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bstract

This paper describes the characteristics and performance of a fuel cell powered unmanned aircraft. The aircraft is novel as it is the largest
ompressed hydrogen fuel cell powered airplane built to date and is currently the only fuel cell aircraft whose design and test results are in the
ublic domain. The aircraft features a 500 W polymer electrolyte membrane fuel cell with full balance of plant and compressed hydrogen storage
ncorporated into a custom airframe. Details regarding the design requirements, implementation and control of the aircraft are presented for each

ajor aircraft system. The performances of the aircraft and powerplant are analyzed using data from flights and laboratory tests. The efficiency and

omponent power consumption of the fuel cell propulsion system are measured at a variety of flight conditions. The performance of the aircraft
owerplant is compared to other 0.5–1 kW-scale fuel cell powerplants in the literature and means of performance improvement for this aircraft are
roposed. This work represents one of the first studies of fuel cell powered aircraft to result in a demonstration aircraft. As such, the results of this
tudy are of practical interest to fuel cell powerplant and aircraft designers.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Long-endurance unmanned aerial vehicles (UAVs) are a
ubject of interest among the aerospace community because
f their potential to accomplish a variety of telecommunica-
ions, reconnaissance and remote sensing missions. Compared to
pace-based satellites, long-endurance UAVs can exhibit lower
apitol costs, faster mission cycle time and greater mission
daptability [1]. At present, a majority of long-endurance aircraft
re powered by conventional gas turbine powerplants [2].

Polymer electrolyte membrane (PEM) fuel cell powerplants

owered by compressed or liquefied hydrogen have particular
dvantages over other technologies available for long-endurance
ircraft because fuel cell systems can exhibit high specific
nergy, high efficiency and can be incorporated into rechargeable
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nergy storage systems. For example, a conventional gasoline-
ueled internal combustion powerplant at the scale of the aircraft
onsidered for this project (fuel consumption 0.5 g s−1 at 375 W
ruise, 0.489 kg engine [3], 10 h endurance) has a specific
echanical energy of approximately 200 Wh kg−1. PEM fuel

ells with compressed gaseous hydrogen or liquid hydrogen
torage can exhibit specific electrical energies of 1000 Wh kg−1

4] and >10,000 Wh kg−1, respectively [5]. For rechargeable
ystems, advanced batteries can reach electrical output spe-
ific energies of 200 Wh kg−1 at the module level [6] and have
harge–discharge efficiencies of nearly 100% at low current [7].

fuel cell/electrolyzer rechargeable fuel cell system with com-
ressed hydrogen storage can have a specific electrical energy of
800 Wh kg−1 [8,9], a charge efficiency of 80% and a discharge
fficiency of 50% [10]. This results in a round trip, specific
lectrical energy of >320 Wh kg−1. So, in comparison to conven-
ional technologies, compressed hydrogen fuel cells can exhibit

ignificantly higher specific energy than advanced batteries and
mall-scale internal combustion engines. Fuel cells with liquid
ydrogen storage have significantly greater specific energy than
ydrocarbon fueled internal combustion engines.

mailto:bradley@gatech.edu
dx.doi.org/10.1016/j.jpowsour.2007.06.215
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erplant controller and the aircraft data acquisition system.

A summary of the powerplant characteristics as constructed is
presented in Table 1. The balance of plant configuration shown
in Fig. 2, which includes a dead-ended anode, liquid cooling,

Table 1
Fuel cell system characteristics

Powerplant specification Value

PEM fuel cell stack
Number of cells 32
Cell active area (cm2) 64
Operating temperature (◦C) 60
Mass (kg) 4.96

Hydrogen storage
Storage pressure (MPa) 31
Capacity (SL) 192
Fig. 1. Demonstrator fuel cell aircraft in-flight.

Despite these theoretical advantages of fuel cell aviation pow-
rplants, there exists very little practical knowledge about the
mplementation challenges associated with making an integrated
uel cell/aircraft system. A primary challenge of fuel cell aircraft
esign is that specific power (or power-to-weight ratio) is com-
only used as a high-level indicator of aircraft performance [11],
hereas fuel cell powerplants are generally characterized by low

pecific power (W kg−1). This mismatch between the charac-
eristics of the powerplant and the requirements of the vehicle
rovides strict limits on the power consumption and weight of the
owerplant systems, so as to maximize aircraft specific power,
nd thereby maximize aircraft performance. Fuel cell powered
ircraft concepts are therefore characterized by high efficiency
irframes, low weight structures, high efficiency propulsion sys-
ems, low power payloads and low-margin, highly constrained
esigns [12–15]. A majority of existing studies of fuel cell pow-
red aircraft are high-level, conceptual design studies where the
ow-level compromises between the requirements of the aircraft
nd the characteristics of the powerplant are not made explicitly.

few researchers have proven the viability of small-scale fuel
ell powered UAVs by placing fuel cells into model-scale air-
raft [16–18]. AeroVironment has designed and demonstrated
large-scale fuel cell UAV in a custom airframe, but details

egarding the aircraft and powerplant are not publicly available
19].

Based on the limitations of this previous work, there exists
need for a comprehensive, documented development and per-

ormance analysis for a larger-scale fuel cell aircraft. To work
owards this goal, the George Woodruff School of Mechani-
al Engineering, the Georgia Tech Research Institute and the
erospace Systems Design Laboratory at the Georgia Institute
f Technology Daniel Guggenheim School of Aerospace Engi-
eering have designed and built the technology demonstrator
uel cell aircraft shown in Fig. 1. The aircraft itself is novel as
t is the largest fuel cell aircraft yet developed that is fueled by
ompressed hydrogen and the largest fuel cell aircraft whose
esign and test results are in the public domain.
This aircraft can serve as a platform for development and test-
ng of fuel cell powerplants for aircraft and as a tool for validation
f system design models and methodologies. The demonstra-
or aircraft is designed to comply with the specifications of the

P
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cademy of Model Aeronautics. This sets a maximum mass
onstraint for the aircraft at 24.9 kg and functionally limits the
ircraft to testing at model aircraft runways. This scale simplifies
he licensing of the aircraft and is appropriate for an academic
emonstration project.

The aircraft design was broken down into high-level concep-
ual and low-level detailed design tasks. The aircraft conceptual
esign was performed by assembling a series of contributing
nalyses into a higher level simulation of the fuel cell aircraft per-
ormance. The performance simulation is parameterized within
defined, discritized design space to allow variation in the air-

raft configurations and subsystem specifications. Because of
he high computational load associated with characterizing the
esign space, simplifying assumptions are built into the con-
ributing analyses. Validation of the conceptual design is critical
or ensuring its effectiveness. A more detailed breakdown of the
onceptual and low-level design tasks is provided in references
20,21]. The aircraft was constructed based on the results of the
etail design.

This paper presents the low-level specifications and perfor-
ance characteristics of the demonstration aircraft and its power

nd propulsion systems, as constructed. The fuel cell pow-
rplant system design and aircraft design are presented with
erformance data that show the interaction between the fuel
ell powerplant and vehicle. Flight and laboratory testing results
re presented and means of performance improvements are dis-
ussed.

. Powerplant system description

For the demonstrator aircraft, the fuel cell is the only source
f propulsive power. The fuel cell powerplant designed for use in
he demonstrator aircraft is composed of the fuel cell stack, ther-
al management, air management, and hydrogen storage and
anagement subsystems, as shown in Fig. 2. These subsystems

re controlled by an ATMEGA32, 8-bit AVR microcontroller
odule (Atmega, San Jose, CA) that functions as both the pow-
owerplant system
Peak output power (W) 465
Specific electrical energy (Wh kg−1) 7.1
Specific electrical power (W kg−1) 52
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Vista, CA) circulates 1.5 L min of water at the pressure drop
of the fuel cell, radiator and couplings.

The fuel cell radiator is constructed of internally finned alu-
minum tubing with carbon foam (Poco Graphite, 0.56 g cm−3)
Fig. 2. Fuel cell powerplant diagram and system specifications.

ressurized cathode and active air flow control, was chosen so
hat the powerplant incorporates the same subsystems that are
equired to control PEM fuel cell systems of much higher power.
lthough there are fuel cell systems with comparable power
utput that are passively controlled or incorporate simplified
alance of plant systems, using a more complete balance of plant
mproves the applicability and generalization of the design tools
eveloped and lessons learned for this project.

The following sections describe the components, design and
pecifications of the fuel cell powerplant subsystems.

.1. Fuel cell stack

The fuel cell stack converts the chemical energy of stored
ydrogen and ambient oxygen to electricity. The fuel cell pow-
rplant for the demonstrator fuel cell aircraft is derived from
he 500 W 32-cell PEM self-humidified hydrogen-air fuel cell

anufactured by BCS Technology Inc. (Bryan, TX). A photo-
raph of the fuel cell stack is shown in Fig. 3. The fuel cell uses
embranes from De Nora Inc. (Somerset, NJ) and a proprietary
embrane electrode assembly production process designed to

mprove the water carrying capacity of the membrane [22]. The
ctive area of each membrane electrode assembly is 64 cm2.
he graphite bipolar plates incorporate a triple-serpentine flow
hannel design, and liquid cooling channels. The fuel cell end-
lates are of a custom design to reduce the weight of the fuel
ell and to simplify its mounting in the aircraft. The fuel cell
tack performance without balance of plant loads is shown in

ig. 4. The modifications to the stack that were required to incor-
orate the stack into the aircraft have no measurable effect on
he electronic resistance or electrochemical performance of the
tack.
Fig. 3. Customized 32-cell fuel cell stack.

.2. Temperature control system

The purpose of the temperature control system is to maintain
he temperature of the fuel cell stack within a range dictated
y the fuel cell performance. When the fuel cell temperature
s too low, the activation and mass transport overpotential is
igh. When the fuel cell temperature is too high (greater than
pproximately 65 ◦C), the self-humidification function of the
uel cell begins to break down. The lack of liquid water decreases
he protonic conductivity of the fuel cell membrane, degrading
erformance [23].

A liquid cooling circuit circulates deionized water through the
uel cell, water pump and radiator. There is no contact between
he deionized water of the cooling circuit and the fuel cell reac-
ants or product water. The water pump (Laing DDC, Chula

−1
Fig. 4. Fuel cell stack polarization curve.
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shows the experimentally measured dynamic behavior of the
hydrogen flow rate and anode pressure during purge. Pressure
and flow rate are measured using an inline flow meter (Omega
Engineering Inc., FMA-1610A, Stamford, CT). The pressure
Fig. 5. Carbon foam radiator.

roviding the air to aluminum interface. A photograph of the
adiator is shown in Fig. 5. The carbon foam is cut into banks
f fins and is pressed to the aluminum tubes. Air from the out-
ide of the aircraft fuselage is ducted through the radiator by
n 80 mm diameter, 3 W fan. The carbon foam is continuously
etted with the fuel cell product water to enable evaporative

ooling of the radiator. Development of the custom carbon foam
adiator resulted in a weight savings of 500 g and a power
avings of 12 W when compared to conventional aluminum
adiators.

.3. Air management system

The air management system provides filtered and pressurized
ir to the cathode manifolds of the fuel cell with variable flow
ate control. Variable flow rate control is particularly important
n a self-humidified fuel cell system because of the risk of under-
umidification at low current densities. For the self-humidified
uel cell, there are no humidification requirements for the reac-
ant gases and the air enters the fuel cell at the ambient humidity
atio.

The 0.3 bar cathode pressure is regulated with a calibrated,
pring loaded, ball check valve (Microchek 14B14B-5psi, Lodi,
A). Flow rate is controlled by pulse-width modulation of two
iaphragm compressors (T-Squared Manufacturing T202, Lin-
oln Park, NJ). These compressors are powered from the fuel
ell bus voltage. By using two compressors, and turning one of
he compressors off when low flow is required, higher high flow
ates and lower low flow rates are achievable than is possible
ith a single compressor. Fig. 6 shows the cathode stoichiomet-

ic ratio provided by the compressors as a function of the fuel
ell output current. A cathode stoichiometry between 2.0 and
.0 is recommended by the fuel cell manufacturer. For fuel cell
ystem currents over 12 A, both compressors are used. Under
2 A, only one compressor is used. For fuel cell system cur-

ents under 5 A, the flow rate is constrained by the idle speed of
he compressor, and the recommended stoichiometry cannot be
chieved.
ig. 6. Cathode stoichiometry as a function of fuel cell system output current.

.4. Hydrogen storage/management system

The hydrogen storage and management system stores
aseous hydrogen and delivers the hydrogen to the fuel cell
t a controlled pressure and flow rate. Hydrogen is stored on
oard of the aircraft in a carbon fiber/epoxy cylinder with alu-
inum tank liner (Luxfer Gas Cylinders P07A, Riverside, CA).
he hydrogen tank has an internal volume of 0.74 L. Two inline
ingle-stage regulators (Pursuit Marketing Inc., 40610, Des
laines, IL and Airtrol Components Inc., ORS810, New Berlin,
I) regulate the hydrogen storage pressure of 310 bar down

o the anode manifold delivery pressure of 0.3 bar. A solenoid
urge valve (Asco Valve Inc., 407C1424050N, Florham Park,
J) opens periodically to purge water and contaminants from

he anode flow channels. The purge cycle period is an experi-
entally derived function of the fuel cell output current and is

esigned to maximize the voltage stability and hydrogen uti-
ization of the stack. The purge cycle pulse width is 0.2 s. Fig. 7
Fig. 7. Dynamic behavior of hydrogen purge under idle conditions.
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Table 2
Specifications of the demonstrator aircraft

Aircraft specification Value

Wing area (dm2) 188
Aspect ratio 23
Wing span (m) 6.58
Tail area (dm2) 45.5
Length (nose to tail) (m) 2.38
Mass (kg) 16.4
Propeller diameter (cm) 55.9
Propeller pitch (cm) 50.8
S
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f
eycomb (Hexcel, Stamford, CT) construction. The wing and tail
surfaces are balsa-sheeted polystyrene foam, covered with adhe-
sive film (Monocote, Hobbico Inc., Champaign, IL) The main
landing gear are machined out of 6061-T4 aluminum and the
Fig. 8. Hydrogen purge system behavior.

roop during valve opening and the overshoot after valve clos-
ng are due to the regulator dynamics. Fig. 8 shows the hydrogen
tilization as a function of the fuel cell system output current.
he hydrogen utilization is defined by the ratio of the purge
ydrogen flow to the total hydrogen flow. Because the hydrogen
urge cycle period is only a weak function of the current output
f the fuel cell, the anode stoichiometry varies as a function of
utput current. The peak hydrogen utilization of the stack is 90%
nd occurs at peak current.

. Aircraft description

The demonstrator aircraft is designed as a proof-of-concept
ithout a defined payload or endurance requirement. The pri-
ary missions of the aircraft are to reliably demonstrate fuel cell

owered flight, and gather high-quality repeatable data regard-
ng the function of the aircraft and fuel cell systems. As such, the

ain requirements of the aircraft are robust flight performance,
igh stability and fast landing to takeoff turn around time. Even
hese broad performance requirements place limitations on the
onceptual design of the aircraft. For instance, landing gear are
sed for the demonstrator aircraft despite their added weight
nd drag because they allow the aircraft to be reliably landed
nd redeployed without repair or reconfiguration.

The following sections describe the design requirements, and
pecifications of important aspects of an aircraft designed for use
ith a fuel cell powerplant.

.1. Aerodynamics

To maximize the performance of the aircraft, the aircraft
erodynamic design is optimized by maximizing the propul-
ive efficiency of the fuel cell aircraft at cruise while applying
esign constraints on bank angle, climb rate and stall speed.

hese requirements push the aircraft design towards a design
ith high wing area and high aspect ratio. Table 2 lists some
f the aerodynamic design characteristics of the demonstrator
ircraft.
tatic thrust/weight 0.165
ruise airspeed (m s−1) 14.5

The wing is made up of a SD-7032 airfoil with varying taper
nd twist. The SD-7032 was chosen as compromise between
igh lift to drag ratio, high thickness ratio and excellent stall char-
cteristics. Because the weight of the aircraft is dominated by
he weight of the fuel cell system, the structural weight penalty
hat goes along with high wing area and aspect ratio is over-
ome by the improved lifting surface efficiency. The constraint
n wing planform aspect ratio is set by a minimum Reynolds
umber constraint of Re = 275,000 for the SD-7032 airfoil. To
mprove the span efficiency, taper and linear washout is added
o the outer section of each wing.

A two view drawing of the demonstrator aircraft is shown
n Fig. 9. The demonstrator aircraft utilizes a pusher propeller
esign since a more aggressive rear fuselage taper can be facili-
ated with a pusher design. Aerodynamic simulation of the entire
ircraft shows that the increased rear taper improves the aircraft
ift to drag ratio by roughly 8%.

.2. Aircraft structures

The demonstrator aircraft is constructed from a tubular 6061-
6 aluminum space frame with a roll-wrapped carbon fiber

ubular spar. The tail booms are constructed of roll-wrapped car-
on fiber tubing, bonded to the spar with aluminum lugs. The
uselage is a non-structural fairing of fiberglass and Nomex hon-
Fig. 9. Two view drawing of fuel cell powered aircraft.



7 Power Sources 171 (2007) 793–801

f
6

3

w
t
fl
n
t
s
a
a

3

m
p
a
p
s
s
a

w
[
d
s
t
c

N
i
t
s
(

4

e
i
h
t
p
u

4

c
t
w
i
t

s
c
h
g
t
a
i
o

4

o
i
s
a
c
T
d
b
m
t
its maximum power condition. The aircraft accelerates and takes
off. As the aircraft climbs, the airspeed and altitude increase as
the fuel cell powerplant provides peak power. At the time of 88 s,
the pilot lowers the motor command and the aircraft begins to
98 T.H. Bradley et al. / Journal of

ront gear is constructed of tubular fiberglass with a machined
061-T6 fork.

.3. Stability and controls

Because the fuel cell aircraft has a much lower power to
eight ratio compared to conventionally powered small aircraft,

he fuel cell demonstrator is designed for low-speed, stable, level
ight with slow maneuvering. This corresponds to a stability
umber of 1 on the Cooper-Harper scale. The roll stability of
he aircraft is set by incorporating polyhedral into the outboard
ection of the wing. Pitch and yaw stability is set by the size and
ngle of the “inverted vee” tail. Flaps are included to slow the
ircraft for descent and landing.

.4. Propulsion system

The propulsion system of the aircraft includes the electric
otor, motor controller and propeller. The fuel cell provides

ower to the propulsion system at the fuel cell bus voltage. The
ircraft is propelled by a single electric motor and propeller in a
usher configuration. Many of the components of the propulsion
ystem are commercial off the shelf components, but they are
pecified and combined to maximize the efficiency of the aircraft
t cruise.

Generally, the efficiency of the propulsion system increases
ith increasing propeller diameter and increasing advance ratio

24]. This pushes the propulsion system design towards large
iameter propellers with high pitch that are turned by a slow-
pinning, high torque motor. Propulsion system designs along
his axis are only constrained by the current capacity of the fuel
ell powerplant.

The propulsion electric motor (Hacker GmbH, C-50 13XL,
iederhummel, Germany) is a brushless, air cooled motor and

ncorporates a 6.7:1 planetary reduction between the motor and
he propeller. The propeller specified is a 22 in. (56 cm) diameter
olid carbon fiber two-bladed propeller with a pitch of 20 in.
51 cm) (Bolly LLC, 22 × 20, Elizabeth West, South Australia).

. Aircraft and powerplant performance

Because of the low specific power of small scale fuel cell pow-
rplants, the performance of the fuel cell demonstrator aircraft
s power limited. The performance of the aircraft is therefore
ighly dependent on the weight and drag of the aircraft and on
he performance of the fuel cell powerplant. In this section, the
erformance of the aircraft and powerplant systems are analyzed
sing test data gathered from the demonstration aircraft.

.1. Aircraft weight breakdown

Fig. 10 shows the measured weight breakdown of the fuel
ell demonstrator aircraft. The fuel storage and propulsion sys-

ems of the aircraft accounts for roughly 57% of the total aircraft
eight. For all fuel cell aircraft designed or constructed to date,

ncluding this aircraft, the weight of the aircraft is dominated by
he weight of the fuel cell and balance of plant [13,15–17]. For F
Fig. 10. Weight breakdown for the fuel cell demonstrator aircraft.

maller fuel cell aircraft this effect occurs because many fuel cell
omponents are heavy at such a small scale. For instance, the
ydrogen tank used for the demonstrator aircraft is 1.4% hydro-
en by weight. At larger scales, it is possible to manufacture
anks that are >12% hydrogen by weight [25]. Commercially
vailable fuel cell systems at the 500 W scale are not generally
ntended for mobile applications, and are therefore not weight
ptimized.

.2. Flight testing

Flight testing is an integral part of the project because it allows
bservation of the fuel cell powerplant under real-world operat-
ng conditions, it provides a functional test for all of the aircraft
ystems, and it allows for final validation of the models and
ssumptions used during design. Fig. 11 shows some of the data
ollected during a short, high-performance circuit flight test.
he flight test is divided into taxiing (0–27 s), climb (27–72 s),
escent (72–110 s) and landing (110–160 s) sections. During the
eginning of the taxi section, the airspeed and altitude are within
easurement error of zero and the fuel cell is at its idling condi-

ion. At 10 s, the pilot begins to take off and the fuel cell goes to
ig. 11. Representative flight test results for fuel cell powered circuit flight.
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utilization of the fuel cell is >88%. The net output power of the
fuel cell powerplant is 323 W out of a maximum fuel cell output
power of 465 W. The efficiency of the electric motor and motor
ig. 12. Representative flight test results for fuel cell powered straight-line flight
.

escend. At approximately 110 s, the aircraft touches down and
oasts to a stop.

Fig. 12 shows the behavior of the aircraft powerplant during
typical straight-line test flight. This data set is from a short,

traight-line flight test of 80 s duration and 1200 m distance. The
urpose of this test flight was aircraft trim and cruise testing.
t the beginning of the flight, the aircraft is stationary on the

irfield and the fuel cell is in a low power idle condition. At a
ime of 3.7 s, the pilot begins to ramp up the current command
nd the propeller speed increases from the idle condition. The
ull-power propulsion system current and voltage is reached at
.2 s. The air supply compressors are then controlled to supply
heir maximum airflow during the takeoff and climb portions of
he flight test. At a time of 48 s, the aircraft stops its high power
limb and begins to cruise. The aircraft cruises for 8–10 s and
egins to descend and land after the 57 s mark.

.3. Component power consumptions

A number of points are labeled on Fig. 12. These conditions
epresent the primary modes of use of the fuel cell powerplant in
he UAV application. Point 1 corresponds to the idle condition.
oint 2 is a high power condition that occurs during climbing
nd acceleration. Point 3 is the nominal cruise condition. In each
ase the performance and efficiency of the powerplant subsys-
ems have been measured and analyzed in greater detail using
he results of in-flight, bench-top and wind tunnel testing [26].
hese results are presented as Sankey diagrams in Figs. 13–15.
ncertainty analysis is performed using the methods of Kline

nd McClintock and uncertainties are represented using standard
eviations.

At the idle condition the fuel cell is only producing the power
equired to idle the balance of plant and aircraft controls, as

hown in Fig. 13. Almost no net electricity is produced by the
uel cell powerplant as the standby power of the propulsion sys-
em is less than 1 W. The input to the fuel cell powerplant is
.26 Standard L min−1 of hydrogen gas. This flow has a lower
Fig. 13. Propulsion system losses at the idle condition.

eating value (LHV) of 227 W. As shown in Fig. 13, the primary
ource of losses for the aircraft at idle is the anode purge. The
ime averaged LHV of the anode purge flow is 168 W. Very little
lectrical power is generated by the fuel cell because very little
lectrical power is required to run the balance of plant at idle. As
hown in Fig. 12, only compressor 1 is rotating to provide air to
he fuel cell stack. This reduces the amount of power consumed
y the fuel cell balance of plant to only 26 W.

During the acceleration and climb phase, Point 2 of Fig. 14,
he fuel cell powerplant is producing near its maximum power.
he LHV of the input hydrogen flow is 1197 W, and the hydrogen
Fig. 14. Propulsion system losses at the high power condition.
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Fig. 15. Propulsion system losses at the cruise condition.

ontroller is 74% and the efficiency of the propeller is 70%. The
fficiency of the propeller is relatively low because of the low
peed of the aircraft and low advance ratio at this flight condition.
his leads to a relatively low propulsion system efficiency of
4%.

Finally, at the cruise condition, the aircraft is holding
teady altitude of approximately 10 m and a steady airspeed of
3.6 m s−1. This cruise condition is faster and at a lower angle of
ttack than the calculated highest efficiency flight condition, but
t is a condition of steady level flight achieved during flight test-
ng. At this condition, shown in Fig. 15, the propulsive power of
he aircraft is 84% of the propulsive power at Point 2. At cruise,
he electric motor and motor controller is 66% efficient and the
ropeller is 80% efficient. When compared to the higher power
ondition, the efficiency of the electric motor is lower because it
s functioning at a lower duty cycle, and the propeller efficiency
s higher because it is functioning at a higher advance ratio. The
otal propulsion system efficiency from input hydrogen flow to
ropulsive power is 18%.

. Discussion

The results of the flight and laboratory testing show that
he fuel cell aircraft has demonstrated the feasibility of fuel
ell propulsion of small UAVs. The aircraft is capable of high
ower acceleration and climb as well as steady cruise flight.
ased on the measured capacity of the on-board hydrogen tank

192 Standard L), the aircraft is capable of 43 min of cruising
ight. At a constant tank size, the endurance of the aircraft is
imited by the efficiency of the propulsion system. The climb
nd acceleration rate of the aircraft is limited by the propul-
ive power output of the propulsion system. By reducing the
osses or improving the efficiency of the propulsion system, the

i
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erformance of the aircraft can be improved for all of these
etrics.
In all of the flight conditions analyzed in the previous sec-

ion, there are consistent sources of large losses. By increasing
he hydrogen utilization to 99%, as has been possible in other
pplications [27], the endurance of the aircraft at cruise can be
mproved to roughly 52 min. The fuel cell powerplant is another
arge source of losses. The fuel cell powerplant converts 34%
f the total hydrogen LHV to output electrical energy at cruise
nd 33% at high power. This efficiency is comparable to the
5–36% efficiency that has been reported for other small PEM
uel cells [27–29]. The balance of plant power consumption rep-
esents 15% of the gross electrical output power of the fuel cell
t cruise. This compares favorably to the 20–35% that has been
eported in the literature [28–30]. The efficiency of the electric
otor is much lower than was predicted by the models supplied

y the motor manufacturer. An improved electric motor with effi-
iencies closer to 80% at cruise would improve the endurance
nd climb rate of the aircraft. Still the fuel to rotational energy
fficiency of the fuel cell powerplant at cruise is 18% (in terms
f hydrogen HHV). Again, this compares favorably to an effi-
iency of 13% for a 500 W, 2-stroke combustion engine (in terms
f the HHV of octane) [31]. The fixed pitch propeller requires a
ompromise between the propeller efficiency during low speed
limb and during cruise. For this aircraft the propeller was cho-
en to maximize efficiency at cruise. A variable pitch propeller
ould allow for higher efficiency at both the cruise and high
ower flight conditions.

. Conclusions

Fuel cell aircraft are an important application for fuel cells
ecause fuel cells are an enabling technology for very long-
ndurance aircraft. To date, nearly all of the investigations into
he design, construction, and performance of fuel cell aircraft
ave been primarily high-level and conceptual. The construction
nd experimental evaluation of a fuel cell aircraft has enabled
he validation of design models using real-world performance
ata in addition to the evaluation and the demonstration of a new
lass of fuel cell vehicle. The results of this study have already
een extended to studies of larger, more utilitarian, and much
onger endurance aircraft [4].

The fuel cell demonstrator aircraft incorporates a 500 W
EM fuel cell powerplant with an advanced balance of plant

ncluding variable cathode flow rate control, liquid cooling, self-
umidification and variable period anode purging. The aircraft
tructure and aerodynamics have been designed incorporating
he opportunities and constraints of the fuel cell powerplant.
ptimization of the aircraft and propulsion system has produced
stable and efficient experimental platform for evaluation of the

uel cell aircraft concept.
Low level analysis of the performance and efficiencies of

he powerplant and propulsion components have allowed for

dentification of the sources of losses within the aircraft sys-
ems. A comparison of the propulsion system performance to
he state of the art highlights mechanisms for improving the
ircraft performance by improving subsystem performance.
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The results of this study are very promising as a proof of the
uel cell aircraft concept. The fuel cell demonstrator aircraft has
erformed well in test flights and shows the promise of fuel cell
ircraft to accomplish new missions with improved effectiveness
nd environmental performance.
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