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uclear Fusion Powered Titan Aircraft

r. Michael Paluszek, Ms. Annie Price, Ms. Zoe Koniaris, Dr. Christopher Galea, Ms. Stephanie Thomas,
r. Samuel Cohen, Ms. Rachel Stutz

• A compact fusion rocket like PFRC could en-
able delivering payloads in excess of 1 MT to
Titan in about two years

• A fusion-powered electric aircraft for Titan ex-
ploration could survey much of the moon’s sur-
face with high-power instruments

• The fusion-powered transfer vehicle would
serve as a high-power orbital science platform
and communications relay back to Earth
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bstract

his paper discusses a system for Titan exploration enabled by nuclear fusion power. Titan is one of the
ost interesting locations in the solar system with a thick atmosphere, surface oceans, under-ice oceans

nd complex terrain. This paper provides a conceptual design of a fusion-powered system to explore many
arts of Titan and enable the use of high-power instruments. The design includes a fusion-powered orbital
ansfer vehicle and an electric Titan science aircraft. A Direct Fusion Drive (DFD) propulsive engine could
ring a sizable spacecraft to Titan orbit in less than two years. A second fusion reactor, configured as a
losed-loop power generator, would be used for an electric Titan science aircraft. Both reactors are based
n the Princeton Field-Reversed Configuration (PFRC) concept which combines an FRC with a magnetic
irror. PFRC uses a novel radio-frequency plasma heating system and deuterium-helium-3 fuel. A lower
mperature plasma flows around the closed-field FRC region removing the fusion products. In the DFD
ropulsive configuration, this secondary flow permits direct and variable thrust and exhaust velocity. The
ience aircraft would do a powered entry to Titan and then have the capability to fly anywhere on the moon

t subsonic speeds. The DFD-powered transfer vehicle would allow the in-orbit transfer stage to change
clination as needed to cover different areas of the surface.

eywords: fusion propulsion, Titan, aircraft, nuclear propulsion, mars, space power
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PFRC Princeton Field-Reversed Configuration

PSS Princeton Satellite Systems

RF Radio Frequency
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2. Introduction

Recent work by Gajeri, Aime, and Kezerashvili
[1], demonstrated that a spacecraft powered by Di-
rect Fusion Drive could reach Titan in less than
2.6 years with a 2 MW power plant for a payload
mass of 1000 kg. This paper extends that work to
include as a payload a Titan aircraft that can en-
ter the atmosphere and fly around Titan for years.
The fusion-powered electric aircraft is propelled by
ducted fans. Entry does not use any thrust. The
fusion-propelled transfer vehicle stays in orbit with
its scientific payloads and acts as a communica-
tions node for the Titan aircraft. The Titan aircraft

reprint submitted to Acta Astronautica April 7, 2023
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ould have over 100 kWe for Titan science, several
rders of magnitude greater than will be available

Dragonfly. [2]

. Titan Mission

.1. The Titan Environment

A composite infrared image of Titan from the
ASA Cassini mission is shown in Figure 1. The

omplexity of the geography is evident.

igure 1: Titan composite infrared image of Titan courtesy
NASA. This shows the complexity of the moon and the

eed for global coverage.

The surface of Titan [3] is obscured by a hazy at-
osphere. It has standing bodies of liquid, includ-
g rivers, lakes, and seas. Titan may have volcanos
ith liquid water lava. Extensive regions of dunes
retch across Titan in the equatorial areas.
Titan does not have its own magnetic field, but
does orbit within the magnetosphere of Saturn

]. Its thick atmosphere protects the surface from
nizing radiation.

.2. Dragonfly Science Objectives

Dragonfly’s primary goal is [5] to study Titan
rebiotic chemistry and to look for chemical bio-
gnatures of water-based life. The quadcopter is
own in Figure 2.

Dragonfly’s target is the 80 km diameter Selk
rater shown in Figure 3. Its location on Titan
shown in Figure 4.

Dragonfly’s major instruments are shown in Ta-
le 1. The entire spacecraft is about 450 kg and the
ower produced by the MMRTG is about 70 W.[6]

Figure 2: The Dragonfly quadcopter. Image courtesy of
NASA. Due to its limited power and size, it can only study
a small area on Titan.

Figure 3: The Selk crater. Image courtesy of NASA. This is
Dragonfly’s area of study.

3.3. Science Objectives

This mission expands on the Dragonfly mission
and incorporates elements of previously proposed
Titan missions. Dragonfly aims to study Titan’s
atmosphere, surface, and subsurface ocean by sam-
pling various sites around the moon, and it is one
of the first NASA missions since the Viking lan-
ders to explicitly include a search for signs of life
[5]. This mission would continue that search with
the Titan Aircraft. In particular, the Titan Air-
craft will greatly expand the area of Titan’s surface
that could be studied in depth. The Huygens probe
was only able to transmit a few hours’ worth of
data about Titan’s atmosphere, including only one
point on the surface of the moon [7]. The Drag-
onfly quadcopter will be able to move on Titan’s
surface, but its mobility will still be limited by its
power and speed. The Titan Aircraft would have
a longer and more extensive mission due to fusion-
enabled speed and power. This would make it ideal
for using imaging or radar techniques to map out
an unprecedented amount of Titan’s surface.

The mission could also support additional science

2
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igure 4: The location of the Selk crater on Titan. Selk is
the middle. Image courtesy of NASA.

Table 1: Dragonfly science payload

Name Description

Dragonfly Mass
Spectrometer

A linear ion trap mass spec-
trometer

Dragonfly
Gamma-Ray
and Neutron
Spectrometer

Measure bulk elemental com-
position in the shallow sub-
surface

Dragonfly Geo-
physics and
Meteorology
package

Measure atmospheric
temperature, pressure,
wind speed and direction,
methane humidity, hydrogen
partial pressure, crustal seis-
micity, electric field, surface
dielectric properties, surface
temperature, and ambient
sound

Dragonfly Cam-
era suite

Dragonfly carries eight scien-
tific cameras

ayloads. A submarine to explore Titan’s oceans
ore in-depth has received a Phase II NIAC grant
], and NASA/ESA’s proposed Titan Saturn Sys-
m Mission (TSSM) included a Montgolfière bal-
on intended to circumnavigate Titan and image
s surface [9]. Payloads similar to either or both
f these proposed instruments could be included in
is mission, possibly being deployed from the Ti-
n Aircraft. The Titan submarine has a maximum

ower requirement of 842W and a mass of 100kg
hile the balloon has a power requirement of 1.8kW
nd mass of 25kg, both of which are only fractions
f the available power (500kW) and mass (1000kg)
vailable for science missions on the Titan Aircraft.
xperiments such as these or others intending to
age or sample Titan’s surface would bring a new

epth of knowledge about Titan’s properties and
otential to harbor life.

The science goals of this mission would follow
those set out in the TSSM report [9]:

• Titan: an Earthlike System. How does Ti-
tan function as a system; to what extent are
there similarities and differences with Earth
and other solar system bodies?

• Titan’s Organic Inventory. To what level of
complexity has prebiotic chemistry evolved in
the Titan system?

3.4. High Power Instruments

The NASA Jupiter Icy Moon Orbiter mission
(JIMO) had a 100 kWe nuclear fission reactor for
power and propulsion. Instruments were proposed
that could take advantage of that power level.
An advanced radio sounder instrument was pro-
posed that could be used on a wide variety of
outer planet missions [10]. This instrument would
provide diverse measurements necessary for detec-
tion of subsurface oceans and for characterization
of moon ionospheres, magnetosphere-moon interac-
tions, and permanent or induced magnetic fields.
Different frequency ranges were proposed for differ-
ent applications. Table 2 gives the power require-
ments.

Table 2: RF Sounder power requirements

Science Objectives Power (W)

Subsurface Sounding 10000

Magnetospheric Sounding 10-10000

Ionospheric Sounding 100-500

Local Resonances 10000

A National Research Council (NRC) study [11]
lists a large number of missions enabled by nu-
clear power systems. The need for nuclear power is
mostly for propulsion. Instruments relevant to a Ti-
tan mission include radar, specifically high-power,
ground-penetrating, and synthetic-aperture radar
systems, and laser-ablation spectrometers. JIMO
also planned to use 1000 W for its communication
system [12]. JIMO allocated 45 kWe to the science
payload [13]. Hartman lists 250 kWe as a future
goal for a nuclear powered spacecraft. Table 3 lists
the JIMO instruments. Four require power greater
than 1 kWe. All four would be potential Titan in-
struments. Hart [14] gives a peak power demand of
25269 W.

The Multiple Instrument Distributed Aperture
Sensor (MIDAS) for remote sensing [16] is an ex-
ample of an instrument enabled by the availability

3
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Table 3: JIMO Instruments [15, 14].

Instrument Mass (kg) Average
Power
(W)

Peak
Power
(W)

Location

Super High-Res Camera 65 100 100 scan platform

High Res Telescope 20 5 5 scan platform

Mapping Camera 5 5 5 scan platform

Wide-angle Camera 3 5 5 scan platform

Hyperspectral Imager 25 15 15 scan platform

Thermal Imager 11 14 14 scan platform

SAR Topographic Mapper 150 200 1400 bus-mounted (on boom)

Interferometric SAR 1683 7923

Ice Penetrating Radar 50 2700 13000 bus-mounted

Laser-illumination Spectrometer 250 2500 2500 bus-mounted

Laser Altimeter 44 1400 1400 bus-mounted

Plasma Wave Spectrometer 10 7 7 bus-mounted

Magnetometer 3 3 3 bus-mounted (on boom)

Ion and Neutral Mass Spectrometer 10 28 28 Turntable

Heavy Ion Counter 3.3 7 7 Turntable

Energetic Particle Detector 11 10 10 Turntable

Plasma Spectrometer 13 11 11 Turntable

Dust Detector 5 6 6 Turntable

Auxiliary Science Package 375 bus-mounted

f high power. In its active remote sensing modes
sing an integrated laser source, MIDAS, shown in
igure 5 enables LIDAR, vibrometry, illumination,
arious active laser spectroscopies such as ablative,
reakdown or time-resolved spectroscopy. The MI-
AS optical design also provides high-resolution
aging for long dwell times at high altitudes,
ereby enabling real-time, wide-area remote sens-
g of dynamic changes in planet surface processes.

Figure 5: MIDAS sensor [16]

Another is the high-capability Planetary Ad-
anced Radio Sounder (PARS) [17]. This high-
ower, high-data rate remote-sensing instrument
ill provide critical and diverse measurements
ecessary for detection of subsurface oceans and
r characterization of ionospheres of moons,

magnetosphere-moon interactions, and permanent
or induced magnetic fields for missions to icy moons
and other bodies in the solar system. This informa-
tion is critical to determining if life is possible on
moons of this type.

3.5. Mission Economics

Table 4 gives the economics for several scientific
missions. A simple metric is dollars per watt for the
science mission. Power needs to be divided between
experiments and data transmission. All else being
equal, the data rate is proportional to power. The
power available to transmission determines the sci-
ence that can be returned. Of course, careful use of
bandwidth maximizes the return for a given power
level. The Jupiter Icy Moon Orbiter (JIMO) which
would have used a nuclear reactor is seen as a real
bargain. Transfer time is another measure as it is
the delay in scientific return, essentially the invest-
ment in the mission does not produce a return on
investment until after the transfer. The operations
cost is also proportional to the duration. Opera-
tions costs range from $15M/year for New Horizons
to $50M/year for other spacecraft.

4. Mission Plan

The mission plan is

4
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Table 4: Mission capability cost is $/Watt.

Mission Cost ($B) Power (W) Transfer (Years) $/W

JIMO 16 100,000 5 160,000

New Horizons 0.78 202 9 3,861,386

Juno 0.7 435 5 1,609,195

BepiColumbo 0.7735 420 7 1,841,666

Dragonfly 1 70 9 14,285,714

1. Launch on a heavy lift launcher such as SLS,
Falcon 9 Heavy, or the Delta Heavy

2. Direction insertion into a heliocentric orbit

3. Constant acceleration to Saturn

4. Entry into Saturn orbit

5. Rendezvous with Titan

6. Entry into Titan Orbit

7. Separation of the aircraft; transfer vehicle re-
mains in orbit

8. Unpowered aerodynamic entry of aircraft into
the Titan atmosphere

9. Separation of the ducted fan shrouds

0. Fly to the first landing zone

1. Powered landing on Titan

he transfer to Titan is covered in [1]. The aircraft
ill conduct experiments in the landing area. It will
en fly to other locations. The orbiter will provide
ll surface reconnaissance and can provide maps of
e surface to the aircraft. The aircraft will build
aps of the surface as it flies around the moon.
ith time, it will be able to identify Titan’s unique

atures. The velocity changes for the mission from
arth are shown in Table 5.

able 5: Velocity changes using the continuous thrust plan
om [1].

Mission Phase ∆v (km/s)

Earth Departure 7.56

Interplanetary Acceleration 14.50

Interplanetary Deceleration 36.03

Saturn Orbit Insertion 18.90

Titan Orbit Insertion 1.57

Total 78.57

The power and payload mass for each vehicle, the
ansfer vehicle and the aircraft payload, are sum-
arized in Table 6 and described further in later
ctions. The payload for the orbital transfer ve-

icles includes the aircraft and the orbital bus and
struments. The payload for the aircraft is it’s dry
ass.

Table 6: Vehicle Power and Payloads

Vehicle Transfer Vehicle Titan Aircraft

Fusion Power 2.4 MW 1.5 MW

Thrust Power 1.4 MW N/A

Electrical Power 0.1 MW 0.5 MW

Reactor Mass 2531 kg 1000 kg

Payload Mass 3500 kg 2000 kg

5. Fusion Power Plant

The the Princeton Field-Reversed Configuration
(PFRC) and Direct Fusion Drive have been pre-
viously presented at the IAC conferences in 2012
[18, 19], 2014 [20], and 2015 [21]. Initial mis-
sion analysis had been performed under Princeton
Satellite Systems (PSS) internal research & devel-
opment funds, while work on the PFRC experiment
was funded at the Princeton Plasma Physics Lab
(PPPL) by the Department of Energy. PSS has
now received three research contracts from NASA
and one from ARPA-E to further develop the DFD
concept. Prior papers [22, 23, 24] describe some
of the underlying physics. A review paper on the
PFRC reactor concept has recently been published
[25] which includes the status of development, the
proposed path toward a reactor, and the commer-
cialization potential of a PFRC reactor. We will
provide a summary here for the reader’s conve-
nience.

5.1. DFD Summary

The PFRC employs a radio frequency (RF)
plasma heating method, odd-parity rotating mag-
netic field (RMF) heating, first theorized in 2000
[22] and demonstrated in the PFRC-1 experiment
in 2006 [23]. Experiments are ongoing with the
second-generation machine, PFRC-2, (Figure 6).
Results from experimental studies of electron heat-
ing in PFRC-2 have surpassed theoretical predic-
tions, with minority electron populations reaching
500 eV and pulse lengths of 300 ms. Experiments

5
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igure 6: A plasma shot in the PFRC-2 experiment at
PPL.

measure ion heating with input power up to 200
W are ongoing. When scaled up to achieve fusion
arameters, PFRC would result in a 4-8 m long,
.5 m diameter reactor producing 1 to 10 MW.
his reactor would be uniquely small and clean
mong all fusion reactor concepts, producing very
w levels of neutrons. Neutrons would be at 2.45
eV, much lower energy than D-T reaction neu-
ons, and would only be produced by D-D side re-

ctions. Neutrons cannot be directed and therefore
o not contribute to thrust.

A component diagram of the engine is shown in
igure 7. The startup system, for energizing the su-
erconducting coils, spinning up the Brayton cycle
ompressor, and starting the fusion reaction, is in
e upper right corner [26]. The fusion vacuum ves-
l is orange. The RMF system is depicted above
e vacuum vessel. Coil refrigeration is on the right.
he heat recycling system is on the bottom.

Attempts have been made to heat FRC plasmas
ith RF before, but generally with a picture-frame
ntenna that resulted in a near-FRC plasma but
ith open magnetic field lines. We call this even-
arity heating due to the symmetry of the induced
agnetic field. Open field lines allow the plasma
escape and reduce confinement time. In con-

ast, each of the four PFRC antenna sections is
o joined rectangles. Two pairs operate 90◦out

f phase on adjacent sides of the plasma. An an-
nna (wrapped in orange Kapton tape) is visible

n the side of PFRC-2 in Figure 6. This results in
-called odd-parity heating — the magnetic field

n one side of each figure-8 is in the opposite di-
ction as the other side — and closed field lines
the generated FRC. Closed field lines keep the

lasma trapped as it is heated. The oscillation of

the currents in the RF antenna results in a rotating
magnetic field, with about 0.1-1% of the strength
of the axial magnetic field.

The PFRC is specifically designed to have ultra-
low radioactivity. Being a “high-β” machine, that
maintains a high ratio of the plasma pressure
to magnetic pressure, the PFRC should achieve
the high temperatures necessary to burn helium-
3 (3He) and deuterium (D) in a compact machine.
The reaction equations are:

D + 3He → 4He (3.6 MeV) + p (14.7 MeV)(1)

D + D → T (1.01 MeV) + H (3.02 MeV)(2)

D + D → 3He (0.82 MeV) + n (2.45 MeV)(3)

D + T → 4He (3.5 MeV) + n (14.1 MeV)(4)

Simply burning 3He-D at high temperatures in a
large FRC reactor could result in an increase in
neutrons due to the above D-D and D-T side reac-
tions. PFRC has three features that greatly reduce
the number and impact of the neutrons from this
baseline: one, the small size of the reactor (∼25
cm plasma radius) results in a favorable ratio of
surface area to plasma volume, reducing the wall
load compared to larger machines; two, the operat-
ing fuel ratio of 3He:D could be adjusted upwards
to as much as 3:1, sacrificing some power density
for lower neutron production; three, the reactor is
designed to rapidly eliminate the tritium (T) pro-
duced by the D-D side reactions, preventing any
D-T reactions from occurring. This means that the
only neutrons produced are those with an energy of
2.45 MeV.

The tritium is eliminated due to its interaction
with the shell plasma surrounding the fusion region.
The size of the reactor is such that the so-called
FRC s-parameter,[27] which scales with the ratio of
the fusion-product triton gyro-radius to the scrape-
off-layer radius, is low - about 2.3. This forces the
tritons to pass through the shell plasma repeat-
edly. When the tritons pass through the cool shell
plasma, electron drag causes energy to be trans-
ferred from the tritons to the shell plasma electrons.
The triton is quickly captured by the shell plasma
field lines and flows out the open end of the re-
actor. The burn-up time for energetic tritons to
fuse is about 20 seconds, while the time in which it
will cool and be trapped in the shell plasma is less
than 0.01s [21, 28]. The same process occurs for the
other fusion ash products, which are all effectively
exhausted.

The PFRC is well suited for use as space propul-

6
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Figure 7: Block diagram of the DFD engine.

on for two reasons: one, the configuration and
all size results in a tremendous reduction of

eutron production compared to other D-3He ap-
roaches, as described above; two, the directed ax-
l flow of cool shell plasma which absorbs the en-

rgy of the fusion products. When the divertor end
f the PFRC is configured with a magnetic noz-
le, the reactor becomes the Direct Fusion Drive

FD). Adding additional propellant to the exter-
al flow results in a moderate thrust, and high spe-
ific impulse exhaust stream. This process is called
rust augmentation. The low neutron production
crucial to minimizing the shielding required while
transit, maximizing the engine-specific power.

he maximum thrust for a given power, based on
EDGE [29] is given in Figure 8. This leads to a
ractical lower exhaust velocity limit of 70 km/s as-
ming a 0.4 power to thrust conversion efficiency.

There are several factors0l which could allow
FRCs to be smaller than other magnetic confine-
ent fusion devices, which are discussed in Ref.[25].
hese include: (1) FRCs with zero toroidal mag-
etic field (only a poloidal field is present), result-
g in a safety factor q of 0, have substantially de-

reased neoclassical transport losses which scale as
+ q2) compared with, e.g., tokamaks, which have
> 3, so that FRCs should have 10 times better

nergy confinement given the same magnetic field
nd plasma temperature. (2) Turbulence-enhanced
ansport would be mitigated in a PFRC-type re-

ctor due to the larger scale of thermal ion orbits in
e machine compared to turbulence length scales –

0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Jet Power (MW)

0

10

20

30

40

50

60

T
hr

us
t (

N
)

DFD Thrust Limits

Min Flow
Max Flow

Figure 8: Maximum DFD thrust as a function of jet power.

only when ion gyro-orbits are much smaller than the
turbulence length scales, such as in tokamaks, does
enhancement of turbulence become substantial. (3)
Thermal diffusivity would decrease by 3x due to the
10x increase in temperature of a PFRC-type reac-
tor compared to a D-T tokamak. The DFD would
make use of these potential benefits of the PFRC.

The features of the proposed DFD including its
compactness and linear form, and that it will be
limited to 1 to about 10 MW, make the DFD well-
suited to a variety of space missions.

5.2. PFRC-2 Experimental Results

ARPA-E funding was provided to upgrade the
PFRC-2, required for entry into the theoretically

7
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redicted ion heating regime.[30] These upgrades
volve the implementation of four co-axial coils to
crease magnetic field and modification of RF am-
lifiers, transmission lines, and tank circuits to de-
rease RMF frequency.

The target operating parameters are 0.1 T cen-
al magnetic field, 200 kW forward RF power, and

n operating frequency below 2 MHz. The PFRC-
has been operating at 1.8 MHz since November,

022 and field upgrades are underway. Separately,
RPA-E funded construction of a a stripping-cell

lectrostatic ion-energy analyzer (SC-IEA)[31, 32]
hich will be utilized in 2023. Its energy range is
00 to 2000 eV with a resolution of ∆E/E ∼ 7%.
New publications over the past year include
easurements of neutral density in PFRC-2 us-
g a two-photon-absorption laser-induced fluores-

ence (TALIF) diagnostic[33], the improvement of
-ray data analysis for electron temperature mea-
rements [34, 35], a rigorous proof of magnetic-

eld-line closure using modified flux functions [36],
nd the construction of a collisional-radiative model
r bulk electron temperature measurements in
arm hydrogen plasma [37]. The TALIF diagnostic
chieved temporal and spatial resolutions of 10 µs
nd 1 mm respectively, and a minimum detectable
ensity less than 1010 cm−3. Knowledge of the neu-
al density is critical to assessing and controlling
lasma current loss and particle and energy con-
nement in present-day fusion reactor devices.
The path to transition from PFRC-2 to a pi-
t plant reactor PFRC involves the construction
nd testing of the next iteration, PFRC-3, a de-
ice with ten times stronger field (∼1 T) using a
w-temperature superconductors, operating with
larger plasma radius (16 cm), higher density
1014/cc) with a goal of reaching fusion-relevant

mperatures (∼10 keV temperatures). This would
e followed by PFRC-4, which would function as a
rototype reactor power plant using D-3He (∼100
eV ion temperature goal) and would test the com-
lete power conversion system. Further details on
e proposed path from PFRC-2 to a reactor PFRC

an be found in Ref. [25].

.3. Reactor Power and Mass Breakdowns

The following figures show the engine designs,
ower flow, and mass breakdowns for the transfer
ehicle and aircraft engines. The transfer vehicle
ngine power flow is shown in Figure 9.

Figure 9: Power model for the transfer vehicle engine.

Figure 10 shows a mass breakdown of the trans-
fer vehicle engine. The specific mass computation
includes not only the magnets and their cooling
equipment, structure, heating, and conversion sub-
systems, but also the shielding and radiators. The
heating and conversion systems are scaled from sim-
ple specific mass factors. The mass is dominated by
the radiators. 100 kW is available for electric power
use in spacecraft.

Figure 10: Mass Breakdown for the transfer vehicle engine.

The magnet subsystem includes an array of eight
flux-conserving, superconducting magnets and two
stronger mirror magnets. The magnet cryocoolers
are a substantial additional mass. The axial mag-
nets will maintain a central field of 5.3 T while the
mirror magnets will require a field of about 15 to
20 T.
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Figure 11 shows the power flow for the aircraft
ngine. Figure 12 shows the mass breakdown.

Exhaust

Gas Box

Neutrons

Bremsstrahlung

Synchrotron

Transport

Fusion

RMFo

Heat Engine

Cooling

1.94 MW

0.49 MW

22.30 kW

0.31 MW

0.33 MW

0.21 MW

2.45 MW

1.00 MW

0.10 MW

0.05 MW

3.30 MW

1.34 MW

1.01 MW

Gain Q, Pfusion/Pin = 2.46

Figure 11: Power model for the aircraft engine.

Fusion Engine Mass (2.5 MW / 2646 kg)

23%:613 kg

%:676 kg

8%:213 kg

23%:603 kg

4%:100 kg

17%:441 kg

shielding
magnets
cooling
conversion
heating
structure

Figure 12: Mass Breakdown for the aircraft engine.

Figure 13 shows the consumption of helium-3 fu-
on fuel as a function of time and power. The mass
f helium-3 is small. Additional propellant flows
round the fusion region. This is expelled to pro-
uce thrust, or recirculated in a power reactor.

Figure 14 shows the transfer vehicle.

.4. DFD Engine
Figure 15 shows a CAD model of a reactor config-

red as a power reactor. This type of reactor would
e used on the Titan aircraft.

Princeton Satellite Systems
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0

1

2

3

4

5

6

M
as

s 
(k

g)
   

3He-D Reactant Mass

3He
D

0 10 20 30 40 50 60 70 80 90 100
Energy (MW-year)

0

0.02

0.04

0.06

0.08

0.1

V
ol

um
e 

(m
3
)

Figure 13: The consumption of helium-3 fusion fuel as a
function of time and power.

Figure 14: Transfer vehicle.

A reactor configured as a rocket engine is shown
in Figure 16. A magnetic nozzle is on the end. The
cutaway view does not show the heat engine.
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igure 15: 1 MWe power reactor similar to one proposed for
e Titan aircraft.

igure 16: 1 MWe power reactor configured as a rocket en-
ne.
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. Titan Aircraft Design

In this section, the Titan Aircraft sizing and
erformance analysis in NASA’s OpenVSP is pre-
nted.

.1. Mission Requirements

The design of the Titan Aircraft was driven by
e key mission requirements. The mission require-
ents for the aircraft are presented in Table 7.

Table 7: Mission Requirements for the Titan Aircraft

Requirement Value

Cruise Speed 100 m/s

Takeoff Distance 500m

Cruise Altitude 1km

In addition to these mission requirements, certain
ssumptions about the aircraft were made. The as-
mption was made that there is constant electric

ower of up to 1MW coming from the fusion reactor
uring all stages of subsonic flight once in Titan’s
tmosphere. Another key assumption was that the
ircraft never loses any mass due to fuel burn. This
eans there was no need for any initial weight frac-
on calculations since it was assumed the dry mass
f the aircraft will be 2000 kg for all stages of flight.
he mass of the engine was assumed to be a con-
ant 1000kg.
One of the major mission requirements is the fact
at it is a hypersonic reentry vehicle, and therefore
has to take into account aerodynamic heating ef-
cts [38]. The aerodynamic heating that domi-
ates hypersonic flows is typically thermal conduc-
on and radiation. Thermal conduction takes place
hen a temperature gradient exists, and the heat
ansfer to the surface qw is given by Fourier’s law
8]:

qw = −kw(
∂T

∂y
)w (5)

where kw is the thermal conductivity of the gas
t the wall, and (∂T∂y )w is the temperature gradi-

nt in the gas at the wall [38]. Thermal radiation
ill only occur if the flowfield around the body is
ver approximately 10,000K. If the gas tempera-
re is high enough, viscous dissipation can occur
8]. Additionally, a chemically reacting boundary
yer can form, and the vibrational energy of the
olecules can become excited to the point where
issociation and even ionization of the gas occur

[38]. For hypersonic entry vehicles such as this, ra-
diative effects and potential ionization within the
gas are important [38]. While the study of the
aircraft’s performance at the cruise Mach number
does not account for the aerodynamic heating felt
by hypersonic entry vehicles, all hypersonic vehi-
cles have blunt noses to alleviate the aerodynamic
heating on the body [38]. Therefore, this vehicle is
shown to have a blunt nose.

Before any sketching of the aircraft could oc-
cur, initial conceptual sizing was necessary to make
sure a design that met all of the mission require-
ments was feasible. As stated above, there was
no need to go through calculations for a takeoff
weight buildup or estimate fuel fractions for differ-
ent stages of flight, since the aircraft weight would
always remain constant at 2000 kg due to the fusion
reactor’s constant electric power source. Therefore,
the take-off weight calculation was unnecessary, and
it was possible to go right to airfoil and geometry
selections.

6.2. Wing Loading and Geometry Selection

The airfoil selection is incredibly important to the
lift and drag of the aircraft. For the initial design,
a NACA 0010 airfoil was chosen, but a symmetric
double-wedge shape was chosen for the final design
since the aircraft will be subjected to hypersonic
flow when entering Titan’s atmosphere.

After choosing an initial airfoil for the wing, the
power-to-weight ratio and wing loading needed to
be calculated. The power-to-weight ratio is used
to describe a propeller-powered aircraft and is the
equivalent to the ”thrust-to-weight” term for a jet
engine aircraft [39]. Since this aircraft is driven
by ducted fans when in subsonic, compressible flow
in Titan’s atmosphere, the power-to-weight ratio
is needed. A critical parameter in wing loading is
the stall speed. The stall speed of the aircraft is
directly determined by the wing loading and the
maximum lift coefficient and is critical to flight
safety [39]. The approach speed, which is also used
to determine takeoff length, is defined by the stall
speed [39]. The FAA defines acceptable stall speeds
for different types of aircraft based on applications
[40]. Since the coefficient of gravity on Titan is
around 7.3 times weaker than on Earth, the stall
speed is going to be much lower for an aircraft on
Titan. Given the gravity constant on Titan is

1.352 m/s2 (6)

11
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the following equations, TO refers to takeoff. As
ell as the required takeoff field length of 500m,
inematic equations were used to estimate the stall
eed [39]:

sTO =
1

2
at2 (7)

t =

√
2sTO
a

(8)

vfinal = vinitial + at (9)

= vTO (10)

he stall velocity is dependent upon the take-
ff speed and is given through the following for-
ula [39]:

vstall =
vTO
1.2

(11)

he stall speed adds a vertical line to the thrust
ading vs wing loading graph and acts as the max-
um limit for W/S. The design must be to the

ft of this vertical line. Given this estimate of stall
eed, the wing loading could be estimated. The
ing loading is given by the following equation [39]:

Vstall =

√
W

S

ρ

Clmax
(12)

lmax) was estimated as 3.0 for STOL aircraft.
Given the above parameters, the maximum wing
ading was found with the following formula [39]:

W

S
=

√
VstallClmax

ρ
(13)

his is the vertical line on the thrust-to-weight vs.
ing loading graph, which provides a design con-
raint for the aircraft.
The thrust-to-weight and power-to-weight vs.

ing loading feasibility diagram for different stages
f the flight was then generated in MATLAB, which
rovides key design points from which the aircraft
ay be sketched. The constant weight of the air-

raft will drastically impact the power-to-weight vs.
ing loading graph and the design point is chosen.
ll equations from this graph come from the master

quation [41]:

Ts.l.
WTO

=
β

α
(
qinfS

βWTO
(K1

(
nβWTO

qinfS

)2

(14)

+K2

(
nβWTO

qinfS

)
+ CD0 + CDR) +

Ps
V

)

First, the thrust-to-weight ratios were found. The
thrust-to-weight ratio at cruise represents the
amount of thrust needed to maintain the cruise ve-
locity of 100m/s. The equation for thrust loading
during cruise is given by the following equation [42]:

Tsl
WTO

=
β

α

(
kβ

q

WTO

S
+

Cd0
(WTO/S) (βq )

)
(15)

The thrust-to-weight ratio during takeoff is de-
pendent on the thrust-to-weight ratio during
cruise [39]:

TTO
WTO

=
Tcruise
WTO

Wcruise

WTO

TTO
Tcruise

(16)

=
Tcruise
WTO

TTO
Tcruise

Finally, the thrust-to-weight ratio during climb is
given by [39]:

Tclimb
WTO

=
qclimbCd0
W/S

+ k(
W

S

n

qclimbπAε
) (17)

The relation between the thrust-to-weight ratio and
the power-to-weight ratio is given by the following
equation [39]:

T

W
=

500 ηprop
V

hp

W
(18)

where ηprop is the efficiency of the propellers, calcu-
lated in the next section, and hp is the horsepower
of the aircraft. The thrust-to-weight ratios were cal-
culated for the takeoff, climb, and cruise segments
and then were converted to power-to-weight terms
using the above equation before being plotted in
MATLAB as functions of wing loading for different
values of wing loading, varying from 1 to 50.

The final horsepower-to-weight vs. wing load-
ing graph is shown below in Figure ??. The
horsepower-to-weight ratio is a reworked version of
the traditional thrust-to-weight ratio specifically for
propeller driven aircraft.

The final thrust-to-weight curve is shown below
in Figure ??.

These two curves allow for the selection of a de-
sign point for the aircraft. Since the wing loading
for stall is at 27.0849, the design must be to the
right of this curve. The design point must also be
above the cruise and climb curves on the graph and
to the left of the maximum allowable wingloading.

12
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igure 17: Horsepower-to-Weight vs. Wing Loading MAT-
AB Plot

igure 18: Thrust-to-Weight vs. Wing Loading MATLAB
lot

he climb is the lowest curve, so the design point
ust be above that curve. A wing loading value

f 25 was chosen. From this W/S value, the initial
ing geometry was calculated, beginning with the
ing area (s):

W

s
(19)

he wing area, s, was found to be 108.16 m2. Next,
e wing span can be found given the formula [39]:

b =
√
As (20)

here A refers to the aspect ratio, estimated from
e initial engine data to be 1.7. Next, the root
ord was estimated through the following for-
ula [39]:

Croot =
2S

b(1 + λ)
(21)

here λ is the taper ratio, the ratio between the tip
ord and the center line root chord. Since the wing

will be a delta wing and will have a high sweep, the
taper ratio is estimated for now to be 0.25. The tip
chord is simply the product of the taper ratio and
the root chord [39]:

Ctip = λCroot (22)

The mean aerodynamic chord can be estimated
as [39]:

Cmean =
2

3
Croot

1 + λ+ (λ)2

1 + λ
(23)

Finally, the span-wise mean aerodynamic chord’s
location from the center line for a wing or a tail is
given by [39]:

Ybar =
b

6

1 + 2λ

1 + λ
(24)

6.3. OpenVSP Sketching and Analysis

After setting initial parameters for the main wing
geometry, the first iteration of the aircraft was
sketched in NASA’s Open Vehicle Sketch Pad. A
NACA 0010 airfoil was used, with the intention that
multiple airfoil configurations would be tested.

A delta-wing has six ducted fan engines placed
near the back of the fuselage to take advantage of
Boundary Layer Ingestion. These are covered dur-
ing entry. Boundary-Layer Ingestion involves the
placement of electric propulsors like ducted fans,
rotors, or propellers so that they ingest the fuselage
boundary layer flow near the tail end of the fuselage
[43]. Boundary-Layer Ingestion systems increase
propulsive efficiency by reducing drag and can be
implemented on the hybrid wing body [43], which is
the configuration of this aircraft. The ducted fans
are both connected in parallel to the fusion reactor
main engine, so it is assumed that there is constant
power across both of them. The ducted fans are
modeled as actuator disks in OpenVSP. A simple
vertical stabilizer with a NACA 0010 airfoil was
chosen for the initial aircraft. This configuration
was then analyzed using the VSPAero vortex lat-
tice solver, with the Karman-Tsien compressibility
correction to account for the subsonic compressible
flow that occurs over the airfoil at the cruise Mach
of 0.75. L/D was analyzed for varying angles of
attack from 1-15. The analysis results are shown
below:

At an angle of attack of 3, the L/D ratio is a
little over 13, which is much less than the assumed

13
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igure 19: L/D vs. Angle of Attack for the Initial Aircraft
esign.

/D in the thrust-to-weight vs. wing loading MAT-
AB code (L/D at cruise was assumed to be 18).
he initial airfoil chosen was ultimately changed to
e double-wedged airfoil, due to its common use in
personic and hypersonic applications. As this is
eant to be a hypersonic entry vehicle, the aircraft
ill need to have an airfoil that can handle flow

onditions beyond subsonic flight. Hypersonic flow
defined as the regime where certain physical flow

henomena become more important as the Mach
umber increases. These phenomena are as follows:
in shock layers, strong entropy gradients in the

ose that cause vorticity interaction, viscous dissi-
ation, a chemically reacting boundary layer, low-
ensity flow, and high-temperature effects [38]. Us-
g one of three surface inclination methods: New-
nian theory, the tangent wedge approximation,

r the shock-expansion method, one can approxi-
ately solve for the pressure gradients and forces

ver the airfoil in the hypersonic flow regime [38].
edged airfoils have sharp leading edges to reduce
ave drag, and the aerodynamic performance can
e analyzed via the Newtonian method, tangent
edge method, or shock-expansion method [44].

Wave drag in supersonic flight is caused by the
rmation of normal shock waves in supersonic flow
at detach from the leading edge of the wing [44].
hen inserted into a freestream hypersonic flow,
wedge experiences an attached oblique shock at
e nose, followed by the formation of expansion
aves around the corner of the wedge, and another

oblique shock at the back of the wedge [38]. This
is compared to a blunt body, which experiences a
bow shock at the nose, with the potential to de-
tach from the body [38]. Having a blunt leading-
edge airfoil increases this drag, but having a sharp
leading-edge airfoil allows the oblique shock waves
described above to attach to the leading edge and
decreases the area of high pressure ahead of the
wing, therefore reducing wave drag [44].

Other changes were implemented for the final it-
eration. First, distributed electric propulsion was
utilized for its many benefits, to be described be-
low. Six ducted fans which were shrouded during
hypersonic entry were added to the aircraft. A ca-
nard was also added for increased lift and stability
in the subsonic regime. It would be retracted dur-
ing the hypersonic entry. Finally, as mentioned, a
double-wedged airfoil was utilized in the final itera-
tion. The final Titan Lander is shown in Figure ??.

Figure 20: Final Iteration of the Titan Aircraft, with a Delta
Wing, Six Propellers, and a Canard.

6.4. Tail Configuration and Sizing

Since delta-winged aircraft do not need horizon-
tal stabilizers, it was decided that only a vertical
tail (vertical stabilizer) was necessary. Every itera-
tion utilized a delta wing in some way, so none of
the designs have horizontal stabilizers. The tail is
sized via the vertical tail volume coefficient CV T ,
and its equation is shown below[1]:

CV T =
LV TSV T
bwSw

(25)

where LV T is the moment arm of the vertical tail
and is approximated as the distance from the tail
quarter chord to the wing quarter-chord and SV T is
the area of the vertical tail[1]. Other delta-winged

14
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ircraft with vertical tails were investigated and
sed to estimate the vertical tail volume coefficient.

V T was found to be 0.07. Since bw and Sw were
und in the wing loading section, the tail area,

V T , can be solved for.

.5. Flight Envelope

For the final model, graphs of Cl, Cd, and Cl/Cd
ersus Mach number were graphed in VSPAero and
ATLAB in order to demonstrate performance.
he Mach number demonstrates compressibility ef-
cts on the airflow [45]. Shock waves will be
resent above Mach 1 during hypersonic re-entry,

it is important to make sure the aircraft can still
enerate enough lift. The aircraft’s performance
ver the entire flight envelope must be evaluated, to
ake sure it can operate during the various stages

f flight: hypersonic entry, cruise, descent, landing,
nd takeoff. The performance is measured through
e aircraft’s Cl and Cd values over the flight enve-
pe. The critical performance graph for the final
esign is shown below:

igure 21: Cl, Cd, and Cl/Cd versus Mach Number for the
inal Titan Aircraft Design.

Additionally, graphs of Cl, Cd, and Cl/Cd ver-
s angle of attack were constructed to show how
e aircraft responds to different pressure differen-
als between windward and leeward surfaces. The
cond critical performance graph is shown below:

According to these graphs, the maximum value
f Cl/Cd is 18.74, occurring at an angle of attack of
.44◦. This is more than the initial estimate of L/D

the thrust to wing loading graph during cruise,
hich was 18.

Figure 22: Cl, Cd, and Cl/Cd versus Angle of Attack for the
Final Titan Aircraft Design.

6.6. Distributed Electric Propulsion

Ducted fans were chosen over propellers since the
duct enclosing the mechanical fan reduces thrust
losses due to propeller tip speeds and increases the
efficiency of the propeller [46]. Six distributed fans
were chosen due to the many advantages of dis-
tributed electric propulsion systems. Distributed
electric propulsion is a type of propulsion system
where multiple electrically-driven propellers are
connected to energy sources or power-generating
devices [47]. Distributed electric propulsion of-
fers the opportunity for more efficient propulsion
and overall improved aircraft performance due to
its many aero-propulsive coupling effects [47].
First, distributed electric propulsion can increase
the boundary layer ingestion benefits described ear-
lier in this chapter for improved propulsive effi-
ciency [47]. Boundary layer ingestion can also
lead to wake filling. Wake filling is used to help
reduce energy losses from friction in the aircraft’s
trailing wake [48]. Additionally, the placement of
the ducted fans can be used to mitigate the trailing
vortices for increased lift [47].

6.7. Sizing

The six ducted fans were sized as distributed pro-
pellers, therefore the speed-power coefficient was
first calculated to size the fan. The speed-power
coefficient is defined by the equation:

Cs = Vcruise

( ρ

Pn2

)1/5
(26)

where n is the rotation speed of the fan and P is
the power coming into the fan. The power coming

15
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to the fan is from the fusion engine, and each of
e fans is connected in parallel to the main power
urce. Given the fusion power reactor can output

p to 1 MW of total power, each fan theoretically
as up to 166 kW of power available to it. How-
ver, it was determined that only 28 kW of power
as needed to drive each fan during cruise to main-
in desired velocity. A rotation speed of 4000 RPM
as estimated, based on similar engine data. Given
ese parameters, the speed power coefficient was
und to be 2.0097. With the speed power coef-
cient, key parameters for each fan can be found
sing the NACA 640 charts, such as the advance
tio (J), fan efficiency, and the pitch of the fan.
he NACA 640 Chart was used to estimate each
n as a propeller with a Clark Y airfoil and three
lades, the chart used to find the advance ratio, ef-
ciency, and pitch. The advance ratio was found

be 0.8, therefore the blade angle at 0.75 R, also
nown as the pitch, is 15◦. The efficiency of the
ns is 0.82. The diameter of each fan is found with
e formula:

D =
Vcruise
nJ

(27)

rom this formula, the diameter of each propeller
around 5 ft.
After finding the diameter, the coefficient of

ower and coefficient of thrust can be determined.
he coefficient of power for the fan is found with
e formula[1]:

Cp =
P

ρn3D5
(28)

p was found to be 0.004.
The coefficient of thrust is found with the for-
ula[1]:

CT =
ηCp
J

(29)

he coefficient of thrust was found to be 0.996.
Finally, the thrust needed for each fan is found
rough the formula

T = AfanNfansCT (30)

here Afan is the area of each fan, and Nfans is
e total number of fans. The thrust is 117.4 N.

.8. Trailing Wakes and Optimal Number of Fans

To determine the optimal number of ducted fans,
e lift coefficient distribution needs to be analyzed
r each DEP configuration. The ducted fans need

to contribute to the aircraft’s lift force, so the num-
ber of fans that provide the best lift for the aircraft
without trailing wake interference will be the opti-
mal number of fans. The Cl versus angle of attack
graph for the final aircraft design was generated in
the above section. Comparing it to the fifth itera-
tion of the aircraft, which has four distributed fans,
yields the plot in Figure 23.

Figure 23: Cl versus Angle of Attack Comparison between
the Fifth Iteration and Final Design.

This graph shows that during the transonic
cruise, the six ducted fan configuration produces
slightly more lift than the four ducted fan configu-
ration, over a range of AOA from 0-10◦. Therefore,
the six-fan design is the better choice. The trailing
wakes also need to be investigated when working
with distributed propulsion. The trailing wakes for
the final design are shown in Figure 24.

As seen in Figure 15, strong vortices are form-
ing over the wing, which will lead to increased lift
during landing and takeoff [45].

7. Optimal Entry

A two-dimensional model was used for atmo-
spheric entry. The vehicle parameters are given in
Table 8.

The dynamical equations are the point mass po-
lar equations of motion. The coordinates are shown
in Figure 25.
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igure 24: Trailing Wakes and Vorticity for the Final Design
Angle of Attack of 4.11◦.

Table 8: Aircraft parameters

Parameter Symbol Value

Mass m 2000 kg

Wing span b 13.56 m

Root chord Croot 12.8 m

Wing area s 108 m2

Vertical tail area SV T 11.34 m2

Aspect ratio A 1.9

Number of engines 6 ducted fan

Power per engine 160 kW

Takeoff distance stakeoff 500 m

The equations of motion are:

v̇r =
v2t
r
− µ

r2
+ ar (31)

v̇t = −vtvr
r

+ at (32)

ṙ = vr (33)

a =
T +D + L

m
(34)

q =
1

2
ρ(v2r + v2t ) (35)

u =

[
vr
vt

]

√
v2r + v2t

(36)

D = −cdqsu (37)

L = clqs

[
0 1
−1 0

]
u (38)

cl = clαα (39)

cd = cd0 +
c2l

πAε(M)
(40)

is the velocity unit vector, T is thrust, and s is the
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Figure 25: Radial coordinates showing drag, lift, and thrust.
u is the unit velocity vector.

aerodynamic surface area. The Oswald efficiency
factor, ε(M) is a function of M and is shown in
Figure 26. The downrange state is not included. vr
is radial velocity and vt is the tangential velocity.
The thrust vector is aligned with u when α = 0.
The thrust vector is

T =

[
cosα − sinα
sinα cosα

]
u (41)

The continuum flow approximation is valid for
the entire range of altitudes and velocities as shown
in Figure 27.
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Figure 26: Oswald efficiency factor for the range of Mach
numbers in the optimal landing.
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The landing is shown in Figure 28. The optimiza-
on uses the MATLAB function fmincon. The cost
the heating rate and the constraint is to reach the
itan surface with zero velocity. Thrust is only re-
uired at the very end.
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The atmosphere model is shown in Figure 29. Ti-
n’s atmosphere is 98% nitrogen.

. Conclusions

A nuclear fusion-powered transfer vehicle and air-
raft could open new avenues for Titan scientific ex-
loration. The paper presents a conceptual design-
vel analysis for both the orbiter and the aircraft.
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Figure 29: Titan atmosphere model.

The short transit time to Titan means that Titan
science work would start sooner. The high power
in both the orbiter and aircraft would allow for new
types of science that cannot be done with the power
available on current robotic spacecraft. The work
on the DFD is in the early experimental stage. The
next machine, PFRC-3, will advance the technol-
ogy in its 5-year life, to the point where planning
for space propulsion can realistically begin. It is ex-
pected that the full development of a fusion propul-
sion system would take 10-15 years. It is potentially
less expensive than nuclear electric fission because
nuclear materials do not have to be handled. Small
fusion has a potential terrestrial market so NASA
would not need to bear the full development cost.
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