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Fig. 3 Comparisonofpresent mechanismwith originalmechanismfor
Jet-A reaction at four different equivalence ratios, for 1 atm and 1000
K initial conditions.

Fig. 4 Comparisonof ignitiondelaytime for Jet-A fuel atÁ = 0.5, 1atm
measured by Freeman and Lefebvre,9 and the computational reaction
mechanism, as a function of initial temperature.

the comparison of the present reaction mechanism and the original
Jet-A mechanism. There is at most a 10% difference in the ignition
delay time and a 5% difference in the � nal temperaturebetween the
present mechanism and the original. The present mechanism has
also been matched to experimental data sets; each of the individual
mechanisms cited has itself been validated, and the overall ignition
delay time from the combined set has been compared to the data of
Freeman and Lefebvre,11 as shown in Fig. 4. Note that differences
between the calculated ignition delay and experimental results are
likely due to inconsistencies in de� ning that parameter: The ex-
perimental determination was done by visually locating a sudden
pressure rise, whereas the computational result was set by a 20%
temperature rise.12

Conclusions
A joint Jet-A/silane/hydrogen reactionmechanism has been con-

structed from existing mechanisms for modeling the combustion of
Jet-A with silane as a pilot igniter. This model can now be used for
studies of hydrocarboncombustor length and reaction ef� ciency, as
a guide for design tradeoffs, and for experimental studies. For in-
stance,a quasi-one-dimensional scramjet combustormodel was im-
plemented that included this present mechanism, from which it was
shown that the addition of silane is indeed bene� cial in decreasing
the combustor length in a scramjet engine (though dependingon the
added fraction, speci� c impulse can suffer because of the reduced
average heat of reaction).12 At 1 atm, 1000 K, the characteristic
reaction lengths for a hydrocarbon scramjet with 0.5 equivalence
ratio and Mach 3 entrance conditions can be reduced from approx-
imately 100 m with no piloting to 0.1 m with 20% silane addition.
With 10% silane, the characteristicreaction length is approximately
1.2 m. However, the effective speci� c impulse for that combustor
(calculated from the difference between maximum available thrust

and total vehicle drag) will drop from 550 s without silane to 400 s
with 10% silane and to less than 300 s with 20% silane.
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Introduction

A PROPULSION system consisting of a compact electric mo-
tor and one or more lithium-based fuel cells (Li–water, Li–

hydrogen peroxide, Li–air) holds considerable promise as a non-
polluting, recyclable-fuel power plant for airplanes, uncrewed air
vehicles(UAV), helicopters,automotivevehicles, and surface water
vehicles. The technologyhas its roots in U.S. Navy electric torpedo
research done in the 1970s by Lockheed (see Refs. 1–3) and sub-
sequent classi� ed Defense Advanced Research Projects Agency-
sponsored research in the 1980s for an uncrewed reconnaissance
aircraft.

Recent studies4 have shown that the gasoline-fueled propulsion
system of a typical 225-hp light airplane could be replaced with an
electric-motor,lithium–air fuel cell powerplantdevelopingthe same
power and the same endurancewith approximatelythe same weight.
The by-product of producing electricity in the fuel cell is lithium
hydroxide(Li–OH), which would be retainedonboard and recycled
after � ight to retrieve the metallic lithium for reuse. Furthermore,
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lithium compounds, including easily mined salts, are abundant in
nature, much more so than petroleum (lithium is the 18th most
abundant element in nature). Also, the process for extracting the
metallic lithium is well known.

The objective of this paper is to design a Li–hydrogen peroxide
fuel cell and evaluate its performance in a small-scale laboratory
setup. The goal is to identify the design parameters affecting the
performanceof the fuel cells and also to evaluate their performance
against the theoretical predictions. This project has been initiated
as a � rst step toward designing and fabricating a much more com-
plex Li–air fuel cell system that has the speci� c energy closer to
that of a gasoline–air system but is two to three times more ef� -
cient.The performanceand cost bene� t studies,usingLi–H2O2 fuel
cells for propulsion, are also performed for a general aviation (GA)
Beech Bonanza Model 45 airplane and for an airplane for Mars ex-
ploration (AME). The successful demonstration of this technology
will be a major milestone toward the ultimate goal of developing a
cost-effective,emission-freepropulsion system for ground, air, and
surface water vehicles.

Why Lithium-Based Fuel Cells?
As shown in Table 1, Li-based fuel cells, especially the lithium–

air fuel cells, have the potential for superior performance to inter-
nal combustionengines and other electrochemical-or hydrocarbon-
based systems. Lithium–air has a theoretical speci� c energy more
than 78 times that of a lead–acid battery. Thus, the combined at-
tributes of low oxygen requirement, ultra-high-power density, and
zeroemissionsmake lithium–air fuel cellsan attractivepower source
for air vehicles.

Principle of Operation
The basic principle of operation of a single Li–water fuel cell is

shown in Fig. 1. The anodic dissolutionof Li comprises the follow-
ing electrochemicalreactions.

Anode reaction:

2Li ! 2Li+ + 2e ¡ + 3.02 V (1)

Cathode reaction:

2e ¡ + 2H2O ! H2 + 2OH ¡ ¡ 0.83 V (2)

The sum of these two reactions, the parasitic reaction, is given as

2Li + 2H2O ! 2LiOH + H2 + 2.19 V (3)

Table 1 Energy characteristics of various power sources2

System Speci� c energy, kW¢ h/kg Ef� ciency, %

Lithium–air 13.3 50a

Gasoline–air 12.4 25
Aluminum–air 8.2 45
Lithium–hydrogen peroxide 4.4 67
Lithium–water 2.4 50
Lithium– thionyl chloride 1.5 70
Lithium–silver oxide 1.4 50
Nickel–cadmium 0.24 14
Lead–acid 0.17 18

aEf� ciency at peak power, Li–air fuel cell ef� ciency increases to better than 90% as
power is decreased below maximum.

Fig. 1 Basic principle of operation of Li–H2O battery.

As can be seen from Eq. (3), a single Li–water fuel cell theoretically
generates2.19 V. The electrochemicalreactions in a Li–air fuel cell
can be described as follows.

Anode reaction:

2Li ! 2Li+ + 2e ¡ + 3.04 V (4)

Cathode reaction:

2e ¡ + H2O + 1
2 O2 ! 2OH ¡ + 0.4 V (5)

The parasitic cell reaction then becomes

2Li + H2O + 1
2 O2 ! 2LiOH + 3.44 V (6)

The electrochemical reactions in a Li–hydrogen peroxide fuel cell
can be described as follows.

Anode reaction:

2Li ! 2Li+ + 2e ¡ + 3.04 V (7)

Cathode reaction:

2e ¡ + H2O + H2O2 ! 2OH ¡ + H2O + 0.88 V (8)

The overall cell reaction then becomes

2Li + H2O + H2O2 ! 2LiOH ¤ H2O + 3.92 V (9)

Fuel Cell Design, Experimental Setup, and Results
The designof the fuel cell is themost importantpartof theprocess

in buildinganef� cient fuel cell.One must achievea balancebetween
the electrolyte� ow rate (the ability for the water, LiOH, or peroxide
to pass throughboth the anodeand cathode) and the contactpressure
(the pressure between the lithium anode and the platinum cathode
must be high enough to create current, but low enough to allow
electrolyte� ow) to attainmaximumef� ciency.The materialsused to
createthoseeffectsof contactpressureand electrolyte� ow must also
be able to withstand the heat created by the reaction of lithium with
water,LiOH, or hydrogenperoxide.One alsohas to take intoaccount
the safety requirementsand the ability to controlvariousparameters
such as electrolyte � ow rate, electrolyte concentration, electrolyte
temperature, and anode–cathode contact pressure. We designed a
six-cell Li–H2O2 battery to run a 12-V, 450-W motor. This battery
was designed to � t the fuselage of a radio-controlled(R/C) Electric
Telemaster 40 aircraft.Using the theoretical output of one fuel cell,
it was determined that approximately six fuel cells connected in
series with each cell outputting 2.19 V would be needed. Then,
by considering the power requirements of the motor, 450 W, the
number of watts needed per cell is 75 W. Using both the power
and the voltage requirements, the current needed to run the motor
is 37.5 A. Then, using the known range of current densities of a
lithium-based fuel cell (approximately 500–1500 ma/cm2 ), it was
concludedthat a cell of size 2.75 £ 5.5 in would suf� ce. The six fuel
cells would � t in a volume of 3 £ 5.75 £ 7 in.3 , which is available
in the fuselage of the R/C aircraft. Using these measurements, a
plexiglass box with six slots was designed and manufactured to
hold the fuel cells. Stainless steel wire mesh with measurements
2.75 £ 5.5 in. was used for both the anode and cathode. Platinum
was used as the cathode. For this purpose, stainless steel wire mesh
was plated with 20 l in. of platinum.

A special environment that had 0% humidity, 0% nitrogen gas,
and 0% oxygen gas was created for handling the lithium. A 0.06 in
thick lithium sheet was used as the anode. The platinum mesh and
lithium foil were screwed together with plastic screws. A 4 molar
solution was used as the electrolyte to start the reaction. The fuel
cells were connected in series. A bench test apparatus (including
a dynamometer) was designed to obtain measurements of voltage,
current, revolutionsper minute, temperature, pH, force, torque, and
thrust. The details of the fuel cell design and experimentalsetup are
not given here, but can be obtained from Ref. 5.

As a � rst step, experiments were performed for a single cell be-
cause the single cell environment was easily controllable with re-
spect to the four critical parameters that affect the fuel cell perfor-
mance: electrolyte � ow rate, electrolyte concentration, electrolyte
temperature, and anode–cathode contact pressure. Multicell envi-
ronments were dif� cult to control with respect to these parameters
in our simple experimental setup. It can be seen from the data in
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Fig. 2 Voltage vs time (single cell).

Fig. 3 Current vs time (single cell).

Figs. 2 and 3 that the maximum voltage generated is 1.8 V and the
maximum current is a 0.2 A. The theoretical possible voltage is
2.19 V without any losses. Because the single cell was connected
to a 10-X resistor, the expected current is as obtained.Furthermore,
the variation of voltage and current with time is similar to that re-
ported in Ref. 1. These results establish the success of the single
cell experiment.

Case Studies
Li–H2O2 Fuel Cells for a General Aviation Aircraft

Table 2 shows the typical � ight pro� le of a Beech BonanzaModel
35 GA aircraft. Table 3 shows the weight comparison for delivering
337 kW¢ h. The takeoff weights of a gasoline-powered propulsion
system and a Li–H2O2-powered system are comparable.This study
shows that a Li–H2O2 fuel cell powered propulsion system is com-
parablein performanceto the standardgasoline-poweredpropulsion
system but has a signi� cant advantage in being emission free.

Li–H2O2 Fuel Cells for an AME

Design of propulsion system for an AME provides signi� cantly
different challenges than that for GA and UAV applications. It is
due to the rare� ed atmosphere of Mars, composed predominantly
(95.5%) of carbon dioxide in contrast to the standard Earth atmo-
sphere,composedof air. To design a propulsionsystem for the Mars
� yer using Li–H2O2 fuel cells, the mission requirements for AME
would have to be speci� ed. Table 4 gives the power and energy
requirements for a typical mission of two 5-h � ights for AME.

The Li–H2O2 propulsionsystem for AME will have three parts: a
cell stack, an oxidizer reservoir, and a reactor/storage system. Each
of these parts would have to be sized for the AME mission. A 30-V
propulsion system appears to be adequate for the proposed mission
that will require a stack of 13 2.4-V cells.

To generate 63 kW¢ h of energy to provide 6.3 kW of power
to the motor for 10 h, the fuel cell will require 6.6 kg of lithium
and 20.1 kg of hydrogen peroxide. For ground operations over a
period of 1500 h (60 + Earth days), the AME will require 50 W
of continuous power with total energy requirement of 75 kW¢ h,
as shown in Table 4. This added item will require another 7.9 kg
of lithium and 23.7 kg of hydrogen peroxide. Table 5 tabulates the
lithium, hydrogen peroxide, and total weight requirements.

It appears that a Li–H2O2 fuel cell basedpropulsionsystemcanbe
effective for in-� ight operations if the atmospheric carbon dioxide
can be used in power generationand the lithiumcarbonate thus gen-
erated can be expelled from AME. For ground operations, it appears
more bene� cial to carry a solar-electric array and a rechargeable
battery.

Table 2 Typical � ight pro� le of a 1947 Beech Bonanza Model 35

Parameter Takeoff Climb (8000 ft) Cruise Descent landing Totals

Power, hp¢ kW 205 154 103 50 ——
153 115 77 37 ——

Duration, min 1 10 < 240 15 < 266
Energy, kW¢ h 2.55 19.2 < 306 9.3 < 337
Speed, mph 0–70 100 175 175 ——
Range, mile < 1 16 700 45 765

Table 3 Weight comparison for delivering 337 kw ¢ h

Gasoline-powered Li–H2O2-powered
Parameter piston engine, kg elecric motor, kg

Consumables
Fuel 136 44
Oxidizer —— 218

Prime mover
Motor 205 45
Motor components 14 7
Auxiliary systems 27 100

Total 382 415

Table 4 Mission requirements for a Mars � yer

Operations Power, kW Duration, h Energy, kW¢ h

In-� ight 6.3 10 (2 £ 5) 63
Ground 0.05 1500 75

Table 5 Weight requirements
for a typical mission for Mars � yer

Operation Li, kg H2O2 , kg Total, kg

In-� ight (10 h) 6.6 20.1 26.7
On ground (1500 h) 7.9 23.7 31.6
Complete operation 14.4 43.8 58.3

Conclusions
Small-scale lithium–hydrogen peroxide fuel cells with output

power in the range of 500 W were designed and built. Experiments
were performed to evaluate the performance of a single cell. For a
singlecell, the experimentalperformancedata were close to theoret-
ically expectedresults.This work is a � rst step toward designingand
fabricating a much more complex Li–air fuel cell system that has
the speci� c energy closer to that of a gasoline–air system but is 2–3
times more ef� cient and is emission free. The case studies for a GA
aircraftand an AME show the performance,cost, and environmental
bene� ts of Li-based fuel cells for electric propulsion.
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