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Abstract

Propeller-driven uncrewed aircraft for urban and suburban package delivery are in development.
These aircraft may be able to deliver packages to customers more quickly and at a lower cost,
relative to ground delivery vans with human drivers. However, noise generated by their propellers
can annoy local residents, leading to community opposition.

Electroaerodynamic (EAD) propulsion is a novel means of generating thrust without any moving
parts, by using strong electric fields to ionize and accelerate air. Because EAD thrusters have no
moving parts, they are almost silent in some applications. EAD-powered aircraft may therefore be
able to complete urban package delivery missions without community opposition to noise.
Multistaged ducted (MSD) thrusters consist of multiple EAD electrode stages enclosed inside a
duct. It is shown both theoretically and through experiments that MSD thrusters are more efficient
and thrust-dense than their exposed counterparts. This is in part because the duct contributes to
thrust, as with ducted fans.

Two MSD-powered uncrewed aircraft configurations are presented: a monoplane and a box wing.
Both are capable of vertical takeoff and landing; their MSD thrusters tilt vertically to provide thrust
in hover, then tilt horizontally for wingborne flight. They were designed and optimized using a
multidisciplinary optimization framework, incorporating a one-dimensional physics-based MSD
thruster model, coupled with aerodynamic, structural, weight, and power-electronics models.

While both aircraft concepts can fly a nominal out-and-back urban package delivery mission, their
feasibility is contingent on four key technological modeling parameters: thruster ionization energy,
stage loss coefficient, power-converter specific power, and battery specific power. Advances in all
four areas are required, relative to today’s state-of-the-art. Future work should focus on
characterizing and improving these technologies.
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tail volume coefficient
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skin-friction coefficient
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mean aerodynamic chord
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current

current density
Mott-Gurney current density
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number of thruster stages
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Reynolds number

root mean square

area

sound pressure level
thrust

thickness-to-chord ratio

stage DC voltage
velocity

total duct pressure rise
stage EAD pressure rise
stage pressure losses

S T = ' O

AN AN AN AN AN AN AN AN AN AN AN AN AN AN NN AN NN

)

)accel
)boom
)box
De

)FT
In
)HT
)HVPC
)in
)ion
)out
)planar
)pod
)ref
)RMS
)usable
v

)VT
Jw
)vvaH

)vvhe

)1
)2
)3
)4
)oo

electric permittivity
ion mobility
Kinematic viscosity
air density

thruster exit area ratio

nondimensional property
ion acceleration property
tail or thruster boom property
box wing property

thruster exit property
forward thruster(s) property
horizontal property
horizontal tail property
power converter property
input property

ion generation property

= output property

planar wing property

= fuselage pod property
= reference property

root mean square

= pod usable volume property

vertical property

vertical tail property
wing property

duct wall property
electrode wire(s) property
freestream property

duct entrance property
duct exit property
property far downstream
freestream property
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1 Introduction

1.1 Background: urban package delivery

Advanced air mobility (AAM) is an aviation ecosystem that envisions small crewed and uncrewed
aircraft operations, for new or existing applications including intra- and inter-city passenger
transport, cargo delivery, and private or recreational operations [1]. One example AAM mission is
last-mile package delivery, in which small uncrewed aerial vehicles (UAVs, or drones) deliver
packages directly to customers. Wing (a subsidiary of Alphabet), and Amazon Prime Air are
among the companies experimenting with UAVs for this application [2], [3]. Hypothesized
benefits of such a service, relative to existing ground transportation options such as delivery vans,
include [4]-[6]:

e Greater speed: UAVs can take direct (as the crow flies) routes and fly over traffic, saving
delivery time.

e Lower cost: UAVs can be both autonomous and fully electric, saving driver and fuel costs
respectively.

e Lower environmental impact: UAVs can be fully electric, and therefore (unlike delivery
vehicles with internal-combustion engines) do not directly emit greenhouse gases that
contribute to climate change. UAVs can even in some cases produce fewer life-cycle
greenhouse gases per trip, relative to electric delivery vans [6].

Vehicle noise is a significant obstacle to the widespread adoption of AAM vehicles in general, and
to urban package delivery in particular [7], [8]. For example, Wing’s drone delivery trials in
Canberra, Australia exceeded local noise restrictions, leading to opposition from the local
community [9]. A recent drone delivery trial by a different company in Glendale, Arizona
encountered community opposition for similar reasons [10]. Propulsion system improvements
such as distributed electric propulsion (DEP) could mitigate some noise concerns [11], but
fundamental limitations associated with rotating propellers and ducted fans are difficult to
overcome without a paradigm shift in propulsion.

1.2 Electroaerodynamic propulsion

Electroaerodynamic (EAD) propulsion is a novel means of generating thrust without any moving
parts [12]-[15]. EAD thrusters use strong electric fields to generate and accelerate ions. The ions
then generate thrust through collisions with neutral molecules. Previous research has shown that
EAD propulsion for fixed-wing aircraft is feasible; i.e., capable of steady level flight [16].
Applications for EAD devices other than propulsion include air purification, flow control, noise
reduction, and heat transfer [13], [17], [18].

Because EAD thrusters have no moving parts, they are almost silent in some applications. Aircraft
powered by EAD thrusters may therefore be able to complete package delivery missions with
reduced community opposition to noise. Preliminary acoustic experiments suggest that EAD
thrusters can be 20 dB (two orders of magnitude) quieter than propellers, while producing the same
thrust. These experiments are discussed further in Appendix A.



EAD thrusters typically require DC voltages on the order of tens of kilovolts (kV). For example,
Xu et al. [16] built and flew the first fixed-wing aircraft to achieve steady level flight while
powered entirely by EAD; their aircraft had a thruster voltage of just over 40 kV. This aircraft is
hereafter referred to as the V2, or Version 2. A high-voltage power converter (HVPC) is used to
increase the voltage from the relatively low voltage available from onboard batteries (typically up
to hundreds of volts) to the higher voltage required by the thrusters. The design of the HVPC used
in the Xu et al. flights is described by He et al [19].

The historic weakness of EAD propulsion for fixed-wing aircraft propulsion is thrust density
(thrust per unit cross-sectional area). Thrust densities measured from EAD experiments have been
3-4 orders of magnitude lower than those of aircraft turbofan engines, and about half as large as
those of UAV propellers [15]. This limitation can be partially overcome with multistaged ducted
(MSD) EAD thrusters, in which multiple EAD electrode stages are enclosed inside a duct [20].
MSD thrusters are both more powerful and more efficient than their exposed counterparts. This is
in part because the duct contributes to thrust, as is the case in ducted fans. Other hypothesized
advantages of MSD thrusters include:

e The duct can support the electrodes, so they can be made smaller, reducing drag losses.
e By using multiple small stages instead of one large thruster, the power-converter output
voltage can be lowered; the power-converter mass can therefore be reduced.
e The duct can act as a physical barrier between the electrodes and the surroundings,
increasing safety.
e The duct can serve as an acoustic liner, further reducing noise.
Sample experimental data for a single-stage ducted thruster, demonstrating its advantages relative
to an equivalent unducted system, is provided in Appendix B.

1.3 Project goals

The primary goal of this study is to design a family of uncrewed aircraft, powered by MSD EAD
thrusters, for a package delivery mission. The aircraft will be capable of vertical takeoff and
landing (VTOL). Unlike propeller drones, the aircraft will be nearly silent, potentially enabling
package delivery missions in noise-sensitive areas (e.g., suburbs) without community noise
opposition. This mission is depicted in Figure 1. A secondary goal is to identify parameter and
modeling sensitivities, solutions to which will be required to build and fly the aircraft.
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Figure 1: Proposed mission for the EAD VTOL package-delivery aircraft.

The rest of this report is structured as follows. The study methods, including mission requirements,
aircraft concepts, design optimization algorithm, and thruster, power-electronics, and aircraft

models, are given in Section 2. Results, sensitivity analyses, and discussion are given in Section
3, before the conclusion in Section 4.



2 Methods

2.1 Mission requirements

As mentioned in Section 1.1, Wing and Prime Air are experimenting with using uncrewed aircraft
to deliver packages. Characteristics of their aircraft concepts, taken from [2], [21] and other
sources, are given in Table 1.

Table 1: Characteristics of package delivery aircraft in development.

Wing Prime Air
. Configuration Lift + cruise Tail sitter
Vehicle
Mass 6.4 kg 40.4 kg
Dimensions 229cmx 17.8cm x 15.2cm | 45.7cm x 35.6cm x 20.3cm
Mass 1.2 kg 2.8 kg
Payload Carriage Cardboard fairing Internally carried box
Delivery Lowered via winch Dropped at low altitude
Mission Radius 10 km 24 km
Speed 29 m/s 20+ m/s

Based on Table 1, the following requirements were selected for the aircraft in this study:

e Payload mass of 1.2 kg. This is the same as for Wing.

e Payload dimensions of 22.9 cm x 17.8 cm x 15.2 cm (length x width x height). Wing’s
vehicle is often depicted carrying food as its payload [2]. These dimensions are sufficient
to carry either two 20 fl. oz. (591 mL) coffee cups end-to-end [22], or any of the standard
sizes of folded cardboard take-out food boxes [23].

e Payload carried internally, as with Amazon Prime Air. This is mainly done to reduce
drag; it may also prevent the thrusters from causing surface charging of the payload.

e Mission radius of 10 km. The vehicle must fly 10 km out to a customer, drop the payload,
then fly 10 km back. This is the same radius as for Wing.

The optimization is agnostic to payload delivery mechanism (lowered via winch vs. dropped at
low altitude). Instead, the payload mount weighs a fixed fraction of the payload mass (see Section
2.6). No constraints on flight speed are imposed. The mission profile is summarized in Table 2.

Table 2: Mission profile, showing the requirements for each mission segment.

Mission segment Requirements
Takeoff 5sin hover.
Climb Minimum climb rate of 1.52 m/s.
Cruise out 10 km in wingborne flight.
Payload drop 20 s in hover.
Turn around 180° turn in wingborne flight; 30° bank angle.
Cruise in 10 km in wingborne flight.
Landing 5sin hover.
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Table 2 shows two types of mission segment: hover segments (takeoff, payload drop, and landing),
and wingborne segments (climb, cruise out, turn, and cruise in). All hover segments require the
total thrust to be at least 10% greater than the vehicles’ mass, accounting for both control margins
and suckdown effects [24]. Meanwhile, all wingborne flight segments must be flown at an airspeed
at least 20% greater than the stall speed.

2.2 Aircraft concepts

Two design concepts were selected: a monoplane and a box wing. To-scale sketches of both
concepts were generated using Open Vehicle Sketch Pad (OpenVSP) [25]. Isometric views of the
monoplane in wingborne flight and in hover are provided in Figure 2 and Figure 3 respectively;
additional views are in Appendix C.

Figure 2: Isometric view of the monoplane in Figure 3: Isometric view of the monoplane in hover.
wingborne flight.

The monoplane consists of a fuselage pod, wing, and tail boom. It also has three MSD thrusters,
depicted in black. In Figure 2, the thrusters are level, providing thrust in wingborne flight; in Figure
3, the thrusters tilt, providing lift in hover.

The first thruster is at the rear of the airplane. It also serves as the tail; i.e., it provides stability,
and has an elevator and rudder for control. The two remaining thrusters (hereafter called the
forward thrusters) are located under each wing, and are offset forward of the wing by forward
booms. This offset serves to position them forwards of the aircraft center of gravity (CG), so that
the aircraft thrust balances in hover.

Isometric views of the box wing in wingborne flight and in hover are provided in Figure 4 and
Figure 5 respectively; additional views are in Appendix C.
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Figure 4: Isometric view of the box wing in Figure 5: Isometric view of the box wing in hover.
wingborne flight.

Like the monoplane, the box wing consists of a fuselage pod, tail boom, and box-tail thruster.
However, instead of a conventional wing and two forward thrusters, the box wing doubles as a
thruster. The box wing tilts forwards in hover, so that its thrust vector is forwards of the CG,
ensuring the aircraft balances.

2.3 Design optimization algorithm

The aircraft were designed using signomial programming (SP), a multidisciplinary design
optimization algorithm. Signomial programs are faster and more robust than general nonlinear
optimization algorithms [26]. However, the objective function and constraints must be formulated
as monomial, posynomial, and signomial functions; black-box models cannot be directly used.
Signomial programming (as well as geometric programming [27], a simplification of SP) has been
applied to the design and optimization of high-altitude communications and surveillance aircraft,
urban air taxis, short-takeoff-and-landing (STOL) aircraft, airliners, and electric propulsion
systems [28]-[35].

Takeoff mass (minimize) was selected as the objective function. Optimization data, including
number of free variables, constraints, and typical optimization solve times is provided in Table 3.

Table 3: Number of free variables, number of constraints, and typical solve times on a laptop computer.

Monoplane | Box wing
Free variables 1663 1525
Constraints 3339 3063
Typical solve time 10s 29s

2.4 Thruster models

The MSD thruster designs presented in this work are modeled by adapting the one-dimensional
(1D) ideal MSD thruster model from Gomez-Vega et al [20]. The equations used are repeated here
for convenience.
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A diagram of an MSD thruster is shown in Figure 6. It consists of an inlet, a duct with constant
cross-sectional area that contains multiple stages of EAD electrodes, and a nozzle. The numbered
stations (vertical dotted lines) are referenced by the thruster model. A single MSD thruster stage
is shown in Figure 7. It consists of an emitter and a collector electrode, separated by a gap spacing,
with an applied DC voltage. Electrode geometry is discussed further in Section 2.7.2.

Thruster stage

| Streamline | | : X .

i\: Thruster wall , ! i E 4_»:

i | h 1 Streamline Gap

| | : i : Emitter spacing i Collector

: m : | : i electrode ! electrode

e @J

Jepst | | | E

(Do V()2 ()3 v Je () DC voltage

Figure 6: Side-view diagram of an MSD thruster, showing the inlet, duct, Figure 7: Side-view diagram
and nozzle. of one MSD thruster stage.

Modeling approximations are as follows. The flow is assumed to be steady-state and quasi-one-
dimensional (1D); current is limited by space charge. Geometry and performance of the inlet, as
well as interference between electrodes, is neglected. The duct area is constant between stations 2
and 3, and the duct exit pressure is assumed to be atmospheric. Finally, the stage pressure rise and
losses are assumed to be independent of the number of stages (i.e., identical for each stage).

Under these conditions, simple momentum theory can be used to predict the overall thruster
behavior. The equations used are Equations 2—4, 9, and 41 from Ref. [20], repeated here as

A

Uy = A_zv4 = ¢, @)

AP
vy, = |vE+2— @)

’ p

T _ Dwall
A_Z - pU4(174 voo)¢ AZ (3)
1

(Ap)loss = EpUZZKL (4)
AP = n[(AP)EAD - (Ap)loss] (5)

where v; = v,, IS the freestream velocity, v, = v; is the thruster bulk velocity, v, = v, is the exit
velocity, ¢ = :—e is the exit area ratio (exit cross-sectional area / duct cross-sectional area), AP is
2

the duct pressure rise between stations 2 and 3, p is the air density, Ai is the thrust density, (AP);oss
2
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is the stage pressure loss, K, is the stage loss coefficient, n is the number of thruster stages?, and
(AP)gap Is the stage pressure rise due to EAD. Equation (3) is an extension of Equation 4 from
Ref. [20]: inner wall drag D,,,; is added, to account for losses due to friction from the inside of
the duct walls.

The stage pressure rise due to EAD is obtained using Equations 12, 21, and 22 from Ref. [20],
repeated here as

— u(AP)gap
(AP)gap = ed (6)
_ vyd
vy = P (7)
9 V2
MG = geh s 8
e _ vy
@P)ean = (1 +7) (1-2) ©

where (AP)gap is the nondimensional stage pressure rise due to EAD, u is the ion mobility, d is
the thruster stage gap spacing (distance between emitter and collector electrodes), v, is the
nondimensional thruster bulk velocity, V is the stage applied DC voltage, jug is the Mott-Gurney
current density, and ¢ is the electric permittivity.

Next, the current density is obtained using Equations 15-16 from Ref. [20], repeated here as

7= . (10)
jMG
J=01+713)2 (11)

where J is the nondimensional current density, and j is the current density.

Duct inner wall losses are estimated using an equivalent skin-friction method, given here as

v, 12
Rewall — 2 th;uster ( )
_0.074 (13)

- Reff;,in

Dyan = %pvgswallcf Qwall (14)
where Re,, 4 1S the wall Reynolds number, Ly, ruster 1S the thruster nacelle length, v is the kinematic
viscosity, Cy is the skin-friction coefficient, S,y is the wall inner surface area, and Qy,y is an
interference factor. Equation (13) is the skin-friction coefficient of a turbulent flat plate, as given
by Hoburg & Abbeel [27].

! For the purpose of design optimization, number of thruster stages is approximated as a continuous variable, rather
than as an integer.
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Finally, the power density (electrical power from the power converter / duct cross-sectional area)
is obtained using

)
A, A, ion .AZ accel
(i) — n]Eion (16)
A, ion e
P
) -
A, accel

where Ai is the electrical power density, the subscripts ( )ion @and () accer refer to ion generation

2

and ion acceleration respectively, E;,, is the amount of energy required to generate one ion, and e
is the elementary charge.

Equations (2), (3), (5), (9), (11), and (15) are not solved in their respective forms, as given above.
Instead, they are rearranged. This is discussed further in Appendix D.

Unless otherwise specified, the MSD thrusters in this study are modeled using the parameters in
Table 4. Standard sea-level values for air density and kinematic viscosity are used (not tabulated),
while electric permittivity assumes that the values for air and for a vacuum are the same [36]. lon
mobility was obtained from Ref. [37], and is also consistent with EAD thruster experiments
conducted by the authors [38]. MSD thruster experiments by the authors have used a gap spacing
of 10 mm. lonization energy and stage loss coefficient are discussed further in Sections 3.2 and
3.3 respectively. Finally, Table 4 includes upper limits on voltage and exit area ratio. The former
limitis included to prevent the thrusters from sparking (arcing), while the latter limit prevents flow
separation in the nozzle.

Table 4: Thruster model parameter values.

Parameter Symbol Value
. o F
Electric permittivity € 8.85 x 10712 —
lon mobility U 20x%10~%—
sV
Elementary charge e 1.6 x 10719 C
Gap spacing d 10 mm
lonization energy Eion 66 eV
Stage loss coefficient K, 2.0x 1073
Wall friction interference factor |  Qan 1.1
Maximum applied voltage Vinax 10 kV
Maximum exit area ratio Dmax 1.0
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2.5 Power electronics models

The power-electronics system consists of two components: the battery, and the power converter
(which converts the battery output to higher voltages for the thrusters). Sizing parameters for both
components are given in Table 5.

Table 5: Power-electronics sizing parameters.

Parameter Value

Specific energy | 200—

Battery Specific power 4—

Density 2.4—

Specific power | 10.3—
Power converter P P

Efficiency 85%

The battery was sized using a fixed specific energy, specific power, and density. The specific
energy (200 Wh/kg) is consistent with existing prototype lithium-ion batteries [39]. However, the
specific power (4 kW/kg) is about twice that of existing batteries. This choice is discussed further
in Section 3.5.

The power converter was sized using a fixed specific power® and efficiency. The efficiency (85%)
is consistent with that of the power converter used in the Xu et al. flights [16], [19]; however, the
specific power (10.3 kW/Kkg) is approximately ten times higher. This choice is discussed further in
Section 3.4.

2.6 Aircraft mass, drag, & structural models

Aircraft-level sizing parameters are summarized in Table 6. Induced drag is estimated using a
constant span efficiency; the box wing includes an adjustment for interference between wings (see
Appendix E). 10% margins on mass and drag at the aircraft level (in addition to component
margins) are maintained.

Table 6: Aircraft sizing parameters.

Parameter Value

Aircraft mass margin 10%
Aircraft drag margin 10%
Wing span efficiency 0.8
Wing maximum lift coefficient 15

§ Specific power is defined as device output power divided by mass.
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Mass models for most aircraft components are based on a bottom-up summation approach, using
component dimensions and material densities. If a component is made of composites (either carbon
fiber or Kevlar), its material density is doubled, a rule of thumb that accounts for resin mass.
Components with structural models are sized using engineering beam theory. If the component is
an airfoil, profile drag is estimated using a fit to airfoil data from XFoil [40]; if not, profile drag is
estimated using an equivalent flat-plate approach, as described by Raymer [24].

Nacelle components with thrusters inside have drag losses divided into two components. Drag
from the outside of the component (facing the freestream) is modeled as profile drag, and is
described in this section. Drag from the inside of the component (facing the thruster electrodes) is
modeled as a thrust loss, and was previously described in Section 2.4.

Aircraft component mass, profile drag, and structural models are summarized in Table 7. Further
modeling details specific to the box wing are discussed in Appendix E.

Table 7: Mass, profile drag, and structural models.

Component Mass model Profile drag model Structural model
Equivalent turbulent flat-
plate drag with a form-
factor adjustment [24]. 20%
interference factor.

Kevlar skin (2 plies);
Fuselage pod 50% mass margin for
internal structure.

n/a

Cantilever load from
tail-thruster thrust in

Hollow Kevlar Equivalent turbulent flat- hover. Bending, shear,
Tail boom cylindrical tube; 10% plate drag. No interference | and tip-deflection (max
mass margin. factor. 5% of boom length)
constraints. Factor of
safety of 3.

Loads from a
symmetric pull-up at
cruising speed, with a

Carbon-fiber spar caps & | Fitto NACA 44XX airfoil load factor of 2.5.
Monoplane wing shear web; foam spar data: C; = f (E Re, CL). Constant beam
core; Kevlar skin (1 ply). | Fit RMS error: 1.8%. 20% curvature [41].
20% mass margin. interference factor. Bending, shear, and tip-

deflection (max 5% of
wingspan) constraints.

Factor of safety of 1.5.
Box-wing Same as monoplane data: Cy = f (;, Re, CL). wing, with the upper &

horizontal section wing. Fit RMS error: 4.3%. 20% lower sections each
interference factor. carrying 50% of the lift.

Kevlar skin (1 ply); Fit to NACA 00XX airfoil
Box-wing vertical foam spar (10% of data: Cy = f (E Re). Fit n/a
section section chord). 20% RMS error: 1.6%. 20%
mass margin. interference factor.
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Box wing

2 horizontal sections + 4
vertical sections. 30%
mass margin.

Inherited from monoplane
wing and vertical sections.
20% interference factor.

Inherited from
monoplane wing.

Box tail

Kevlar skin (1 ply);
foam core. 20% mass
margin.

Fit to NACA 00XX airfoil
data: Cz = f (5, Re). Fit
RMS error: 2.3%. 10%
interference factor.

n/a

Forward thruster
nacelles
(monoplane only)

Kevlar skin (2 plies).
50% mass margin for
structure.

Equivalent flat-plate drag,
assuming the flow trips
(becomes turbulent) at the
nozzle. 20% interference
factor.

n/a

Forward thruster
booms
(monoplane only)

Hollow Kevlar
cylindrical tubes; 10%
mass margin.

Equivalent turbulent flat-
plate drag. No interference
factor.

Cantilever load from
forward-thrusters thrust
in hover. Bending,
shear, and tip-
deflection (max 5% of
boom length)
constraints. Factor of

safety of 3.
. 4% of aircraft 5% of aircraft unmargined
Landing gear . : n/a
unmargined mass. profile drag.
Payload mount 25% of payload mass. n/a n/a
Fixed specific energy,
Battery power, and volume (see n/a n/a
Section 2.5).
Modeled as a thrust loss
Thrusters Grid of tungsten wires rather than drag, via the n/a
(see Section 2.7.2). loss coefficient (Section
2.4).
Thruster tilting 25% of respective
X n/a n/a
mechanisms thruster + nacelle mass.
5 -
Avionics 2% of aircraft n/a n/a

unmargined mass.
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2.7 Dimensional models

2.7.1 Fuselage pod
The purpose of the fuselage pod is to hold the battery, payload, power converter, and avionics. A
cutaway of the monoplane fuselage pod is shown in Figure 8. The box wing uses a similar design.

Figure 8: A cutaway of the monoplane fuselage pod.

The fuselage pod is shaped like an ellipsoid, with a length, width, and height. Figure 8 shows the
battery (red) and the payload (blue). Both of these components are shaped like rectangular prisms.
The battery length, width, and height are optimization variables; its volume is modeled via its
density (see Table 5). Payload dimensions are discussed in Section 2.1.

In order to ensure that the battery and payload fit inside the fuselage pod, a “usable volume” is
defined. The usable volume is shaped like a rectangular prism; the battery and payload must fit
inside it. The usable volume is modeled by enforcing the constraint

2 2 2
1> Lusable n Wusable " hysable (18)
0'95lp0d 0'95Wp0d 0'95hp0d
where [, w, and h refer to length, width, and height respectively. The subscripts ( )poq and

( Dusable refers to the fuselage pod and usable volume respectively; the factor of 0.95 is a margin.

Since the payload and battery are aligned lengthwise, the sum of their lengths must not exceed the
usable fuselage-pod length. This is enforced via the constraint

lusable = lbattery + lpayload (19)
Finally, battery and payload width and height constraints are defined as

Wuysable = Whoattery (20)
Wuysable = Wpayload (21)
husable > hbattery (22)
husable > hpayload (23)

The avionics system and power converter lack volume models, and are therefore not shown in
Figure 8. However, Figure 8 shows that there is still plenty of room in the fuselage. Therefore, the
avionics system is located in the nose (in front of the battery), while the power converter is located
behind the payload. These assumptions are used for center-of-gravity analysis (see Appendix F).
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2.7.2 Thrusters & nacelles
The thruster electrodes are modeled as a grid of cylindrical wires, as shown in Figure 9.

0.25d

Electrode
wires

Duct wall « 0.25d

Figure 9: Front view of an MSD thruster duct, showing the electrode geometry.

The grid wires are made of tungsten, and are 56 microns in diameter. Wires with these properties
have been used as emitter electrodes in ongoing MSD thruster experiments conducted by the
authors (Appendix B). The spacing between wires, as shown in Figure 9, is defined as 25% of the
gap spacing (i.e., 2.5 mm in this example). Two grids are required per stage: one grid for the
emitters, and one for the collectors. Whether this geometry would work in practice is uncertain.

The thruster stage length is then defined as 20% greater than the stage gap spacing, a margin added
to avoid counter-ionic wind [20]. The duct length is the sum of the lengths of the individual stages.
Finally, the nozzle length is defined as 20% of the duct length.

The box tail and monoplane forward-thruster nacelles lack structural models (see Table 7). Instead,
an upper limit on nacelle aspect ratio is imposed.

Sizing parameters for the thrusters and nacelles are summarized in Table 8.

Table 8: Thruster and nacelle model parameter values.

Parameter Value
Electrode wire spacing 25% of stage gap spacing
Electrode wire diameter 56 microns
Thruster stage length 20% greater than gap spacing
Thruster nozzle length 20% of duct length
Nacelle maximum aspect ratio 15

2.7.3 Boxtail

Both the monoplane and box wing include a box tail, which serves two purposes. Firstly, the box
tail provides static stability and control (via control surfaces) in wingborne flight. Secondly, it
houses a thruster that provides thrust in both hover and wingborne flight.
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A minimum tail size for static stability in wingborne flight is defined using tail volume coefficients
[24] as

lHTS HT
<
Cir < 50 (24)
lVTSVT
<
Crr <55 25)

where C is the tail volume coefficient, [ is the tail moment arm, S is the planform area™, by, is the
wingspan, and ¢ is the wing mean aerodynamic chord. The subscripts ( )y, ( )y, and ( Jyr
refer to the wing, horizontal tail, and vertical tail respectively.

Equations (24)-(25) can be directly applied to the box wing. However, the monoplane’s forward
thrusters have a destabilizing influence, since they are located forwards of the aircraft center of
gravity (see Appendix E). This is accounted for by extending equations (24)-(25) to obtain

2lFT (SH)FT < lHTSHT

C
Hr + bS,  — bSy (26)
2lpr(Sv)rr _ lurSvr
C <
% bs, = zs, (27)

where the subscript ( )gy refers to the forward thrusters, and (Sy)gr and (Sy)pr are the total
forward-thruster horizontal and vertical planform areas respectively. A factor of 2 is included,
because the monoplane has two forward thrusters.

The box tail lacks a structural model (see Table 7). However, it is also a thruster nacelle, and so it
is subject to the same constraint on maximum aspect ratio as for the monoplane forward-thruster
nacelles (see Section 2.7.2).

Tail volume coefficients are provided in Table 9. They are identical to those used by Burton &
Hoburg [28].

Table 9: Tail volume coefficients.

Component | Volume coefficient
Horizontal tail 0.45
Vertical tail 0.04

™ The box wing planform area Sy, is the sum of the planform areas of the upper and lower surfaces. The horizontal-
tail planform area Syt is the sum of the planform areas of the upper and lower box-tail surfaces. Finally, the vertical-
tail planform area Sy is the sum of the planform areas of the left and right box-tail surfaces.
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3 Results

3.1 Design optimization results

A summary of the optimization results is provided in Table 10. Isometric views of both vehicles
were provided in Section 2.2; additional views are provided in Appendix C. Detailed dimensional
data, mass breakdowns, and detailed performance data for both vehicles are provided in Appendix

G, Appendix H, and Appendix | respectively.

Mass and cruise drag breakdowns are provided in Figure 10 and Figure 11 respectively. Note that

Table 10: Summary of the design optimization results.

Monoplane Box wing
Length 1.62m 151 m
Wingspan 2.21m 1.60m
Wing area 0.492 m? 0.772 m?
Takeoff (total) mass 20.8 kg 18.6 kg
Payload mass 1.2 kg 1.2 kg
Battery mass 7.5 kg 6.7 kg
HVPC mass 2.5kg 2.2 kg
Cruising speed 25.5m/s 25.2m/s
Cruise lift coefficient 1.04 0.60
Cruise drag coefficient | 1019 counts 607 counts
Cruise lift-to-drag 10.2 10.0
Max electrical power 29.9 kw 26.8 kW

only the monoplane has forward nacelles and booms; the box wing lacks these components.

Mass Breakdown

Drag Breakdown

Fuselage
I (incl. tail boom iy
20+ & payload mount) JE 1000 1 _
[ Wing S
= Tail o
O ]
151 — Forward nacelles < 800 Induced
3 & booms JE drag
s [ Thrusters 0] i
m Thruster tilting L 600
G 10 - B |\ cchanisms &
= I Landing gear (] Induced
99 o 400 T drag
[ Battery O
54 Il Power converter o
= o 5 2% —
[ Avionics a
0- HE Margin

Monoplane Box wing Monoplane Box wing

Figure 10: Mass breakdown. Figure 11: Drag breakdown in cruise.
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Figure 10 shows that the battery accounts for the single greatest fraction of the mass: 36% for both
vehicles. The second-heaviest component is the power converter, which accounts for a further 12%
of the mass. Tabulated mass breakdowns for both vehicles are given in Appendix H.

Figure 11 shows that the largest drag component is induced drag (drag due to lift): 43% and 53%
of the total for the monoplane and box wing respectively. In addition, the monoplane cruise drag
coefficient (1019 counts’™) is almost twice that of the box wing (607 counts). This is not because
the monoplane generates substantially more drag: monoplane cruise drag is 19.9 N, vs. 18.3 N for
the box wing (Appendix I). Instead, the disparity exists because the box-wing planform area (0.772
m?) includes the planform area of both the upper and lower wings; it is therefore much larger than
the monoplane wing (0.492 m?). Since the drag coefficient is referenced to the planform area, a
higher planform area results in a lower drag coefficient.

While drag from the thruster nacelles is shown in Figure 11, drag from the thrusters is not. This is
because thruster aerodynamic losses (from the electrodes and the inside of the duct walls) are
modeled as a decrease in thrust, rather than as a contribution to drag. This is discussed further in
Sections 2.4 and 2.6.

The optimizer generates converged solutions for both the monoplane and box wing, indicating that
vehicles with the required capabilities can be designed and built. However, this result is contingent
on the values of four key input parameters, which require further discussion:

e lonization energy E;,n: the amount of electrical energy required to generate each ion.

e Stage loss coefficient K : pressure losses due to drag from 1 stage of thruster electrodes.

e HVPC specific power pyypc: output electrical power per unit mass of the high-voltage
power converter.

e Battery specific pPOWer pyaceery: OUtpUt electrical power per unit mass of the battery.

Each of these parameters is discussed in detail in the following four sections.

3.2 lonization energy

3.2.1 Sensitivity

As shown by Equation (15), the thruster electrical power draw is split into two components:
ionization power and acceleration power. lonization power is modeled via Equation (16); it is
linearly related to Ej,,, the amount of electrical energy required to generate an ion.

A sensitivity analysis was conducted with respect to ionization energy. Results are in Figure 12.
Each point on the plot represents an optimized vehicle design; ionization energy is the only input
parameter that is varied.

* Counts reference the drag coefficient, multiplied by 10%; i.e., 1019 counts implies a drag coefficient of 0.1019.
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Figure 12: Vehicle takeoff mass vs. ionization energy.

3.2.2 Discussion

Figure 12 only shows data for E;,, < 1,000 eV. This is because the optimizer does not converge
for ionization energies higher than this. Therefore, E;,, must be less than approximately 1,000 eV
in order for the vehicles in this study to be feasible.

The default value of E;,,, used in this study is 66 eV (see Table 4). This corresponds to the optimum
energy required to generate an ion via electron impact in an electric field, and is known as
Stoletov’s constant [42]. This constant is discussed further in Section 4.1.6 of Ref. [43]. By
contrast, experiments with EAD thrusters in which ionization energy was measured [17] yielded
an energy of approximately 10,000 eV per ion generated, an order of magnitude greater than
required here. These experiments are discussed further in Section 5.2.4 of Ref. [44].

3.2.3 Potential ion sources

It is clear from the preceding section that a significant reduction in E;,,, relative to existing EAD
thruster technology, is required. In this section, ion sources with the potential to meet the Ej,,
requirement are discussed.

Table 11 shows the estimated ionization energy cost per ion for several ion sources, assuming that
all the produced ions are extracted. Values are quoted as consumed by the onboard power source,
so as to make them compatible with Equation (15). Each ion source is then discussed in detail in
its respective section below.
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Table 11: Estimated energy cost per ion for different ion sources. Power is assumed to be provided by the
onboard power source.

lon source anization gost per
ion/e” pair (eV)
Electron-impact (optimum) 66
NRP discharge 350
Photoelectric effect 4.2%
Photoionization 15.6%
Radioactive decay 0S8

3.2.3.1 Nanosecond repetitively pulsed (NRP) discharges

Short, high-voltage pulses with high reduced electric field repeated at high frequency can result in
ionization at a much lower energy cost per ion than DC or low-voltage AC discharges [42]. For
this reason, nanosecond repetitively pulsed (NRP) discharges, with pulses with a duration of the
order of nanoseconds and repetition frequencies of up to 1 MHz, offer the potential to consume
low power in ionization. Macheret et al. [42] estimate that an NRP discharge with a 1 ns high-
voltage pulse could result in an energy cost as low as 350 eV per ionization event in air at 1 atm
and 2000 K.

Orriére et al. [45] recently tested an EAD device with an NRP discharge ion source and a flat plate
collector. They achieved flow velocities of up to 2 m/s with a power draw 1 W. As they did not
measure the DC current extracted by the flat plate, it is not possible to estimate the effective energy
cost per extracted ion. Future work should test NRP discharges with different pulse duration,
repetition frequencies, and peak voltages and measure the extracted current to estimate the
ionization cost.

3.2.3.2 Photoelectric effect

When a photon of sufficiently high energy impacts a metallic surface, the surface may emit an
electron due to the photoelectric effect. The surface's work function is the threshold for
photoelectric electron emission and is a function of the surface's material: for example, the work
function of aluminum is 4.2 eV [43], which means that photons with an energy of at least 4.2 eV
(wavelength of at most 295 nm, in the UV spectrum) can result in photoelectric emission. In
general, the more chemically reactive a metal is, the lower its work function.

The photoelectric effect has been proposed as a way to produce negative ions from air [46], and it
could be used in EAD applications. In a potential implementation, electrons produced by the
photoelectric effect would be accelerated from the emitter to a positively-biased collector by a DC
electric field. The electric field distribution could be designed such that there is a high electric field

 This value does not include efficiencies in light source and energy lost to heating, reflection and other processes.
8 Whereas ion generation from collisions between high-energy decay products and neutral molecules does consume
energy from the decay products, there is no power consumption from the onboard power source.
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region near the emitter, which results in the primary photo-electron causing an ionization cascade
that produces secondary electrons and positive ions. These electrons would eventually attach to
electronegative gas molecules, producing negative ions that would then drift toward the collector.
The lowest possible energy cost per ion produced by the photoelectric effect is the surface's work
function; however, the real energy cost is expected to be higher since some of the photons would
be lost to heating and reflection.

Challenges with this ion source involve the UV light source design, which should be lightweight
and efficient; and the electrode and light source design such that (i) photons strike as much of the
emitter's surface as possible, and (i) most of the intensity is transformed to photoelectric emission.

3.2.3.3 Photoionization

High-energy photons can be used to ionize gas molecules. For a photon to ionize a molecule, the
photon energy must be higher than the molecule's ionization energy. The ionization energy of the
nitrogen molecule is 15.6 eV [47], which corresponds to photons with a wavelength of 79.4 nm in
the extreme UV range. A light source that could produce photons of this energy could ionize air
efficiently; however, additional energy losses would be introduced by the UV light generation
process.

The main challenge regarding photoionization is the generation of high-energy photons. It is
possible to produce extreme UV light with solid-state sources via high harmonic generation. For
example, patterning magnesium oxide crystals can produce photons of up to 20 eV by emitting the
high harmonics of an 800 nm laser [48]. Alternative mechanisms may be needed for higher photon
energies, such as vacuum tubes, but these introduce additional energy losses [49]. Another
difficulty stems from the high photoionization cross-section of nitrogen, which results in low beam
penetration distances, making air essentially opaque to extreme UV light [50]. Higher energy
photons (into the X-ray spectrum) may be needed to reach practical penetration distances for
volumetric ionization.

3.2.3.4 Radioactive decay

The radioactive decay of unstable nuclei could be used as the ion source in EAD devices,
particularly in off-planet applications where safety is not a major concern. Out of the different
decay mechanisms, alpha and beta (8~) decays are probably the most promising options: alpha
decay releases alpha particles (helium nuclei), and S~ decay releases high-energy electrons. In
atmospheric-pressure air, alpha particles can only penetrate a few centimeters, whereas S~
particles can cover distances of the order of meters [51]. As alpha or g~ particles collide with
neutral air molecules, ionization events take place, resulting in the production of secondary pairs
of electrons and positive ions. Hence, a radioactive EAD emitter could produce either positive ions
through ionization events, or negative ions following electron capture.

Americium-241 (which undergoes alpha decay) is used in household smoke detectors: the alpha
particles produce ions and electrons from air in an ionization chamber, such that when a voltage is
applied between two electrodes within the chamber, a current is produced. The presence of smoke
alters the current. Therefore, by measuring the current, the smoke can be detected [52].
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The main advantage of using radioactive ion sources in EAD systems is that they can provide
ionization without drawing power from the onboard power supply; i.e., Ejo,, = 0. The criteria for
the selection of radioactive ion sources for EAD systems would likely be similar to that used in
radioisotope thermoelectric generators (RTGs) [53]. First, the material needs to have a half-life
sufficiently long to perform a useful mission, but also short enough so that it has sufficient activity
to produce the ions required by the EAD system. Second, the material needs to have a small rate
of neutron and gamma-ray emissions, since these radiation types have high penetrating power and
can damage electronics. Third, the decay products would ideally have to be stable, have a long
half-life, or decay further without releasing significant gamma or neutron radiation.

3.2.4 Summary

It can be concluded from this section that methods of ion generation with ionization energies well
below the value required by the vehicles in this study exist. Specifically, ions produced via NRP
discharges, the photoelectric effect, photoionization, and radioactive decay all have ionization
energies below 1,000 eV. Therefore, it may be possible to design an ion generation system
incorporating one or more of these mechanisms into an EAD thruster. Further research into the
design and fabrication of such a system is recommended as part of future work.

3.3 Stage loss coefficient
3.3.1 Sensitivity
As shown by Equation (4), the stage loss coefficient K; represents pressure losses per thruster

stage due to drag from the electrodes. K, is the internal-flow system equivalent of the drag
coefficient of an external-flow system.

A sensitivity analysis was conducted with respect to stage loss coefficient. Results are in Figure
13. Each point on the plot represents an optimized vehicle design; loss coefficient is the only input
parameter that is varied.

Takeoff Mass
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Figure 13: Vehicle takeoff mass vs. stage loss coefficient.
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3.3.2 Discussion

Figure 13 only shows data for K, < 4.0 x 1073, This is because the optimizer does not converge
for loss coefficients higher than this. Therefore, K, must be less than approximately 4.0 x 1073 in
order for the vehicles in this study to be feasible.

Recall from Section 2.7.2 that the thruster electrodes consist of a grid of cylindrical wires. Table
7 shows that this geometry is directly used to compute the grid mass, by knowing the wire spacing,
diameter, and material density. However, thruster losses are modeled via K, which is a fixed input
parameter independent of geometry.

The loss coefficient can also be estimated based on the grid geometry output from the optimizer.
Modeling approximations are as follows:

e The local flow velocity is equal to the thruster bulk velocity.
e The wires are cylindrical, so their drag can be estimated using cylinder drag coefficients.
e Each stage has 2 grids: the emitter grid and the collector grid.

Under these conditions, the stage loss coefficient can be estimated using

Vo oy
Reyire = 2 lere (28)
1
(Ca)wire = (2298.12 Rej2:2°%5%" + 8.11799 x 10° Rej,3,30682)7.16293 (29)
1
Dyjire = Epvg lwiredwire(cd)wire (30)
Dwire
(KL)wire = 1, (31)
7.0172‘42

where Rey e IS the wire local Reynolds number, d ;e IS the wire diameter, (C;)wire IS the wire
drag coefficient, [, IS the emitter + collector wire length (estimated using the grid geometry
discussed in Section 2.7.2), Dy IS the wire drag, and (K})wire IS the wire loss coefficient.
Equation (29) was obtained using a posynomial fit [54] to cylinder drag data from Figure 1.12 of
Ref. [55]. Data was obtained for 1 < Reyire < 1,000; the fit RMS error was 3.6%.

This model was applied to the thrusters on both aircraft, across all four mission segments with
distinct thruster data (hover, cruise, climb, and bank). Results are in Table 12.

Table 12: Stage loss coefficients, estimated using Equations (28)-(31).

Stage loss coefficient
Aircraft Thruster Hover | Cruise | Climb | Bank
Box-tail thruster 0.15 0.14 0.14 0.14
Forward thrusters | 0.15 0.14 0.14 0.14
Box-tail thruster 0.15 0.14 0.14 0.15
Box-wing thruster | 0.15 0.14 0.14 0.15

Monoplane

Box wing
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Table 12 shows that the stage loss coefficients range from 0.14-0.15, about 70-75 times higher
than the loss-coefficient value of 2.0 x 1073 used by default by the optimizer (Table 4). Moreover,
Figure 13 shows that the optimizer does not converge with loss coefficients this high. A substantial
reduction is needed for the vehicles in this study to be feasible.

The following geometric means of reducing the loss coefficient are investigated:

e Using vertical wires only, eliminating the horizontal wires. The wire length (and by
extension, the loss coefficient) is thus reduced by a factor of 2. The resulting electric field
is still approximately one-dimensional, consistent with the thruster modeling
approximations in Section 2.4.

e Increasing the wire spacing from 25% to 100% of the gap spacing. This reduces the loss
coefficient (again via wire length) by a factor of 4. This spacing has been used in MSD
thruster has experiments conducted by the authors (Appendix B).

e Reducing the wire diameter. The default value of 56 microns is based on MSD thruster
experiments conducted by the authors (Appendix B), but tungsten wires as small as 7.6
microns in diameter can be obtained commercially [56].

e Using streamlined electrode units, each or which contains an emitter, collector, and ion
source. This is shown in Figure 14,

Inlet Duct Nozzle

\ Thruster wall
J L

poooone

lon source lon source

DC voltage
Figure 14: Side view of an MSD thruster with streamlined electrode units (inset), each of which contains an
emitter, collector, ion source (yellow), and applied DC voltage source.

The first three listed means of reducing the loss coefficient can be modeled via Equations (28)-
(31), simply by changing the wire length and diameter. However, Figure 14 shows that each
streamlined electrode unit is roughly shaped like an ellipsoid. Estimates for ellipsoid drag at such
low Reynolds numbers (about 10-20) could not be obtained. Instead, the drag of the streamlined
electrode unit is approximated as that of a cylinder, with the same diameter as the collector wires.
This effectively eliminates the emitter drag, reducing the loss coefficient by a factor of 2.
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These geometric loss-coefficient reduction techniques are applied successively to each thruster.
Results are in Figure 15 and Figure 16 for the monoplane and box wing respectively. Note that the

y-axis is logarithmic.
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Figure 15: Thruster stage loss coefficient as a function of grid geometry model for the monoplane.
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Figure 16: Thruster stage loss coefficient as a function of grid geometry model for the box wing.

Figure 15 and Figure 16 show that the loss coefficient decreases as each successive geometry
modification is applied. If all four changes are applied at once (the “streamlined electrode unit”
bars), the loss coefficient is approximately equal to the optimizer default value of 2.0 x 1073 (the
black dotted lines). Therefore, it may be possible to obtain a stage loss coefficient low enough to
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enable the vehicles in this study. However, these grid geometries have yet to be demonstrated
experimentally.

3.3.3 Microfabrication

Small-scale manufacturing techniques may enable the manufacturing of very thin wires or
arrangements, such as those in Figure 14. Wires with small diameters can be manufactured from
metal stock by subjecting the metal to several sequential drawing processes, with each process
resulting in a lower-diameter wire [57]. Tungsten wires with a diameter as small as 7.6 microns
are commercially available [56]; even smaller wires could be manufactured using similar
techniques. Micro-extrusion, in which metal or polymer stock is pushed through a die, could be
used to manufacture electrodes of any arbitrary shape, including airfoils. Features of the order of
10 microns have been demonstrated through extrusion [57].

For more complex geometries, such as monolithic (built in a single piece) grids of electrodes,
techniques such as injection molding could be employed. Microcasting, in particular, is expected
to be a suitable candidate for this purpose. Microcasting involves producing a 3-D mold for the
desired piece and then filling it with molten metal. Additional processes, such as applying
centrifugal forces, are needed to ensure that the metal is evenly distributed within the mold [57].

To reduce mass, it may be advantageous to apply a metallic coating to a polymer core instead of
having the entire feature made of the same metal. While manually applying the metallic coating
(e.g., aluminum tape) is possible, there are manufacturing techniques that could improve surface
finish. Electroplating is a surface treatment process in which ions of some species dissolved in a
fluid are deposited on the surface of an electrically-conductive material when a potential difference
is applied between two electrodes [58]. Even though polymers are not conductive, they can still be
electroplated. However, an additional preparation step is needed, wherein a first metallic layer is
deposited on the polymer to make it conductive.

Sputter deposition is an alternative process, in which the material to be coated does not need to be
conductive. In sputtering deposition, ions are shot toward a target, causing ejection of ions in the
target by sputtering. The target ions then reach the substrate that is to be coated and deposit on its
surface [58]. Either of these techniques could be employed to produce the streamlined electrode
unit in Figure 14. For example, the ion source in the middle of the unit could be made from non-
conductive material; afterward, targeted electroplating could be used to ensure that the leading and
trailing edges are conductive.

3.3.4 Summary

It can be concluded from this section that the default thruster electrode geometry (Section 2.7.2)
results in stage loss coefficients too high for the vehicles in this study to be feasible. However,
reductions in loss coefficient sufficient to render the vehicles feasible can be obtained by
modifying the geometry, and micromanufacturing techniques can be used to build the resulting
advanced electrode geometries. These advanced geometries have yet to be demonstrated
experimentally, although they appear feasible at this stage.
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3.4 Power-converter specific power

3.4.1 Sensitivity
As discussed in Section 2.5, the power-converter specific power pyypc IS equal to the maximum
available output power of the power converter divided by its mass.

A sensitivity analysis with respect to power-converter specific power is shown in Figure 17. Each
point on the plot represents an optimized vehicle design; power-converter specific power is the
only input parameter that is varied.
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Figure 17: Vehicle takeoff mass vs. power-converter specific power.

3.4.2 Discussion

Figure 17 only shows data for pyypc = 7 KW/kg. This is because the optimizer does not converge
for specific power values lower than this. Therefore, pyypc must be less than approximately 7
kW/kg in order for the vehicles in this study to be feasible. By contrast, the V2 power converter
(see Section 1.2) had a specific power of approximately 1.03 kW/kg ™. The default specific power
in this study (10.3 kW/kg) is ten times higher.

The functional dependence of power-converter mass can be stated as

Myypc = f(Vin' Vout» Pouts +++) (32)
i.e., the power-converter mass myypc is a function of input voltage V;,, output voltage V¢, and
output power P,,, among other variables. Power-converter mass can be reduced by increasing the
input voltage, lowering the output voltage, or reducing the output power.

*kk

Ref. [16] gives a power-converter mass and input power of 0.51 kg and 620 W respectively, while the efficiency
ranges from 82-85%. Since the power converter is most efficient at its upper power limit [19], the higher efficiency
value (85%) is used to estimate the output power as 527 W, yielding a specific power of 1.03 kW/kg.

32



Equation (32) can be used to frame a series of arguments, explaining why a significant increase in
puvec (relative to the V2 aircraft flown by Xu et al. [16]) may be achievable for the vehicles in
this study. They are as follows:

Higher input voltage, due to a larger battery. The V2 battery had a mass of 0.23 kg [16],
while the vehicles in this study have battery masses of 6-8 kg (Appendix H), more than 25
times greater. Since battery pack voltage can be increased by wiring cells together in series,
the pack voltages (V;,) of the vehicles in this study can be higher than that of the V2,
reducing HVPC mass.

Lower output voltage, due to multistaging. This was mentioned in Section 1.2 as one of
the advantages of MSD thrusters, relative to their exposed counterparts: multiple
miniaturized thruster stages allow for a lower power-converter output voltage. The V2
thrusters required a voltage of 40 kV [16], while the thrusters in this study use a maximum
voltage of only 10 kV (Table 4), which will lead to mass reductions.

Higher output power. Power-converter specific power roughly scales with P%;25 [19]. The
V2 power-converter maximum output power is approximately 527 W (see above
footnote™), while those of the monoplane and box wing are more than 40 times greater:
25.4 kW and 22.8 kW respectively (Table 20 and Table 21). If the scaling law holds, this
effect alone should increase specific power of both vehicles by a factor of approximately
2.6.

Continuous vs. burst power. Many power-electronic devices have burst power limits that
are higher than their continuous-power limits; i.e., they can be operated above their
continuous-power limit for short periods of time. For example, Teplechuk et al. designed
and built an amplifier (which serves a similar purpose to a power converter) with a burst
output power more than twice the continuous output power [59]. Meanwhile, the
aforementioned maximum power estimates for the monoplane and box wing only apply in
hover, which lasts 20 seconds or less™''. By contrast, Table 20 and Table 21 show that the
cruise power is 4.75 kW for the monoplane (5.3 times lower than in hover) and 4.23 kW
(5.4 times lower than in hover) for the box wing. Therefore, it may be possible to size the
power-converters to the continuous (cruise) power requirement, rather than the peak
(hover) power requirement. This should allow for further mass reductions.

It can be concluded from this section that a substantial increase in pyypc, relative to that of the V2
aircraft, is required in order for the vehicles in this study to be feasible. Significant improvements
should be possible: given the above arguments, an order-of-magnitude opportunity space is
available. However, detailed power-converter design and experimental validation is required for
confirmation. This is recommended as part of future work.

T Table 2 states that the takeoff, payload-drop, and landing hover times are 5 s, 20 s, and 5 s respectively.
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3.5 Battery specific power

3.5.1 Sensitivity
As discussed in Section 2.5, the battery specific power py¢tery is equal to the maximum available

output power of the battery, divided by its mass.

A sensitivity analysis with respect to battery specific power is shown in Figure 18. Each point on
the plot represents an optimized vehicle design; battery specific power is the only input parameter
that is varied.

Takeoff Mass

Mass (kg)

N w D o

o o o o
-

=
o
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=@= Box wing

o 1 2 3 4 5 6 7 8
Battery specific power (kW/kg)

Figure 18: Vehicle takeoff mass vs. battery specific power.

3.5.2 Discussion
Figure 18 only shows data for ppatery = 3 KW/kg. This is because the optimizer does not converge

for specific power values lower than this. Therefore, pyatery Must be greater than approximately
3 kW/kg in order for the vehicles in this study to be feasible.

Recall from Section 2.5 that the battery is sized by three parameters: specific energy, specific
power, and density. Figure 18 shows that vehicle mass is independent of battery specific power
above 5 kW/kg. Therefore, the specific power constraint becomes inactive above this point; the
battery is only sized by specific energy and density.

The default value of battery specific power in this study is 4 kW/kg (Table 5), about twice that of
existing lithium-ion battery prototypes [39]. However, the specific power of lithium-polymer
batteries in the literature can be as high as 3 kW/kg [60]. In addition, batteries can have burst
(pulse) current limits that are higher than their continuous-current limits. The upper current limit
is typically dependent on the battery module geometry. For example, a commercially available
battery module [61] has a maximum pulse discharge current more than twice as high as its
continuous discharge current. It was shown in Section 3.4.2 that the continuous (cruise) power
requirements for the aircraft in this study are more than five times lower than the peak (hover)
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requirements. Therefore, it may be possible to design a battery pack with the required specific
power using existing technology.
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4 Conclusions

In this work, two uncrewed aircraft (a monoplane and a box wing) were designed and optimized
for an urban package delivery mission. The aircraft are powered by MSD thrusters, and are capable
of VTOL. Unlike propeller-driven aircraft, they have no moving parts in their propulsion system
(except for the components that enable the thrusters to tilt). They may therefore be able to complete
urban package delivery missions without community opposition to noise.

An efficient multidisciplinary optimization framework, utilizing signomial programming, was
developed to design and optimize the vehicles. The framework incorporates a one-dimensional
physics-based model for MSD thrusters, along with aerodynamic, structural, weight, and power-
electronics models. The framework was used to generate designs for both aircraft, including
dimensions, mass breakdowns, and performance data. It was also used to conduct sensitivity
analyses.

Requirements for an out-and-back urban package delivery mission were defined, based on package
delivery services under development. Both MSD aircraft are capable of flying the nominal mission.
However, this is contingent on advances in four key technologies relative to today’s state of the
art. The identification of these technologies, as well as the associated parameter by which
improvement can be quantified, is a key contribution of this work. The technologies and
parameters are as follows:

e More-efficient ion generation methods with reduced power draw, quantified via the
ionization energy Ejqp.

e Miniaturized thruster electrodes with lower duct pressure losses, quantified via the stage
loss coefficient K; .

e Lighter power converters with greater output power, quantified via the power-converter
specific power pyypc-

e Lighter batteries with greater output power, quantified via the battery specific power
pbattery-

Future work should focus on characterizing and improving these technologies.
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Appendix A EAD acoustic measurements

In order to estimate the noise reductions achievable with EAD thrusters, the authors conducted a
preliminary experiment to measure the sound of an EAD thruster and a propeller. Power spectral
density vs. sound frequency for both systems is shown in Figure 19. The experiment was conducted
under static conditions (i.e., zero freestream velocity), and a thrust of 0.7 N. The EAD thruster was
an exposed (i.e., no duct) wire-to-airfoil thruster with a span of 2.9 m, a gap spacing of 120 mm,
and a voltage of 70 kV. A two-bladed 8040 (8in diameter; 4in pitch) propeller, powered by a
brushless motor, was used for comparison.

Power Spectral Density vs. Frequency

Homan ears —— Background
most sensitive

EAD thruster
—— Propeller (thrust matched)

_10,

_20,

_30,

_40,

Power spectral density (dB)

0.0 2.5 5.0 7.5 100 1255 150 175 20.0
Frequency (kHz)

Figure 19: Power spectral density vs. frequency for an EAD thruster and a propeller.

Figure 19 shows that the EAD thruster is much quieter than the propeller, especially around 2.5-5
kHz, the frequency region where human ears are most sensitive [62], [63]. By integrating the data
in Figure 19, it can be shown that the EAD thruster is approximately 20 dB quieter than the
propeller at the same thrust. This is equivalent to a noise reduction of 99%, or two orders of
magnitude*+,

Note that Figure 19 shows power spectral density (rather than sound pressure level). This allows
for a comparison between the propeller and the EAD thruster, but the sound pressure level itself
was not determined.

 The mean square sound pressure is the metric that has been reduced by 99%. Mean square sound pressure
PZys (measured in Pascals squared) is related to the sound pressure level SPL (measured in decibels) as follows:
SPL = 101log;o(Pams/P2¢). Pres = 2 X 1075 Pais the reference pressure. This equation can be manipulated to show
that a 90% reduction in P&y (one order of magnitude) corresponds to an SPL reduction of 10 dB; a 99% reduction in
PZus (two orders of magnitude) corresponds to an SPL reduction of 20 dB.
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Appendix B Ducted thruster experiments

Experiments were performed on a single-stage ducted thruster to validate some of the predictions
from the simple momentum theory in Gomez-Vega et al. [20], which serve as the basis of the
models used in this study. Figure 20 shows the setup used in these experiments. The thruster
contained parallel pairs of 56-micron-diameter tungsten wire emitters and flat-plate aluminum-
covered collectors with a 25.4 mm chord and a thickness of 1.1 mm. The internal cross-section
was rectangular, 600 mm by 400 mm, and contained 20 emitter/collector pairs, separated from
each other by a distance of 20 mm. The gap spacing, d, separating the emitters from the leading
edge of the collectors was 20 mm. The duct was made from blue foam and consisted of a parabolic
inlet with a length of 80 mm in the longitudinal direction and a width of 35 mm in the transverse
direction, a straight portion with a length of 40 mm where the electrodes were placed, and a straight
nozzle with a divergent angle of 20°. The duct had a thickness of 15 mm, and the external portion
of the nozzle was straight, forming an angle of 10° with the longitudinal axis (see Figure 20c for
duct coordinates). To ensure electrical continuity, the emitters were connected to two 3D-printed
electrode holders covered in copper tape, and the collectors were connected to each other via thin
insulated wires flushed against the side of the thruster.

Collector

10

To balance ‘

Fishing line

y (mm)

) 0 20 40 60

400 g \ x (mm)

: h (c) Duct
(a) Top view (b) Thrust-measurement setup cross-section

Figure 20: Single-stage ducted thruster used to validate theoretical predictions. In (a), a top view of the
thruster is shown; (b) shows the thruster suspended from the balance by fishing lines; (c) shows the cross-
section of the duct, with the inlet and nozzle profiles. Dimensions in mm.

The thruster was suspended from a Sartorius Entris 4202 balance by fishing line; the static thrust
force was estimated as the change in weight when the thruster was on. lons were generated using
a DC corona discharge; a Matsusada Precision AU-50P12 positive power supply was used to
produce the corona discharges. Two types of tests were performed: positive-corona experiments,
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in which the emitters were connected to the output of the positive supply and the collectors were
grounded; and negative-corona tests, in which the emitters were grounded and the collectors were
connected to the positive supply. Current and voltage measurements were provided automatically
by the power supply.

The static thrust—voltage characteristics of this ducted thruster are shown in Figure 21a, where
tests were done up to the maximum voltage before sparking in steps of 1 kV. The results show that
a thruster with a positive corona can produce a maximum thrust of up to 1.13 N, corresponding to
a thrust density (thrust per unit area) of 4.71 N/m? per stage and a thrust-to-power ratio of 7.9
N/KW. Figure 21b shows how the thrust-to-power ratio changes with the thrust density for the two
corona polarities. As a reference, the two-stage thruster used to produce the first EAD-propelled
aircraft, described in Xu et al. [16], produced a net thrust of approximately 3.2 N, with a thrust
density of 3.6 N/m? and a thrust-to-power ratio of 6.2 N/KW. The results show that this single-
stage thruster can produce a thrust of the same order of magnitude as the two-stage thruster in Xu
et al. [16], with higher thrust density and thrust-to-power ratio.

(a) Thrust vs. Voltage (b) Thrust-to-power vs. Thrust density
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Figure 21: (a) Thrust against voltage and (b) thrust-to-power ratio against thrust density produced by the
ducted thruster with either positive or negative coronas.

In an unducted thruster with negligible drag forces, the thrust force is equal to the integral of the
Coulomb body force in the gap and is given by [15]

Id

T=—,

u
where [ is the current drifting between the electrodes. Therefore, a plot of the thrust produced by
an unducted thruster versus the product of current and gap spacing should be a straight line with a
slope of 1/u. This relationship between thrust and current is not expected to hold when the thruster
has a duct, due to the thrust component from the pressure forces acting on the duct.
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Figure 22 shows the thrust per unit electrode span, b,, versus the product of current per unit span
and gap spacing obtained with the ducted thruster tested here. A shadowed band showing the
unducted thrust for the range of ion mobilities reported in the literature (1.8 x 107* < u <
2.5 x 107* m? V-1 s71) is also shown [64], along with a line corresponding to the mobility used
in this study. The results show that the ducted thruster with either positive or negative coronas
produces significantly more thrust for a given current than what would be predicted if the thruster
were unducted. This is compatible with the predictions from momentum theory, in which ducted
thrusters produce more thrust than their geometrically-similar unducted counterparts.
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Figure 22: Thrust per unit span against product of current per unit span and gap spacing. EAD theory
predicts the relationship between the variables to be linear and to lie within the shaded region (range of ion
mobilities in the literature) if the thruster is unducted.
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Appendix C  Vehicle 3-view sketches

3-view sketches of the monoplane are shown in Figure 23 — Figure 28; 3-view sketches of the box
wing are shown in Figure 29 — Figure 34. All sketches are drawn using dimensions from the design
optimization results; they are therefore to scale.

-

Figure 23: Front view of the monoplane in Figure 24: Front view of the monoplane in hover.
wingborne flight.

—

o,

Figure 25: Side view of the monoplane in wingborne Figure 26: Side view of the monoplane in hover.
flight.

Figure 27: Top view of the monoplane in wingborne Figure 28: Top view of the monoplane in hover.

flight.
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Figure 29: Front view of the box wing in wingborne Figure 30: Front view of the box wing in hover.

flight.

Figure 31: Side view of the box wing in wingborne
flight.

Figure 32: Side view of the box wing in hover.

Figure 33: Top view of the box wing in wingborne Figure 34: Top view of the box wing in hover.

flight.
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Appendix D Thruster model modifications

As mentioned in Section 2.4, equations (2), (3), (5), (9), (11), and (15) are solved in a different
form. This is done for one of two reasons:

e The original form is not SP-compatible. As mentioned in Section 2.3, a signomial
program (the design optimization algorithm used in this work) requires that all models be
formulated as monomial, posynomial, and signomial functions.

e The original form is an equality, when an inequality would suffice. In a signomial
program, inequality constraints are generally more numerically efficient and robust than
equality constraints. Posynomial equality relaxation [27] ensures that all inequality
constraints are exactly satisfied at the optimum.

Therefore, for design optimization, equations (2), (3), (5), (9), (11), and (15) are written as
equations (33)-(38) respectively:

5 5 AP
Vi SUxt+2 r (33)
T D
— + 2t Py < pUiP (34)
A, A
n(AP)EAD = AP + n(AP)loss (35)
—_  1_, 2
(AP)gap + 3 V2 <1+ 372 (36)
7> 1+ 20, + 0,7 (37)
o= () + (%) )
A;  \Ay ion A, accel
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Appendix E Box wing modeling details
Modeling details specific to the box wing are discussed in this Appendix.

Lift distribution: unlike for a monoplane, the optimal lift distribution of a box wing is not elliptical
[65], [66]. Instead, it consists of “a constant and an elliptical part for the horizontal wings and a
linear and butterfly-shaped part for the vertical wings” [65]. This should in principle affect the
box-wing drag and structural models, but it is neglected for the purpose of this study. Instead, a
conservative value of wing span efficiency (Table 6) is used.

Induced drag: like all nonplanar wing configurations, induced drag of the box wing is affected by
interference between the two wings. This can be expressed as a function of the wing height-to-
span ratio [65], [67] as

h
(Di)box _ (h) _ k1 + kz b (39)
(Di)planar b k3 + k4%

where D; is induced drag, h is the wing height (vertical distance between the upper and lower
wings), b is the wingspan, and k,-k, are constants. The subscripts ( )pox and ( )pjanar refer to

the box wing and to an equivalent planar wing respectively.

Box wing height is an optimizer design variable, but Equation (39) is not used directly in design
optimization. This is because Equation (39) is a signomial equation, which cannot generally be
solved as efficiently as a monomial or posynomial [32]. Instead, values for k;-k, were obtained
from Ref. [57]. A posynomial fit [54] to Equation (39) was then obtained as

(Ddvox_ _ [0.941763 (—) (40)

(Di)planar b
Equation (40) corresponds to data for 0.03 < % < 0.8; the fit RMS error was 3.99%. Equation (40)
is a monomial, and was directly implemented in design optimization.

—0.0195267110

Wing curvature: the wing structural model (Table 7) assumes the wing bends with constant
curvature due to the applied lift force. Ref. [41] shows that this approximation is reasonable for a
wing taper ratio of 0.5 (the monoplane value), but overestimates the wing tip deflection for a taper
ratio of 1.0 (the box wing value). Since the wing tip deflection is constrained to below 5% of the
wingspan for both vehicles, constant bending curvature is therefore a conservative approximation.

Electroaerodynamic interference: the box wing contains a thruster, so the lift and induced drag of
the wing should be affected by the thruster, and vice versa. For the purpose of this study, this effect
is neglected. Instead, it is assumed that lift and induced drag are both independent of thrust. The
same approximation is made for the box tail.
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Appendix F Hover balance model

Both vehicles must balance in hover; i.e., the sum of the moments from each thruster, taken about
the vehicle center of gravity (CG), must sum to zero. Models for ensuring this are the subject of
this Appendix.

For the purpose of design optimization, the center of gravity of both vehicles is assumed to be
located 60% of the distance along the fuselage-pod length, and also at the wing 50% chord position.
Ideally, the payload centroid should also be on the CG, so that it does not shift if the payload is
changed or dropped.

A side view of the monoplane in hover, including the hover balance model parameters, is shown
in Figure 35.

Forward-thrusters Tail-thruster
moment arm moment arm

1
:
1
1

1
i
I
*ﬂ_(lboom)FT Arﬁ (lboom)tail
1 1

Figure 35: A side view of the monoplane, showing the hover balance model parameters.

The forward-thruster booms extend forwards from the CG to the forward thrusters, while the tail
boom extends backwards from the CG to the box tail. Therefore, the moment arms of the forward
thrusters and tail thruster are computed as

hFT
(lmomentArm)FT = T + (lboom)FT (41)

and

il
(lmomentArm)tail = % + (lboom)tail (42)

respectively, where l,omentarm 1S the moment-arm length and h is the height. The subscripts
C )ery C Jbooms and (- )iap refer to the forward thrusters, boom, and tail respectively.

Because the CG is located at the wing 50% chord position, the forward-thruster boom must be at
least as long as half the wing root chord. The forward thrusters are also offset forwards from the
wing by an amount equal to half the forward-thruster height, to ensure that their flow fields do not
interfere in hover. This can be stated mathematically as
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1 1
(lboom)FT = E hFT + E (Croot)wing (43)
where (croot) wing IS the wing root chord.

Finally, the hover balance constraint can be written as

2(Thover)FT(lmomentArm)FT = (Thover)tail(lmomentArm)tail (44)
where T},over IS the hover thrust. The factor of 2 accounts for the 2 forward thrusters.

A side view of the box wing, including the hover balance moment arms, is shown in Figure 36.

Box-wing thruster
moment arm

! ! Tail-thruster

g »ld
1€ L

moment arm

Figure 36: a side view of the box wing, in hover (top) and in wingborne flight (bottom).

Equations (41)-(44) are required for the monoplane, to set the length (and, by extension, the mass
and drag) of the forward-thruster booms during optimization. The box wing lacks a similar set of
optimization constraints. Instead, the box-wing thruster pivot location (relative to the fuselage) is
selected during post-processing, to ensure that the vehicle balances in hover. Figure 33 shows how
this works: as the wing tilts for hover (top), its thrust vector moves forwards, so the box-wing
thruster moment arm correctly extends forwards of the CG.

Both vehicles’ center-of-gravity locations were estimated during post-processing, using a bottom-
up approach in a spreadsheet. Results are in Table 13; they are defined relative to the vehicles’
nose.



Table 13: Estimated center-of-gravity locations for the monoplane and box wing.

Wingborne CG | Hover CG
Monoplane 47.7 cm 46.4 cm
Box wing 52.1cm 49.4 cm

Table 13 shows that the CG locations are slightly different in wingborne flight and hover. This is
because the nacelles and thrusters are in slightly different locations before vs. after they tilt. Also,
the CG locations do not exactly correspond to the wing 50% chord position, as the optimizer
assumes. Dimensional and thrust data is used to show (again in a spreadsheet) that the vehicles do
indeed balance in hover. Results from the hover balance analysis are shown in Table 14.

Table 14: Results from the hover balance analysis.

Monoplane Box wing

Forward Box-tail Box-wing Box-tail
thrusters thruster thruster thruster

Hover thrust (total) 154.4 N 69.5N 183.7 N 16.7 N
Thrust vector -14.0cm 180.4 cm 39.3cm 160.1cm
Moment arm 60.3 cm -134.0 cm 10.1cm -110.7 cm

Moment 9315 N-cm | -9316 N-cm | 1853 N-cm | -1853 N-cm
Net moment / moment 0.0% 0.0% 0.0% 0.0%

For each vehicle and thruster, Table 14 gives the hover thrust (from the optimizer) and thrust vector
location (estimated geometrically). The moment arm is then the difference between the thrust
vector and hover CG location (from Table 13). The moment is the product of the hover thrust and

moment arm. Finally, the net moments sum to 0 for both vehicles, indicating that they balance in
hover as required.

Note that the monoplane forward-thruster centroid in Table 14 is negative, indicating that it is
located forwards of the nose. This can also be seen from Figure 35.
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Appendix G Detailed dimensional data

Detailed dimensional data for the monoplane and box wing, taken directly from the optimization
results, is given in Table 15 and Table 16 respectively. Note that number of thruster stages is
approximated as a continuous variable, rather than as an integer.

Table 15: Dimensional data for the monoplane. Box tail height: 0.421m
Parameter Value Box tail total horizontal 0.237 m?
planform area: '
Overall length: 1.621m 5 . I ol olanf
Overall wingspan: 2.214 m ox tail tota ;zglca plantorm 0.237 m?
Box tail section t/c ratio: 10%
Takeoff mass: 20.8 kg :
Takeoff weight: 203.6 N
Va\ll_eo | wde_lg t 42023k6/ 5 Forward booms length: 0.377m
ing loa mg._ . : ?) m Forward booms diameter: 0.011m
Empty mass fraction: 46.3% Forward booms wall thickness: 2.00 mm
Max power draw: 29.91 kW
. Forward nacelles quantity: 2
Fuselage pod length: . 0.810 m Forward nacelles chord: 0.305m
Fuselage pod usablt? Ien.gth. 0.344m Forward nacelles width: 0.458 m
Fuselage pod W'dth_' 0.290 m Forward nacelles height: 0.458 m
Fuselage pod usable width: 0.178 m
—— Forward nacelles total 0.279 m?
Fuselage pod helght_. 0.259 m horizontal planform area: '
Fuselage pod usable height. 0.152m Forward nacelles total vertical )
, 0.279m
planform area:
Tail boom length: 1.135m
Tail b_oom eqused length: 0.810 m Battery length: 0115 m
_Tall boom dlameter: 0.018 m Battery width: 0.178 m
Tail boom wall thickness: 2.00 mm Battery height: 0152 m
I . . Battery volume: 3115.7 cm?®
Planar W'_ng span.. 2.214 m2 Battery energy capacity: 1495.5 Wh
PIanaTr wing area. 0.492m Battery maximum power: 29.91 kW
Planar wing mean chord: 0.222m
Planar wing root chord: 0.296 m HVPC maximum input power: | 29.91 kW
Planar wing tip chord: 0.148 m HVPC maximum output power: | 25.42 kW
Planar wing mean thickness: 45.7 mm
Planar wing aspect ratio: 9.96 Box-tail thruster number of 195
Planar wing taper ra}tlo: 05 stages: :
Planar wing t/c ratio: 20.6% Box-tail thruster gap spacing: 10.0 mm
: Box-tail thruster stage length: 0.012m
Box ta!l ch_ord: 0.281 m Box-tail thruster duct length: 0.234m
Box tail width: 0421 m Box-tail thruster total length: 0.281m
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Box-tail thruster duct cross-

; , 0.177 m?
sectional area:
Box-tail th_ruster exrf Cross- 0.177 m?
sectional area:
Box-tail thruster exit area ratio: 1.0
Forward thrusters quantity: 2
Forward thrusters number of 1.9

stages:

49

Forward thrusters gap spacing:

10.0 mm

Forward thrusters stage length: 0.012m
Forward thrusters duct length: 0.254m
Forward thrusters total length: 0.305m
Forward th(usters duc_:t Cross- 0.209 m2
sectional area:
Forward thrusters eX|_t Cross- 0.209 m2
sectional area:
Forward thrusters exit area 10

ratio:




Table 16: Dimensional data for the box wing.

Box tail height: 0.186 m
Box tail total honzgntal 0.132 m?
planform area:
Box tail total vertllcal planform 0.078 m?
area:
Box tail section t/c ratio: 10%
Battery length: 0.103m
Battery width: 0.178 m
Battery height: 0.152 m
Battery volume: 2788.4 cm?®
Battery energy capacity: 1338.5 Wh
Battery maximum power: 26.77 KW
HVPC maximum input power: 26.77 KW
HVPC maximum output power: | 22.75 kW
Box-tail thruster.number of 145
stages:
Box-tail thruster gap spacing: 10.0 mm
Box-tail thruster stage length: 0.012m
Box-tail thruster duct length: 0.175m
Box-tail thruster total length: 0.209 m
Box-tail thruster ducj[ Cross- 0.058 m2
sectional area:
Box-tail th_ruster exrf Cross- 0.058 m2
sectional area:
Box-tail thruster exit area ratio: 1.0
Box-wing thruster number of
, 16.7
stages:
Box-wing thruster gap spacing: 10.0 mm
Box-wing thruster stage length: 0.012m
Box-wing thruster duct length: 0.201m
Box-wing thruster total length: 0.241m
Box-wing thruster dus:t Cross- 0.576 m?
sectional area:
Box-wing thruster EX-I'[ Cross- 0.576 m?
sectional area:
Box-wing thruster exit area 10

ratio:

Parameter Value
Overall length: 1.508 m
Overall wingspan: 1.602 m
Takeoff mass: 18.6 kg
Takeoff weight: 182.2 N
Wing loading: 24.1 kg/m?
Empty mass fraction: 45.7%
Max power draw: 26.77 kW
Fuselage pod length: 0.872m
Fuselage pod usable length: 0.332m
Fuselage pod width: 0.283m
Fuselage pod usable width: 0.178 m
Fuselage pod height: 0.253m
Fuselage pod usable height: 0.152m
Tail boom length: 1.508 m
Tail boom exposed length: 0.636 m
Tail boom diameter: 0.011m
Tail boom wall thickness: 2.00 mm
Box wing planform area: 0.772 m?
Planar wing span: 1.602 m
Planar wing area: 0.386 m?
Planar wing mean chord: 0.241m
Planar wing root chord: 0.242m
Planar wing tip chord: 0.240 m
Planar wing mean thickness: 40.7 mm
Planar wing aspect ratio: 6.64
Planar wing taper ratio: 1.0
Planar wing t/c ratio: 16.9%
Wing vertical section span: 0.360 m
Wing vertical section area: 0.086 m?
Wing vertical section chord: 0.240 m
Wing vertical section t/c ratio: 16.9%
Box tail chord: 0.209 m

Box tail width:

0.314m




Appendix H  Mass breakdowns

Mass breakdowns for the monoplane and box wing, taken directly from the optimization results,
are given in Table 17 and Table 18 respectively.

Table 17: Mass breakdown for the monoplane. Table 18: Mass breakdown for the box wing.
Component Mass (kg) T'\c/)ltzsls({) Component Mass (kg) T'\(;Itzsls({)

Fuselage pod 0.47 2.2% Fuselage pod 0.49 2.6%
Tail boom 0.41 2.0% Tail boom 0.32 1.7%
Wing 1.10 5.3% Wing 1.98 10.7%
Box tail 0.67 3.2% Box tail 0.26 1.4%
Forward nacelles 0.91 4.4% Landing gear 0.68 3.6%
Forward booms 0.16 0.8% Payload 1.20 6.5%
Landing gear 0.76 3.6% Payload mount 0.30 1.6%
Payload 1.20 5.8% Battery 6.69 36.0%
Payload mount 0.30 1.4% Power converter 2.20 11.9%

Battery 7.48 36.0% Box-tail thruster 0.12 0.7%

Power converter 2.46 11.9% Box-wing thruster 1.38 7.4%
Box-tail thruster 0.49 2.4% Box-wing thruster 0.84 4.5%

. - . D70
Forward thrusters 1.27 6.1% tgt(;?(gt;?ffr?rir:;?

- 0
Forward thrusters vionics : .07
tilting mechanism 0.54 2.6% Margin 1.69 9.1%

Avionics 0.38 1.8% Total 18.58 100.0%

Margin 1.89 9.1%

Total 20.76 100.0%




Appendix | Detailed performance data

Time, distance travelled, and battery energy consumed, for each aircraft and mission segment, is
provided in Table 19. This data was taken directly from the optimization results.

Table 19: Mission segment time, distance travelled, and battery energy consumed.

Mission _ _ Monoplane _ _ Box wing
segment Time | Distance | Battery energy | Time | Distance | Battery energy
(s) (km) (Wh) (s) (km) (Wh)
Takeoff 5.0 n/a 41.5 5.0 n/a 37.2
Climb 1.0 0.0 2.4 1.0 0.0 2.1
Cruise out | 392.6 10.0 609.4 396.2 10.0 547.5
Payload drop | 20.0 n/a 166.2 20.0 n/a 148.7
Turnaround | 14.1 0.4 25.2 10.7 0.2 18.2
Cruise in 392.6 10.0 609.4 396.2 10.0 547.5
Landing 5.0 n/a 41.5 5.0 n/a 37.2

Detailed performance data, broken down by mission segment, is provided in Table 20 and Table
21 for the monoplane and box wing respectively. Note that the payload mass is not deducted from
the aircraft mass after the payload drop, as the vehicle needs to be able to return with the payload
if necessary. Therefore, all three hover segments (takeoff, payload drop, and landing) yield
identical performance data. The same is true for both cruise segments (cruise out and cruise in).

Table 20: Performance data by mission segment for the monoplane.

Mission Segment Hover | Climb | Cruise Bank Units
Airspeed n/a 255 255 255 m/s
Lift coefficient n/a 1.04 1.04 1.20 -
Profile drag coefficient n/a 492.9 492.9 514.8 Counts
Induced drag coefficient n/a 433.3 433.3 577.7 Counts
Margin drag coefficient n/a 92.6 92.6 109.3 Counts
Total drag coefficient n/a 1018.9 | 1018.9 | 1201.8 | Counts
Lift-to-drag ratio n/a 10.2 10.2 10.0 -
Thrust (total) 224.0 321 19.9 23.5 N
Thrust (box-tail thruster) 69.5 10.1 6.4 7.5 N
Thrust (forward thrusters) 154.4 22.0 135 16.0 N
Thrust per thruster (box-tail thruster) 69.5 10.1 6.4 75 N
Thrust per thruster (forward thrusters) 77.2 11.0 6.8 8.0 N
Power (battery) 29.91 8.52 5.59 6.41 kW
Power (HVPC) 25.42 7.24 4.75 5.45 kW
Power (box-tail thruster) 8.24 2.29 1.50 1.73 kW
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Power (forward thrusters) 17.18 4.96 3.25 3.73 kwW
Power per thruster (box-tail thruster) 8.24 2.29 1.50 1.73 kwW
Power per thruster (forward thrusters) 8.59 2.48 1.62 1.86 kwW
Voltage (box-tail thruster) 10.00 6.02 5.14 541 kv
Voltage (forward thrusters) 9.31 5.65 4.81 5.07 kv
Thrust-to-power (box-tail thruster) 8.44 4.42 4.26 4.34 N/kW
Thrust-to-power (forward thrusters) 8.99 4.44 4.16 4.29 N/kW
Thrust density (box-tail thruster) 391.9 57.0 36.1 42.3 N/m?
losses due to wall friction 33 7.1 6.8 6.9 N/m?
Thrust density (forward thrusters) 368.9 52.5 32.3 38.2 N/m?
losses due to wall friction 3.1 6.9 6.7 6.7 N/m?
Power density (box-tail thruster) 46.44 12.90 8.48 9.73 kW/m?
ionization 0.30 0.14 0.11 0.12 kW/m?
acceleration 46.14 12.76 8.37 9.61 kW/m?
Power density (forward thrusters) 41.05 11.84 7.75 8.90 kW/m?
ionization 0.29 0.14 0.10 0.11 kW/m?
acceleration 40.76 11.70 7.65 8.79 kW/m?
Bulk velocity (box-tail thruster) 18.0 274 26.8 27.0 m/s
Bulk velocity (forward thrusters) 17.4 27.3 26.7 26.8 m/s
Exit velocity (box-tail thruster) 18.0 27.4 26.8 27.0 m/s
Exit velocity (forward thrusters) 17.4 27.3 26.7 26.8 m/s
Current density (box-tail thruster) 236.6 108.7 83.6 91.1 mA/m?
Current density (forward thrusters) 206.6 97.9 75.1 81.9 mA/m?
Total current (box-tail thruster) 42.0 19.3 14.8 16.2 mA
Total current (forward thrusters) 43.3 20.5 15.7 17.1 mA
Current per thruster (box-tail thruster) 42.0 19.3 14.8 16.2 mA
Current per thruster (forward thrusters) 21.6 10.2 7.9 8.6 mA
Stage EAD pressure rise (box-tail thruster) 10.53 4.09 3.03 3.34 Pa
Stage EAD pressure rise (forward thrusters) 9.15 3.62 2.67 2.95 Pa
Stage electrode losses (box-tail thruster) 0.40 0.92 0.88 0.89 Pa
Stage electrode losses (forward thrusters) 0.37 0.91 0.87 0.88 Pa
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Total pressure rise (box-tail thruster)

197.6

61.9

41.9

47.8

Pa

Total pressure rise (forward thrusters)

186.0

57.5

38.1

43.8

Pa
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Table 21: Performance data by mission segment for the box wing.

Mission Segment Hover | Climb | Cruise Bank Units
Segment distance n/a 0.0 10.0 0.2 km
Segment battery energy 133.8 7.5 1971.1 65.5 kJ
Airspeed n/a 23.2 25.2 19.2 m/s
Lift coefficient n/a 0.71 0.60 1.20 -
Profile drag coefficient n/a 237.1 229.6 274.0 Counts
Induced drag coefficient n/a 447.0 321.8 1272.9 | Counts
Margin drag coefficient n/a 68.4 55.1 154.7 Counts
Total drag coefficient n/a 752.6 606.6 1701.6 | Counts
Lift-to-drag ratio n/a 9.5 10.0 7.1 -
Thrust (total) 200.4 31.2 18.3 29.8 N
Thrust (box-tail thruster) 16.7 2.5 1.4 2.4 N
Thrust (box-wing thruster) 183.7 28.7 16.8 27.4 N
Power (battery) 26.77 7.54 4.98 6.14 kw
Power (HVPC) 22.75 6.41 4.23 5.22 kW
Power (box-tail thruster) 1.93 0.57 0.39 0.46 kw
Power (box-wing thruster) 20.83 5.84 3.84 4.76 kw
Voltage (box-tail thruster) 9.92 6.12 5.24 5.77 kv
Voltage (box-wing thruster) 9.72 5.89 4.98 5.57 kv
Thrust-to-power (box-tail thruster) 8.69 4.42 3.71 5.26 N/kW
Thrust-to-power (box-wing thruster) 8.82 491 4.38 5.74 N/kW
Thrust density (box-tail thruster) 287.1 43.0 24.6 41.4 N/m?
losses due to wall friction 3.6 8.6 9.4 6.3 N/m?
Thrust density (box-wing thruster) 318.8 49.8 29.2 47.5 N/m?
losses due to wall friction 2.1 4.5 5.0 34 N/m?
Power density (box-tail thruster) 33.04 9.73 6.61 7.88 kW/m?
ionization 0.22 0.10 0.08 0.09 kW/m?
acceleration 32.82 9.63 6.53 7.79 kW/m?
Power density (box-wing thruster) 36.15 10.14 6.67 8.26 kW/m?
ionization 0.24 0.11 0.09 0.10 kW/m?
acceleration 35.90 10.03 6.58 8.17 kW/m?
Bulk velocity (box-tail thruster) 15.4 24.9 26.3 21.1 m/s
Bulk velocity (box-wing thruster) 16.2 25.0 26.3 21.2 m/s
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Exit velocity (box-tail thruster) 154 24.9 26.3 21.1 m/s
Exit velocity (box-wing thruster) 16.2 25.0 26.3 21.2 m/s
Current density (box-tail thruster) 227.5 108.1 85.6 92.8 mA/m?
Current density (box-wing thruster) 220.7 101.7 79.0 87.6 mA/m?
Total current (box-tail thruster) 13.3 6.3 5.0 54 mA
Total current (box-wing thruster) 127.2 58.6 45.5 50.5 mA
Stage EAD pressure rise (box-tail thruster) 10.28 4.19 3.14 3.68 Pa
Stage EAD pressure rise (box-wing thruster) 9.90 3.90 2.85 3.45 Pa
Stage electrode losses (box-tail thruster) 0.29 0.76 0.85 0.54 Pa
Stage electrode losses (box-wing thruster) 0.32 0.77 0.85 0.55 Pa
Total pressure rise (box-tail thruster) 145.4 49.8 33.3 45.7 Pa
Total pressure rise (box-wing thruster) 160.4 52.4 335 48.5 Pa
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