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Abstract

The Naval Research Laboratory has developed hydrags cell
propulsion systems for unmanned air vehicles (UAV%$)e high
electrochemical conversion efficiency of fuel cedtsmbined with
the high specific energy of Huel makes them suited to extending
the endurance of small UAVs. The major considerator UAVS

is sufficient system level specific power (W/kg) fiake off and
high specific energy (Wh/kg) for long endurance.heThigh
specific power is gained from using high power fgells and
keeping components lightweight. The high spe@hergy comes
from high weight fraction Kl fuel storage combined with a high
efficiency fuel cell. The fuel cell air compressand heat
exchanger and the ,Hstorage system are major weight
contributors, thus making them lightweight is @étito the vehicle
design.

Introduction

The attributes of hydrogen fuel cells for proposiare well known: proton
exchange membrane fuel cells (PEMFCs) convert lgagirand oxygen to water
electrochemically, providing a direct current s@uaf electricity for an electric
power train and auxiliary loads. They respondahpio changes in load, making
them well matched to the dynamics of vehicle load$ie high energy per unit
weight of H gas combined with high-energy electrochemical eosion
efficiency of PEMFCs affords high energy per unéight and volume, resulting
in longer endurance than present battery systeAwcordingly, hydrogen fuel
cell propulsion is the subject of billions of doBaof commercial investment
world wide for automobiles.

The features that make hydrogen fuel cells afttracfor automobile
propulsion also make them attractive for unmanneéd vahicles (UAVS).
Furthermore, unmanned air vehicles do not carmytpior passengers and do not
operate on public roads, so less stringent safetgtcaints are required. The
main difference between hydrogen systems for aubdesand for air vehicles is
the high power to weight ratio required to keep\ahicles aloft. Remaining
airborne thus mandates a relatively high power egtt, or high specific power
(W/kg) system. High specific energy (Wh/kg) is uegd for both automobiles
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and air vehicles because it is proportional to emdce. Power density and
energy density (W/L and Wh/L, respectively) areoalsiportant because they
control the amount of volume occupied by the system

Our team at the Naval Research Laboratory (NRILS Ibeen studying the
applicability of hydrogen fuel cells to UAVs in thhange of 6 to 35 kg vehicles
that require 300 to 3 kW fuel cells, a power randpere large batteries would be
needed for electric propulsion, and the only awéacombustion engines are
relatively inefficient and unreliable. Represen&tair vehicles in this size range
include Aerovironment’s Puma and Insitu’'s ScanEa@ar specific focus has
been on extending endurance, which demands a fmtuke specific energy of
the system. Our primary experimentation vehiclhélon Tiger UAV, a custom
platform that has been described in prior publaai(1, 2).

A photograph of the 16-kg lon Tiger is shown igutie 1. Long endurance
fuel cell powered flights have been carried outlus lon Tiger using a ~550-W,
1.1-kg PEMFC system built by Protonex Technologyp@eation. The system
was integrated directly to an electric motor withauhybrid battery. Two fuel
systems have been compared: one with high-pregsisenus KH(GH,) (1,2) and
the other with liquid hydrogen (LH (3,4). The GH fuel system comprised 500 g
of H, stored at 5000 psi in a 4-kg type-Ill carbon ouwepped pressure vessel
(COPV) with a lightweight pressure regulator. Weat,, we recorded 23 and
26-h flights in 2009 while carrying ~2 kg of payloadhe endurance difference
was the result of calmer weather during the 26ghf] which lowered the power
draw and energy demand of the mission. A 48-tfligf the lon Tiger was
accomplished in in 2013 using a kHsystem storing 1323 g of cryogenic
hydrogen in a 4-kg aluminum dewar.

This paper will illustrate some of the consideyas that are important for
development of fuel cell systems for a practicahg endurance UAV.

550 W fuel cell

T —

Figure 1. lon Tiger UAV in flight. The lon Tiggross takeoff weight (GTOW)
is 16 kg, with 40% of its weight budget allocatedhe propulsion/energy system.
The wingspan is 5.2 m, with a lift over drag ratear 17 (2). The inset shows the
lon Tiger's 1.1 kg ~550W fuel cell system built byoBnex Technology
Corporation.
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Fuel Cell System Design Considerations

A fuel cell system for a long endurance UAV musitfbe designed to have
sufficient power for take off and climb out, an@thcarry enough uel for long
endurance. The weight budget for the propulsiastesy is typically 40% of the
vehicle gross takeoff weight (GTOW) and is splitvibeen the fuel cell system
and the hydrogen storage. Within that budgetng-kendurance UAV requires a
light and efficient fuel cell system with most dfet weight budget for hydrogen
storage.

A generic schematic of a liquid-cooled fuel celsgm in shown in Figure 2, and
variants can be found elsewhere (5,6). The systamains a fuel cell stack with
its balance of plant (BOP) along with the fiel tank. The key attributes for
design include the following interrelated paramg&tefa) the stack voltage,
efficiency and power output, (b) the air compredkaw rate, pressure rating, and
power draw, and (c) the heat exchanger (HEX) hraaster capacity and size.

H2 Tank

Stack
\ Humidifier /
{ [ \ H2 ballast
Air Compressor ‘
T Cooling Pump

L; cQ ;
Heat Exchanger
Figure 2. General schematic of a fuel cell systéhe sizing of the system is
determined largely by the interrelated propertieshe stack, compressor and

radiator.

Flight data from the lon Tiger is shown in Fig®.e The fuel cell experiences
the highest power demand of nearly 600 W durinditsepart of its flight as it is
climbing continuously. Over the course of the litigthe power demand for
propulsion drops to 200 W as the vehicle catchesnthls or follows a tail wind.
In the case of this flight, the vehicle also flewr Eeveral hours at full power in
the middle of the flight as windy conditions prdedi Direct drive off of the fuel
cell system allowed long periods of flight at véow power or high power. For
some applications, such as vertical take off amdiifeg (VTOL) in helicopters,
even higher power would be needed at take off, Ipigis power at landing (6).
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Figure 3. Power profile of the lon Tiger UAV on 3-8 fuel-cell-powered flight,
consuming approximately 500 g of.HAdapted from reference (2).

The electrical efficiency of the fuel cell is parponal to the ratio of the
operating voltage of each cellg, to the thermodynamic open circuit value of
formation of HO from G, and H. The theoretical OCV is nominally 1.23 V at
standard temperature and pressure and when ustnipwer heating value for
H.O (7), as in Eq. [1].

. .. 174
Cell electrical efficiency == 2C;l<; (1]

The operating cell voltage deviates from the thelymamic value due to
overpotential and entropic AB) losses that occur in the electrochemical
conversion of Hand Q to H,O. The largest overpotential loss is caused by the
inefficient oxygen reduction reaction on the caghadtalyst (typically nanoscale
Pt on carbon). Additional contributors to the @aential losses are mass
transport and ohmic losses, which dominate at bighent densities. The overall
fuel cell system efficiency is determined by thdl edectrical efficiency minus
electrical losses used to operate the BOP. Whatnergy from the Hto-H,O
conversion that does not create electrical enesgynverted to heat, so a 50%
efficient fuel cell system will convert 1000 Wh b (~29 g of B) into 500 Wh

of net useable electricity and 500 Wh of heat ge®d by the stack and
supporting BOP.

The fuel cell stack in the ~550-W system weighedual®.5 kg, or >1000
W/kg. The stack power output is a function of therent density, or power
density, per unit active area of each membrandrelbz assembly (MEA) in the
stack. Optimizing MEA current density has been asne undertaking by the
entire fuel cell community for decades and has eredt around increasing
catalyst activity, decreasing the membrane resistaroptimizing gas flow
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through the cell flow fields, and controlling@nd HO mass transport through
the porous gas diffusion layers (7).

Assuming that the stack has suitable flow fieloisgas and water transport,
the performance of the MEAs must be coupled toaihédlower or compressor
that distributes air to the MEA cathodes. The powensity of the MEAs
generally increases with increasing air pressurd, tbere is also an energy
penalty for driving the compressor. An exampletité data used for such an
optimization is shown in Figure 4 where the net pofvom a commercial MEA
is compared to its electrical efficiency for a raraf cathode air pressures. At O
kPa (i.e. ambient pressure), the MEA has the higb#igiency low power, but
then with increasing power it becomes far les<idfit than the MEAs operating
under pressure. Likewise the MEA tested at 150 @duces the most power
efficiently at high power, but has far inferior iefency at low power. There is
also an increased weight penalty for a larger cesgor.

Given the flight profile in Figure 3, where thehwee spent most of its time
operating at 280 to 300 W vs a max power of 58600 W, the fuel cell system
should be designed to be most efficient near thieploant of its peak power, or
50 to 75 kPa.

25 cm? Gore MEA, 95 °C, 40% RH, 2/2 stoichiometry,n .. =0.6
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Figure 4. Thermal efficiency of a fuel cell vstm®wer output as a function of
pressurization. Results are measured for a 25\Wtn Gore catalyzed coated
membrane with SGL gas diffusion layers.

A small HEX is also desirable to minimize the wejgzolume and air drag of
the system. A practical UAV will likely experien¢cemperatures of 40 to 50 °C
during preflight preparations- we routinely measure tarmac temperatures well
in excess of 45 °C in our testing sites in Soutidaryland during the summer.
We had inadequately sized radiators in our earighfl testing, leading to
inadequate cooling and early landings, which pra&dpas to carefully study
vehicle HEX sizing (8).
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The impact of stack-external air temperature difiee on HEX size is
shown in Figure 5, assuming a standard aluminurariightube HEX. This
calculation is based on Newton’'s law of cooling, endby the rate of heat
rejection is proportional to the average tempeeatlifference between the HEX
and ambient air, as written in Eq. [2].

dQ/dt = h A[T (D) upx — Tampient] [2]

In Eqg. [2], Q is the rejected thermal energy (J)s time (s), h is the
convective heat transfer coefficient (W?ri(%), A is the surface area of the HEX
(mz), T(nex is the time dependent heat of the HEX, angl. is the
temperature of the external air. Rearranging Ehtd Eq. [3] shows how HEX
area depends on the rate of heat rejection, thpaeature difference between the
HEX and the ambient conditions, and the heat teansbefficient. Size and
weight both scale linearly with area for a traciabtube-and-fin HEX.

daqQ
[at
h A T(t)HEX—ambient:

A= [3]

According to Eq. [2] and shown in Figure 5, theXd&ize is minimized by
reducing the rate of heat rejection and increasireg temperature differential
between the system and the environment. Raisiegithflow rate through the
radiator can also increase thereby decreasing the necessary radiator awta, b
this incurs a greater drag penalty. Similarlytter cooling can be achieved by
blowing air over the fuel cell stack at the expewn$eadditional drag. While
average values forQ, AThex-ambient @and h are sufficient to obtain rough
approximations for the necessary radiator areapee raccurate estimate can be
developed using a detailed stack model to estiQateTex-ambient@andh for the
expected vehicle flight profile. Such a model ddoconsider the liquid/vapor
ratio of the exit water (indicting the rate of latéheat rejection) plus the rate of
convective heat loss from the PEMFC stack (5, 7).
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T T T T 1
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o

Figure 5. Estimation of amount of surface areaiireq for an aluminum HEX vs
the exit temperature of the coolant from the fuell stack at an ambient
temperature of 49 °C. The size of the HEX is dodhiely large for a fuel cell

that operates below 70 °C.
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Figure 5 shows that a small HEX can be used orlgnathe fuel cell can
operate at >15 °C greater than the external tepesm so a PEMFC stack
capable of at least 65 °C operation is desirede HEX is further minimized by
using a stack that is electrochemically efficiemdd @roduces more electricity than
heat, plus a stack that is capable of operatifggit temperatures. Thus the push
for stacks with high efficiency for the oxygen retlan reaction and > 60 %
electrical efficiency (with the remaining 40% rdpt to heat) and high
temperature operation of > 90 °C. Inefficient ltemperature fuel cell systems,
such as direct methanol or biological one, arelyikeadequate for vehicle
propulsion because they would need impracticallgdaadiators. Low cost fuel
cell systems using inefficient catalysts (e.g.fiplan free) are also not attractive
for propulsion because of the additional heat t&acrequirements caused by
their low electrical efficiency.

The electrical efficiency of the fuel cell systeso plays a direct role in the
vehicle endurance. Figure 6 shows the weight Oistion for the 550-W lon
Tiger hydrogen fuel cell system that flew for 23+26@sing 500 g of Gjistored at
5000 psi in a COPV (2). The fuel cell system (witte compressor and
electronics) weighed 1.2 kg, comprising less th@% 2f the full hydrogen fuel
cell system weight. The weight distribution is Banin the vehicle that flew for
48 h with LH2, except that it carried Z®nore H (3,4). The total weight of the
system is 6.9 kg, yielding a specific power of 80kgvat the full system level.
The specific energy of the lon Tiger was 1170 WHkgthe system with 500 g of
5000 psi H flown for 26 h. For the LkEsystem, more Hwas carried bringing
the initial system weight to 7.8 kg. The specéitergy from the 48 h LHflight
1770 Wh/kg. The flight's specific energy was lovilean expected due to higher-
than-expected heat leak into the déwar, causing #to be vented overboard (4).
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Figure 6. (a) Weight distribution of componentdtwé hydrogen-fuel cell system
for the lon Tiger flown on 500 g of GHstored at 5000 psi in a COPV; (b)
calculated hours of flight on 500 g of GHit 300 W vs. fuel cell system
efficiency.
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Figure 6a clearly shows that the hydrogen stosggéem dominates the total
system weight. Figure 6b illustrates that thecedht conversion of the hydrogen
to electricity by the fuel cell is critical to endunce and also an effective weight
budget. Only 17 h of flight achieved for a 30 %icént system but 37 h is
possible for one that has 65% electrical efficienéfe lon Tiger fuel cell system
was 45 to 50% efficient over the full range of tiights, but new fuel cells
systems with claims of higher efficiencies will ¢obute toward longer flights.

Note that no additional energy storage system,(étlgium ion battery) is
included in the lon Tiger fuel cell propulsion st Any weight allocated to
additional energy storage would consume part of viteegght budget for ki
storage, and our analyses showed that a hybridrLbattery plus its associated
electronics would not contribute effectively to thgstem efficiency. While Li-
ion batteries might be beneficial on other systéondoad leveling, impedance
filtering, and high power operation, we found tliaey did not improve the
overall system efficiency and thus were excluded.

As discussed above, the hydrogen system domitia¢esweight and volume
of the hydrogen fuel cell system for the UAV. Aghicles constrain both storage
weight and storage volume, so both parameters rbastconsidered when
attempting to maximize the stored energy for a slehi The desire for high
specific weight competes against the limited steragolume favoring
compression of the gases into a smaller spacesirigaihe storage pressure of H
gas increases the storage density, but only toimt.pd&ventually, increases in
pressure require thicker storage vessel walls tago the pressure, and the wall
thickness can grow quickly enough to obviate treatgr H storage. The tradeoff
between pressure and storage volume is shown urd=ig for a notional fuselage
space that is 11 inches in diameter and 16 inares | The specific energy of the
H, storage system decreases with weight as the Wwakrtess increases with
increasing internal pressure, according to the mam allowable hoop stress
using the thin wall equation. While the specifiteggy of the hydrogen system
decreases with increasing pressure, the amount tfdtl can be stored in the 11”
diameter and 16” long tank increases with presatian.

The H tank must be designed in close consideration eftrailable volume
in the vehicle, the vehicle dynamics, and the Vehendurance, as the vehicle
fuselage diameter will affect the vehicle drag atmlis power for flight.
Increasing the K storage-tank diameter incurs a clear penalty @n wbhicle
dynamics as the fuselage width and the frontal greaw. These penalties must
be traded against the efficiency of storing GH a lightweight COPV, with the
goal of a high specific energyldystem.
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Figure 7. Trends for specific energy and flightlerance of Ghl stored at high
pressure in COPVs. The calculations are based dr@ih stored in a notional
11" diameter COPV that is 16” long. The flight enaloce assumes an average of
50% efficiency at 300 W from the fuel cell system.

Summary

This paper summarizes some of the consideratrapsritant for sizing a fuel
cell system for a UAV. The major consideratiorihat the system has sufficient
power to get the vehicle aloft, but it must alsorgadequate hydrogen and be
efficient for long endurance. Necessary tradedafidude compressor power
consumption vs. weight and stack maximum powerwaght. The fuel cell
system must also be capable of operation over 7tbfEffective heat rejection
and efficiently convert the chemical energy in Hieto electrical energy. Using
the results from practical fights along with stgekformance, a custom BOP can
be designed to maximize the opportunity for UA\Yflis. Further trade offs can
be made around the vehicle design to optimize lgehicstorage while reducing
frontal drag. These results can also be used telale a more comprehensive
power train model around a high performance, loagdrehicle.
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