O- 7 Phover, H&H,

Pmain engine(s) Xmain frac * Ptotai * XGT, H&H * XGT, OEI

Xmain frac * Ptotai

Xmain frac * Ptotai

* 0.75 * 1.2

* 0.9,

O-7 Phover, H&H 0.7 * 0. 7 5 Ptotai

= 0.525Ptotai.

Substituting Equations E.14 and E.15 into Equation E.13,

O.9 Xmain frac * Ptotai > 0. 5 2 5 Ptotal,

Xmain frac > 0.583.

Gas Turbine Dual Main Engine Upper Limit

Pmain engine + Paux engine > 0. 7 Phover, H&H ,
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Pmain engine
1
1Xmain frac * Ptotal * XGT, H&H * XGT, OEI

1
-- Xmain frac * Ptotai * 0.75 * 1.2
2

= 0.4 5Xmain frac * Ptotai, (E.18)

Paux engine (1 - Xmain frac)Ptotal * XGT, H&H * XGT, OEI

(I - Xmain frac)Ptotal * 0.75 * 1.2

(1 - Xmain frac)Ptotal * 0.9, (E.19)

0. 7 Phover, H&H = 0.7 * 0.7 5 Ptotai

= 0.525Ptotal. (E.20)

Substituting equations E.18, E.19, and E.20 into Equation E.17,

0. 4 5Xmain frac * Ptotai + (1 - Xmain frac)Ptotal * 0.9 > 0.525Ptotal

Xmain frac(O.4 5 - 0.9) > 0.525 - 0.9,

Xmain frac < 0.833.

Piston Engine Lower Limit

Pmain engine(s) > O. 7 Phover, H&H,
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Pmain engine(s) main frac * Ptota * XPist, H&H

Xmain frac * Ptotai * 0.9,

0. 7 Phover, H&H = 0.7Ptotal(0.75 + 0.15Xmain frac)

= Ptotai(0.525 + 0.105Xmain frac).

Substituting Equations E.23 and E.24 into Equation E.22,

0.9 xmain frac * Ptotai Ptotai(O.5 2 5 + 0.105Xmain frac)

Xmain frac(0.9 - 0.105) > 0.525,

Xmain frac > 0.660.

Dual Main Piston Engine Upper Limit

Pmain engine + Paux engine > 0. 7 Phover, H&H,
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1
Pmain engine Xmain frac * Ptotal * XPist, H&H

2
-Imain frac * Ptotal * 0-9
2

0.4 5Xmain frac * Ptotal,

Paux engine (1 - Xmain frac)Ptotal * XGT, H&H * XGT, OEI

- (1 - Xmain frac)Ptotal * 0.75 * 1.2

(1 - Xmain frac)Ptotal * 0.9,

O. 7 Phover, H&H 0.7Ptotal(0.75 + 0.15Xmain frac)

Ptotai(0.525 + 0.105Xmain frac).

Substituting Equations E.27, E.28, and E.29 into Equation E.26,

0. 4 5xmain frac * Ptotai + (1 - Xmain frac)Ptotal * 0.9 > Ptotai(O.5 2 5 + 0.105Xmain frac)

Xmain frac(0.45 - 0.9 - 0.105) > 0.525 - 0.9

Xmain frac < 0.676. (E.30)
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