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ABSTRACT

This paper details the development of a turbocharged diesel model based on a combination of 0D
thermodynamic models and fits to publically available diesel engines, taking into account the effect of engine speed
and atmospheric effects on engine lapsing characteristics. The model was then extrapolated,and applied to some
systems-level trade studies and optimization of diesel as well as diesel-electric tailsitters, which were compared to a
reference turboshaft design. Results suggested that, for the mission and architecture of interest, a hybrid-diesel
aircraft was able to achieve modest weight and fuel savings over pure diesel designs. On the other hand,
optimization revealed numerical issues with satisfying energy and power constraints for the hybrid designs;
alternative formulations of the problem may achieve further fuel burn reductions. The turboshaft design,
outperformed both the diesel and diesel-electric aircraft for the mission and assumptions shown here, suggesting that
alternative configurations and/or improved battery technology are required to properly leverage the benefits of
electric propulsion.

INTRODUCTION

Recently, there has been considerable interest in the design of aircraft incorporating electric propulsion
technology [1-3]. Nonetheless, present-day battery technology generally prevents the design of all-electric aircraft
capable of flying long-range or long-endurance missions. In particular, specific energy is a limiting factor in the
design of these aircraft; lithium-ion batteries have a specific energy roughly 1/60th that of conventional fuel sources.
For missions and aircraft where the power requirements vary substantially, specific power can also be a limiting factor
i.e. the battery may be power, rather than energy limited.

On the other hand, diesel engines are known to offer substantial improvements in specific fuel consumption
over turboshaft engines, albeit while suffering significant power-to-weight ratio penalties [4]. For this reason, a
number of new vehicle concepts are in development which implement a diesel-electric propulsion system that uses
batteries and motors to account for short duration power requirements (e.g. hover), while taking advantage of the high
efficiency of diesel engines [5]. Additionally, a given diesel engine (if turbocharged) tends to lapse at a higher altitude
than a comparable turboshaft [4]. As a result, aircraft designed using diesel engines, combined with an electric system,
will likely not suffer the same off-design operation penalties from “hot and high hover” design requirements. This
may offer more flexibility in vehicle operation.



ENGINE CYCLE ANALYSIS

To aid in developing an appropriate model for conceptual design, a 0D cycle-analysis was created to model
turbocharged diesel engines with a fixed compression ratio, assuming isentropic compression and expansion, based
on the method from Heywood [6]. The compression ratio was 18 and the break altitude for a standard atmosphere
was 6000 ft. based on publicly available data from the Centurion 2.0s engine [7]. The cycle is as follows; a
compressor acts on the freestream air according to a specific power input, as seen below.
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where Spawrbocharger 1S the power imparted to the flow normalized by the total mass flow rate through the engine. The
compression stroke reduces the volume of the charge of air inside the diesel based on the compression ratio r.
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Isentropic compression is assumed, providing both temperature and pressure at the end of the stroke. Then

fuel is injected into the chamber, based on an assumed fuel to air ratio of 1/18 at constant pressure, which gives
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where Qi is the lower heating value of diesel, and f is the fuel to air ratio. No changes in gas composition properties
(such as specific heat) were modeled in this simplified analysis, and a perfect gas was assumed throughout.
Furthermore, if T3 was found to be greater than the adiabatic flame temperature of diesel with air (~2400 K), the
adiabatic flame temperature was assumed, and a fallout fuel-air ratio calculated from the above relation. The exhaust
stroke then returns the charge to the original volume, and with isentropic expansion is assumed, one obtains
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and expansion temperature is calculated from the ideal gas law. Turbocharger exhaust conditions were then simply

T, =T, - Spaturz;charger (8)

With the gas conditions defined for all parts of the cycle, the indicated fuel conversion efficiency, ns;as well as
indicated mean effective pressure, imep (the work per cycle per chamber volume) can be determined.
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With the indicated mean effective pressure defined, the power available compared to the sea level static
conditions can be estimated as
P, _ imep

(11)
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assuming that engine operating speed is not a strong function of ambient conditions. Note that turbocharged engines
normally limit their power output via a wastegate which diverts airflow away from the turbocharger (to prevent
overpressurization of the engine), and thereby reduce the Spaswrmocharger term. To simulate wastegate operation, Spa-
turbocharger WAS determined based on the power required to make P./Po=1 below the break altitude for the standard
atmosphere (taken from engine data), and held constant above this altitude, i.e.

Spaturbocharger < Spaturbocharger,break (12)

To illustrate, Spaswrboacharger for both standard as well as “hot” atmospheres (defined here as Thot=Tsa+20K) is
plotted below, with Spawmoeachargerbreak corresponding to a “break” altitude of 6000 ft. for standard atmospheric
conditions.
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Figure 1: Cycle Analysis Turbocharger Specific Power

To estimate the accuracy of the turbocharger model, a centrifugal compressor map is scaled based on the
pressure ratio and corrected mass flow ratio at the breakpoint. The original map is repeated below, with a reference
corrected mass flow of .205 kg/s and pressure ratio of 2.05.
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Figure 2: Centrifugal Compressor Map

The surge line was defined based on the break pressure ratio of the turbocharger, and is plotted in Figure 3 vs.
the corrected mass flow normalized by the break point mass flow, along with the pressure ratio for standard and
“hot” atmospheres.

—
I
1

std
hot
surge line

—
(8]
T

o — —
oo —_ —_ [
T T T T

[
[e]
T

compressor pressure ratio/break pressure ratio

1 1 1
04 05 06 07 08 09 1

[
.

corrected mass flowireference

Figure 3: Compressor Surge

For constant power output, both the standard as well as hot atmosphere engine cycles appear to fall below the
surge line for the bulk of the altitude range shown here. Note that publically available data on the Centurion 2.0s
only extend to an altitude of 24,000 ft., or a corrected mass flow ratio of ~.42, which is slightly beyond the crossover
point of about .4. Similarly, the turbine pressure ratio was plotted versus corrected mass flow for the two
atmospheric conditions.
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Figure 4: Turbine Pressure Comparison

The turbine pressure ratio for the standard atmosphere falls below the hot atmospheric conditions in the figure
above, indicating that the assumptions here may be somewhat optimistic for “hot” temperature conditions; however
there is only about a ~2-4% difference between the curves at any of the given operating points; thus, other
assumptions, such as a perfect gas, as well as isentropic compression and expansion may be more significant.

DIESEL ENGINE MODELING

Substituting in standard sealevel atmospheric values for vy, cp, and R, along with normal operating
parameters for T3 and rc into the cycle analysis Pa/Po term results in a complex function based on the freestream
temperature ratio (0) as well as the Spaswrbocharger term, but is only linear with the freestream pressure ratio (8). To that
end, the engine was assumed to lapse linearly with a proposed lapsing parameter Y=¢ * 6*t, where the x; term varies
from engine to engine. The cycle analysis was then queried for a variety of Spatwrocharger Values, along with a range
of 6, with a power law used to determine the “best fit” for the coefficient x.. A plot of this is shown in Figure 5
below, with no limit on Pa/Py (i.e. the wastegate is fully closed for the range of operation). Figure 6 shows the
results of plotting a temperature sweep of the cycle analysis model vs. the “best fit” Y for a given turbocharger
specific power.

3.5
y =1.2715x1731 turbocharged, break altitude=10000 ft
3 R? = 0.9988 |
X turbocharged, break altitude=6000ft.
95 | V= 1.1594x1°75 .. no turbocharger
: R2=0,9982 .
5 X.x')g
g %x
< X,
© X )8
o 15 XX .
XX,
x')(.)( 8
1 y = 0.9934x1:307 AR L T
R?=0.9958 ']
0.5
0
0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3
theta

Figure 5: Cycle Analysis Temperature Sweep
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Figure 6: Cycle Analysis Temperature Sweep (break altitude=6000 ft.)

Figure 6 illustrates that, under these assumptions, the parameter Y causes the 0D model to collapse to a line. To
that end, a proposed turbocharged diesel engine model for conceptual design that takes into account a variety of
atmospheric conditions as well as varying engine speeds can be seen below.
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Where X;, Ks11, Ks10, Kso1, Ksoo, Kro1, Kroo, Ksio1, Ksigo are inputs to the model, calibrated to fit a particular
engine. Note that Pre/Po (N/Nspec) refers to Pri/Po as a function of N/Nspec. This model simulates turbocharging up to
the breakpoint and tends to fit the data very well for the standard atmosphere as seen below, which compares data
taken from the Centurion 2.0s engine with fits to this model.
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Figure 7: Centurion 2.0s Model

Figure 8 shows the lapsing of the linear-fit model of the Centurions 2.0s engine (assuming 100% engine speed)
based on the parameter Y, a comparable 0D cycle analysis of the engine, along with raw data.
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Figure 8: Comparison of Cycle Analysis and Linear Model



As can be seen in Figure 8, the impact of changing atmospheric conditions between the linear and 0D cycle
analysis is qualitatively quite similar. Both the linear model and the 0D-cycle break at approximately the same
altitude, and follow roughly the same trend in standard and “hot” atmospheric conditions; notably, the performance
difference between standard and “hot” atmospheres is comparable. However, turbocharged engines are somewhat
complicated, and critical altitude is largely a function of wastegate operation. The cycle analysis subsumes
wastegate operation into the Spawrmocharger term. Furthermore, the cycle analysis model does not take into account
other aspects of engine operation, or other processes that may be used, such as intercooling. Figure 9 shows how the
parameter fit model from equations (13)-(19) compares to three different turbocharged diesel engines.
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Figure 9: Diesel Engine Lapse (Standard Atmosphere)

As Figure 9 shows, the model is able to approximate the data to reasonable accuracy for a variety of different
diesel engines. However, for hot and high conditions, there is still a large degree of uncertainty in the simple
parameter fit model, which fits the data well for standard atmospheres, but unfortunately, data is sparse for other
atmospheric conditions; the cycle analysis allows some basis to estimate performance according to this parameter,
but higher fidelity analysis is nonetheless recommended. Figure 10 below compares the parameter fit model for the
Centurion 2.0s for both standard and hot conditions to a representative turboshaft model illustrating their differing
lapsing characteristics [10].
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Figure 10: Model Comparison for Nonstandard Atmospheres



THROTTLE AND WEIGHTS

A simple cubic fit for fuel flow vs. the ratio of power required to power available has been proposed and is
shown below. A fit for a representative diesel engine is shown in Figure 11 [11].

= v« (KFfpo + Kf oy = () + Kf oo (2) +Kffoa s (2)) (20)
® Data e==turboshaft == diesel

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

ff/ff0

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
P/PO

Figure 11: Fuel Flow vs. Power

Note that the diesel engine appears to operate more efficiently than the turboshaft engine in the off-design
condition, as one might expect; diesel engines are known to run at relatively high efficiencies, even at lower power
outputs [4]. Knowing that diesel engines suffer from low power-to-weight ratios, obtaining a reasonable weights
correlation is critical in evaluating their use in conceptual design. To that end, data from a wide range of diesel engines
of varying power capabilities were collected, and a scaling law was formed to fit the data. A scaling correlation was
also developed for high power-to-weight electric motors. These were then compared with an equivalent scaling law
for turboshaft engines shown in Figure 12 below.
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Figure 12 demonstrates that, for comparable power output, both turboshaft engines and state of the art electric
motors tend to offer far superior power-to-weight ratios over diesel engines. However, when including the required
energy systems (such as batteries), this may not necessarily be the case. Note that electric systems are relatively scale
invariant (i.e. their power-to-weight ratio does not change substantially with size). Thus, the motor exponential
coefficient of .9884 should not be terribly surprising.

DESIGN APPROACH

As a baseline, an unmanned tailsitter designed to carry a 200 Ib. payload was designed and sized using a turboshaft
engine; the mission is as follows: 2 minute hover at 6000 ft. and 95°F (6K95), climb to a specified cruise altitude,
cruise 232 nautical miles, descend to 6000 ft., hover for 30 minutes, climb back to cruise altitude, cruise and descend
232 miles, hover for 1 minute at 6000 ft., and fly for 10 minutes at cruise speed as a reserve segment. A diagram of
flight speed, altitude, and horsepower vs time can be seen below in Figure 13, along with some reference parameters
in Table 2. A CAD drawing of the aircraft can be seen in Figure 14.
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Figure 13: Baseline Turboshaft Mission
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Table 1: Reference Aircraft

DGW | Mission | Engine Disk Wing Climb Cruise Loiter Rotor Rotor Design
(Ibs.) Fuel Power | Loading | Loading | Velocity | Velocity | Velocity Tip Tip Altitude (ft.)
(Ibs.) (hp) (psf.) (psf.) (kts.) (kts.) (kts.) Speed | Speed
(Hover, | (Hover,
kts.) kts.)

5443.3 | 1450.5 | 812.0 8 60 250 250 190 700 700 12,000

Figure 14: Reference Aircraft

With the reference design capabilities sized and established, three different categories of aircraft were developed
and optimized using a combination of NDARC and OpenMDAQO. NDARC is a conceptual design environment capable
of modeling a variety of aircraft, including tiltrotors, tailsitters, as well as helicopters [12]. NDARC uses simplified
physical representations, semi-parametric, and parametric models to represent the aircraft. Recent work has extended
NDARC's architecture to include models necessary to design electric and hybrid aircraft [10]. OpenMDAO is a
python-based architecture which allows for communication between different analysis codes with the goal of creating
a framework for optimization [13].

Diesel-powered aircraft were first sized using the same disk loading, wing loading, and mission profile as the
reference aircraft. Two of the major differences between diesel and turboshaft engines are the different lapsing
behavior (as shown in Figure 10) and throttling behavior (Figure 11), in addition to power-to-weight ratio. To that
end, design sweeps of diesel aircraft vs. design altitude and cruise velocity were made, with the resulting fuel
requirements and fuel weight fractions shown in Figures 15 and 16.
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Figure 16: Fuel Fraction Design Sweeps

For the reference mission and design, the turboshaft burns less fuel compared to the all-diesel aircraft.
Furthermore, both aircraft burn less fuel when designed to fly at a lower cruise velocity. However, the diesel engine
aircraft prefer to fly at lower altitudes; the diesel aircraft here are power-limited at cruise, unlike the turboshaft aircraft.
Thus, reducing the cruise altitude appears to decrease the GTOW of the vehicle as it significantly lowers the required
engine size. The engines on the turboshaft aircraft, on the other hand, are significantly more efficient at higher
altitudes, which more than offsets the weight penalty from increasing the engine size. In addition, the fuel weight
fraction of the diesel aircraft is much lower, due to the superior specific fuel consumption of diesel engines over
turboshafts; the extra fuel requirements come as a result of a larger aircraft due to the poor power-to-weight ratio of
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diesel engines. For reference, the turboshaft aircraft possessed a much lower gross takeoff weight (~5,000 Ibs.)
compared to the diesel (~11,000 Ibs.).

To reduce the overall size of the diesel engine a parallel hybrid diesel-electric propulsion scheme has been
devised. The battery and motor were sized to meet an additional power demand for hover for two minutes at the 6K95
condition for a given input motor power, while the diesel engine provides whatever additional power demands the
mission requires, flying the rest of the mission as an all-diesel aircraft. Figure 17 displays a sweep of GTOW and
mission fuel requirement vs. motor power at the reference aircraft conditions.
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Figure 17: Motor Power Design Sweep

Figure 17 indicates that including electrics in this system may result in reductions in GTOW as well as fuel burn,
as it helps ameliorate some of the weight penalties coming from the poor specific power of diesel engines.
Additionally, the decreased fuel requirements for the hybrid system primarily come as a result of cascading weight
reductions due to the reduced propulsion system weight; to compare, for a motor power of 50 hp., there is a 3.9%
lower GTOW and 3.8% lower fuel burn when compared to the reference all-diesel aircraft. When plotting these results

as a function of electric system power normalized by the diesel engine power, an interesting result emerges, as seen
below.
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Figure 18: Mission Fuel vs. Electric Power Fraction

13



Figure 18 indicates that, for the reference design and mission, reduction in aircraft size and fuel burn may occur
when only a small percentage of the overall power requirements come from the motor/battery. However, from the
baseline design parameters, these benefits only appears in a very narrow range of power ratios. This may result in
difficulties in optimizing the aircraft and evaluating a broader region of the design space, as it may be indicative of a
preponderance of local minima.

With this in mind, three different classes of aircraft were optimized to these requirements: a turboshaft-powered
aircraft, a purely diesel-powered aircraft, and a diesel-electric hybrid aircraft. The objective function for the given
mission was fuel burn, with constraints to ensure feasibility in the mission, that the propulsion system meets all power
and energy requirements, and that the aircraft meets all trim conditions. Design variables were gross takeoff weight
(GTOW), disk loading, wing loading, fuel capacity, engine power (diesel or turboshaft), rotor tip speed in hover as
well as fraction tip speed in cruise, climb velocity, cruise velocity, loiter velocity, along with the design altitude.
Furthermore, for the electric case, the motor power normalized by the engine power along with the battery energy
were also used. The optimizer of choice was a PyOpt OpenMDAO plugin of NSGA2, a genetic-algorithm, chosen
both for a global sweep of the design space, as well as its ability to ignore unfeasible cases (such as NaNs in NDARC
outputs) [14,15]. Table 3 summarizes the final designs.

Table 2: Optimized Aircraft Comparison

Turboshaft Diesel Diesel-Electric Lower Upper

Bound Bound

GTOW (lbs.) 4087 8,838 8,077 2000 25,000
Disk Loading (psf.) 8.00 8.46 8.00 8 25
Wing Loading (psf.) 55.0 55.0 55.0 55 140

Fuel Tank Capacity 1392 2157 1,633 50 7,000

(Ibs)

Engine Power (hp.) 502.1 930 707 200 5,000
Rotor Tip Speed (ft/s) 800 748 681 500 850
Fraction Tip Speed .795 .852 424 A4 .99

Cruise

t/c 150 .158 154 A5 3
Climb Velocity (kts.) 163 150 154 50 250
Cruise Velocity (kts.) 200 152 165 50 300
Loiter Velocity (kts.) 166 128 140 50 300

Design Altitude (ft.) 28,000 10,000 10,000 10,000 28,000
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Motor Power/Engine N/A N/A .16 .01 3
Power

Battery Energy (MJ) N/A N/A 3.6 1 10

Mission Fuel (Ibs.) 790.1 1028.9 1003.9

From Table 3, all three designs were driven to low disk loadings and wing loadings. The turboshaft design
however tended towards higher design altitudes and cruise velocities, while the diesel aircraft possessed lower design
altitudes and velocities. This is due to tradeoffs between power requirements and engine efficiency, which were shown
in Figures 15 and 16. The diesel-electric aircraft here possessed only slightly lower fuel burn over the pure diesel
aircraft, albeit with substantial weight savings, with a significantly lower rotor speed at cruise. Nonetheless, for the
mission requirements and assumptions here, the turboshaft design outperforms both the diesel as well as diesel electric
designs in GTOW and fuel burn. However, there may be design requirements and frameworks in which the diesel or
diesel-electric aircraft can outperform an equivalent turboshaft design, and improving battery technology is likely to
help close the gap. On the other hand, satisfying power and energy consistency requirements proved difficult for the
optimizer, and there may be designs not featured here that exhibit greater fuel burn benefits. Further study is
recommended, both of aircraft configurations as well as formulations of the problem to determine any additional
improvements.

CONCLUSIONS

Diesel engine models have been developed for the conceptual design of both diesel and diesel-electric rotorcraft
based on a combination of 0D thermodynamic models and fits to published data. Results were then extrapolated to a
tailsitter design, with design sweeps and optimization studies used to evaluate design tradeoffs. For the mission and
vehicle architecture here, the turboshaft design appears to outperform comparable diesel and diesel-electric aircraft.
Additionally, the diesel aircraft “prefer” to fly at lower operating altitudes (to reduce engine weight penalties). Small
improvements in weight as well as fuel burn can be found in the diesel-electric aircraft in comparison to the diesel.
However, results indicated numerical difficulties in the optimization process. As a result, further study of alternative
aircraft configurations and problem formulations is recommended.
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