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Chapter 1: Introduction.

1.1 Motivation, challenge, and the advantage of flieells.

The United States Army has increased its interestbotic platforms that fly
and /or crawl in recent years due to the platforswgcesses in war zones. These
remotely-operated platforms often aid the warfighte areas such as sensing and
scanning, communications, and defense or weapomhhey are especially useful in
terrain that is difficult for human exploration,cduas caves or under urban debris.
Recently, the U.S. Army initiated a program witte tbbjective of providing the
warfighter with smaller, multifunctional platformahich can act autonomously when
desired. Three search and surveillance missiome presented that are of particular
interest to the Army [1]: exploring a potentialigstile building, exploring a cave or
demolished building, and perimeter defense. Tlses@arios place severe demands
on the vehicles power and energy systems. In iaddib the general need to
maximize range/endurance, the movement of theqgotatimay be intermittent and
include sustained periods of perching and hovesmgompensation for gusty winds.
Thus, power requirements are also intermittent thedsystem would rarely reach a
“steady state” operating condition. In additiommplex terrain requires crawling
platforms to overcome obstacles that may be ag lasghe platform itself. This could
require asymmetric power distribution, as well asgé amounts of energy for

minimal distance.



Most of the individual components of an unmannedo@omous vehicle
(UAV) are electrically powered, and so it is natuteat they are often designed and
tested with batteries in mind [2]. However, intspdf years of improvements,
batteries’ energy densities remain low and as @trdslly integrated vehicles cannot
meet the needs of missions described above [3}.ekample, the endurance of one
small (~100g) flying vehicle that could be a cantkdéor the missions described
above is only about 10 minutes — without accountorgincreased power demands
associated with changing flight conditions. Thi®r life span is inadequate for
mapping a single floor of a typical office. Alsihe short endurance endangers the
warfighter by requiring them to place the platfodmectly on site as opposed to
dispatching the vehicle from a safe distance.

The hovering endurance of a rotor-powered vehislgiven by the following

expression:

E=hh, 2 [Hah g 1
9 Mg 1+z

(1.1)

where#, is the propulsive efficiency of the rot@/Mg is the rotor disc loadingV is
the empty weightA is the swept area of the rotor agpés gravitational acceleration),
z is the fuel mass fraction (fuel mass/empty weig}) is the energy/mass of the
fuel, and/y, is the overall thermodynamic efficiency of the moplant. A derivation
of Eq. 1.1 is presented in Appendix A.

Figure 1 shows how the hovering endurance of a&d00 g micro air vehicle
(MAV) — in this case Micor, a battery powered caahxotor vehicle [4] — depends

on the energy density and overall thermodynamicieficy of its power system. The



horizontal axis is the energy density of the fuedl ahe vertical axis is the overall
thermodynamic efficiency of the power plant. Tha&gdnal dashed lines are contours
of endurance computed based on the Brequet rang#ieq given in Eq. 1.1. The
figure shows that the key attributes of the powsstem that set the hovering
endurance are the energy density of the fuel aedefficiency with which it is
converted. The figure demonstrates the power ehgdl clearly: Batteries convert
their stored energy very efficiently but don’t &at very efficiently (i.e. they have
relatively low energy densities) and Micor’'s endwa is limited to about 15 minutes.
While replacing batteries and electric motors vatmodel aircraft engine operating
on ‘glow fuel’ (a mixture of methanol, nitrometharend oil) greatly increases the
energy density of the system, the efficiencies edthengines at the scales necessary
for the class of vehicles considered here are hmry(~5%), [5] and so switching to
heat engines leaves endurance virtually unchangeatilarly, a direct methanol fuel
cell (DMFC) system that meets the DARPA target gyneatensity of 1000 W-hr/kg
[6] has higher conversion efficiency than a miniatengine (~26%) and higher
energy density than batteries, but neither is enawgappreciably change vehicle
endurance. Therefore, the main challenge isnitb & power and energy system that
can deliver an order of magnitude increase in gnensity over batteries in an
approximately 20 g package that still delivers s@maable’ (> 20%) overall
thermodynamic efficiency.

However, other fuel cell technologies are more psomy. For example, H
Proton Exchange Membrane (PEM) fuel cells can aehieghermodynamic

efficiencies > 50% and energy densities of 1200 Wkehif H, is stored in NaBH([7].



Direct ammonia solid oxide fuel cells offer onlyigsitly lower thermodynamic
efficiencies (~50%) but much greater energy/mass tNaBH; and this leads to
levels of performance increase (approximately aofaof 10) that justify further
research. Potentially even better are solid oxigd cells capable of consuming
liquid hydrocarbons like JP8. However, the critigaestion in all of these analyses is
what levels of energy storage and conversion efiicy are attainable at tlsgstem

level.
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Figure 1. Performance of various batteries, fuel dés, and an engine as power
and energy systems for Micor, a micro hovering veble (100 g). The solid black
line is the energy density of JP-8.

Determining system-level performance is a comploblem — especially at
scales relevant to sub-kilogram flying, crawlingdgumping sensor platforms. First,
the unit cells usually must be bundled togethesenes or parallel to achieve the

desired voltage and power. These ‘bundles’ adeadé&tacks’. This packaging adds



weight and losses. Second, while the stack ishteet of the fuel cell system, it

requires many other additional components to seritic Some examples include

pumps and blowers, condensers, heat exchangersynanees, valves, and other parts
necessary for thermal management and power conaigo The net result is that the

volume, mass, and sometimes the overall efficieafdje fuel cell system can be set
by the size, mass, and performance of the addltimmmaponents required to service
the stack.

The power/energy consumed by these subsysteragned ‘balance of plant’
(BOP) and can become increasingly important asstbe of the fuel cell system is
reduced. The conversion efficiency of the ovehadll cell system is determined by
the operating voltage, fuel utilization in the csthck and by the parasitic losses
associated with fluid pumping, fuel pre-procesdag needed), thermal management,
and power conditioning. These parasitic lossesofnec more significant with
decreasing fuel cell size because of the aforeimeadi increased surface area/volume
ratio and can reduce or even eliminate the advantdgising high energy density
fuels in small-scale systems [8]. As a result, @odensities reported in the literature
- which are usually of MEAs or stacks - do natnglate directly into system-level
power density, and overall efficiency and balant@lant must be accounted for in
order to make meaningful comparisons betweenréiftefuel cell technologies. The
objective of this work is to provide a methodologpd computational tool for
predicting the performance (power density and endemsity) of miniature fuel cell
systems by considering the performance of the dallstack as well as the overall

balance of plant.



1.2 Previous work.

There are a number of example analyses includaignbe of plant in kW-
scale power systems like a high temperature PEMdeié system that operates on
reformed diesel fuel [9], a bus powered using d fed/battery system [10], and a
stationary, residential PEM fuel cell system tha¢sireformed methane [11]. Some
simulations look into individual issues inside #ystem, such as anode CO tolerance
[12] or water balance [13] of the MEA. Doss etuwded a model that was built in-
house that simulates a gasoline reformer systenpleduwith fuel cells for
automotive applications [14, 15]. The investigatiwas a parameter study to provide
insight into how the autothermal reformer (ATR) fmrature, pressure, and fuel to
air ratios affect the system and reformer efficieac System efficiencies up to 40%
were attained with this model. However, nonehaise studies provides any insight
into how these systems would perform if scaled déovruse in the miniature sensor
platforms envisioned by the U.S. Army. Anotherdrale of plant investigation
involved modeling of a reversible fuel cell systewhich is a system that uses
electricity to dissociate water in order to make atore H. When power is required
of the system, the hydrogen is fed to a PEM fuBll Ckhis reversible system showed
good agreement with its experimental counterpatydver the system appears far
too complex to scale down to the Army’s needs [1BYhile some system studies
have been performed for small-scale power apptinati[17], they often assume
component efficiencies based on larger applicatiddgher studies have given insight
into the fuel cell performance through mathematmaldeling, but these models do

not include the balance of plant that would supploet fuel cell under consideration



[18, 19].

Benavides et al understood the complexity of sgatiown balance of plant
components, and focused their efforts on the DOQoconverter to improve system
efficiency and mass [20]. While much insight candained from these models, they
are insufficient in determining whether a fuel @glstem is the solution to the Army’s
needs.

In summary, what is required is a thermodynamic ehodl a fuel cell system
that incorporates the entire BOP and is designeatitivess the specific missions the
Army envisions for its microsystems. Such a mosleékquired to assess the relative
merits of various power/energy systems being c@nsil for these missions but at

present one does not exist. This thesis seekgabecone.

1.3 Objectives and approach.

The overall objective of this thesis is to identf fuel cell power system that
is well-suited for powering the miniature flyingagsvling, and hopping vehicles being
developed for the three mission scenarios of th&. UArmy’s Collaborative
Technology Alliance (CTA) in Micromechanics [1] deded in section 1.1, and
whose performance exceeds that of batteries. Thhbeage is that what is usually
reported in the literature is MEA performance wilsreverall system performance
(i.e. system level power and energy density) isireg in order to assess suitability
for the CTA applications. Unfortunately, the latte usually not available because
balance of plant considerations make it highly deljeat on scale (i.e. physical size)
and the particulars of the application (mission iemment, profile, etc.). The

objective here is to provide a methodology and aatamponal tool that can be used



when the size and application details are knowhe fliel cell system model would
predict the system performance described abovecandbe used to analyze the
advantages of a hybrid fuel cell/battery systemr avdoattery only system. Since
there are many types of fuel cells and possibldampntations, it is not possible to
do complete system-level analyses for each possiiglecell-based power system.
Therefore, a multi-step approach is taken.

The first step is to narrow the field of candidaechnologies. This is
accomplished by performing a survey of current figdl technologies that establishes
the level of performance that is available today tf&e MEA/stack level) and
summarizes the advantages and disadvantages efedifftechnologies. Hydrogen-
based PEM fuel cells are not included in the sufvegause the specific energy of
compressed or liquid hydrogen is too low; insteaenresearch is conducted on fuel
reformers that provide the PEM cell with Hom another fuel source. Also, some of
the literature reviewed compares results with acglipPEM fuel cell, providing a
good baseline for comparison. Solid oxide fuel elte also not included in the
survey because the high temperature operation cowdn an excessive system
complexity for MAV applications. Items of interesiclude what type of fuel and
oxidizer are used, power density, efficiency, opegatemperatures, and an estimate
of the overall complexity of the entire system ireal application. The results of this
survey are used to generate a semi-quantitativikkingnof each candidate
technology’s suitability for the three CTA missignenarios and to identify two or
three technologies worthy of further study.

The second step is to perform a more detailed sykteel analysis of the



promising technologies identified in step one. sTisiaccomplished by assembling a
system model from physics-based models of each cpent. Particular attention is

paid to properly representing how the performanicallosystem components - not

just the fuel cell - changes with size.

The third step is to use the system models to coenfugel cell to battery-based
power systems using a baseline mission of a micreehicle that weighs 225 g or
less. The influence of mission profile is investeghby repeating the comparison for
alternate missions. The outcome will be an impdowsnderstanding of the
capabilities and limitations of fuel-cell based moveystems in small unmanned air

vehicles.

1.4 Thesis structure

This chapter has explained the overall motivationdeveloping miniature
fuel cell-based power systems and the challengexceded with assessing fuel cells’
suitability for various autonomous sensor platforbesng developed by the U.S.
Army. Balance of plant is identified as the catiparameter governing fuel cells’
applicability at these scales and a research proggautlined for addressing the gaps
in the literature.

Chapter two presents an overview of fuel cell améntals, as well as a
survey of fuel cell technologies that appear tonbest relevant/suitable for the
miniature vehicle application. Hydrogen storaged ssome current reforming
technologies are also discussed. The criticalrpatars of interest for the survey are
power density, operating temperature, efficiencystem complexity and type of

oxidizer used. Chapter three discusses the suiespts presented in chapter two and



develops a semi-quantitative methodology for ragleach fuel cell system based on
its suitability to the CTA missions. Three techogks worthy of additional
consideration are identified.

Chapter four presents the system model used tolaienone of the promising
candidates, a direct methanol fuel cell. Detaileddels of each component are
developed and water recirculation is incorporated.

Chapter five presents results from the system lIsitioms. Power densities
and efficiencies are computed and the influencgaiér recirculation is quantified. A
case study is presented to compare the missionrpafce of a battery-only power
system to a hybrid fuel cell/battery system. Tdeaatages of a hybrid system are
discussed.

Chapter six summarizes the major conclusions ef thesis and makes

recommendations for future work.
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Chapter 2: Survey of Advanced Fuel Cell Technologge

The objective of this chapter is to survey currkerdl cell technologies that
have been researched at the component level (refaynfuel cell stack only) and to
summarize the advantages and disadvantages of ¢&chs of interest include what
type of fuel and oxidizer are used, power dengftficiency, operating temperatures,
and an estimate of the overall complexity of thérersystem in a real application.
The discussion begins with energy storage and moesi with a survey of reformer
technology. Fuel cell technologies are then pregewith an overview on the basic
principles of operation followed by summaries of gtate of the art for each type of

fuel cell. A summary of the findings is then pneissl.

2.1 Energy storage media: capabilities, advantageand challenges.

The most energetic fuel per unit mass for fuelsdslthe same as for standard
combustion: hydrogen. Pure hydrogen has a largeifspenergy (120 MJ/kg) when
it reacts with oxygen, and its waste product isewatA major concern with using
hydrogen directly for fuel cells is storage andngqgortation of the fuel. Storing
gaseous hydrogen can be hazardous because ofjlitpressure and propensity to
leak. This is especially a concern for the autaweoindustry and portable devices.
Another concern is that hydrogen is a gas at notemaperatures and pressures so its
energy density is very low, and it is not possiblstore a significant amount without

a large or heavy (i.e. high pressure) tank. Thidlustrated in Figure 2. As the

11



pressure is increased to achieve a energy dersggrao liquid hydrocarbon (LHC)

fuels, the specific energy drops to inadequatelseve
140 100000

120 A L f
MIMS| | 46000

- 1000

MJ/m~3

+ 100

——
—
——

P (atm)

Figure 2: Specific energy and energy density vs. pssure for a B gas tank

An alternative to storing pure hydrogen is storihgvithin a larger, more
complicated molecular compound like liquid hydrdimars. While this lowers the
overall energy density, it can make storage mdiieieht and safe. The removal of
hydrogen from a carrier is generally called reforgniand the process generally has
strict conversion requirements when combined witlhydrogen based fuel cell.
Often unreformed fuel can damage the membrane amcer| performance to
undesirable levels.

Ammonia can also be viewed as a hydrogen cartertlposes some safety
challenges due to its toxicity. Less-hazardous amaacarriers have been
investigated. One option is storing the ammonimeatal ammine salts. For example,
Ca(NHs)sClg can store hydrogen at a relatively high gravinsehydrogen density

(just under 10%) [21] and also releases the ammadri@ver temperatures than other
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carriers like Mg(NH)gClg, requiring less energy. Table 1 provides a comparof
non-hydrocarbon hydrogen carriers’ energy densitigsmmonia stored in metal
ammines is also less toxic than gasoline. Ammopoiane (NHBHs) has also been
considered as an ammonia carrier. The substame@systo transport as a solid and is
non-toxic [22].

Regardless of the carrier, Ammonia decompositian Hydrogen is
endothermic, and heat is also needed to extractathmonia from the carriers.
Therefore, a reformer is required for any of thesgage methods and therefore the
challenge of devising an efficient integration loé¢ reformer and fuel cell remains.

Table 1: Energy Densities of Hydrogen Carriers [21]

Carrier Name Phase Specific Energy Energy Density
(MJ/kg) (MJ/L)

Ca(NH;)sCly Solid 11.76 13.8
Mg(NH3)sCl> Solid 11.01 13.08

NH3 Liquid 12.5 12.96

H, Liquid 120 8.52

Mg2NiH4 Solid 3.06 4.8

LaNisHg Solid 1.64 4.32

NaAlH,4 Solid 4.2 3.12

H (200 bar) Gas 2 1.68

Another class of hydrogen storage compounds isbtirehydrides. These
solid state storage compounds can be reformediecamposition reactor to produce
H, like the metal ammines or they can be used dyécth fuel cell when placed in
an aqueous solution. The metal ammine salts amergy lighter in weight than
metal hydrides. Ponce de Leon et al. wrote a veaé progress being made and
challenges to consider for these direct borohydridel cells in 2006 [23].

Borohydrides produce higher open circuit voltagieant methanol and can attain
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similar power densities at lower operating tempees. A recent review of hydrogen
storage carriers [24] included borohydrides and maned them with nitrogen based
hydrides. It also found that sodium and lithiunrdétydrides have lower hydrogen
yields (on a gravimetric basis) than ammonia or amm borane. In 2007,
Millennial Cell Inc. was developing a hydrogen smubased on the hydrolysis of
sodium borohydride [25]. This process is exothergiving it an advantage over
ammonia and the metal ammines described aboveyst#ms study showed that a
heat exchanger could be used to recover the hedgaaimposition thereby doubling
the hydrogen production rate of their reactor t6 80PM/L. Operating temperatures
were moderate (around 150 °C) and the temperaistebdtion within the reactor
was uniform which improved fuel conversion and i@ effectiveness.

Light alcohols are of particular interest duetheir relatively high energy
densities (12-36 MJ/kg) and potential to be produtem bio-mass. Fuels like
ethanol and methanol are like borohydrides in thay can be used directly in a fuel
cell, or reformed to create,H However, using these fuels directly requiresrtiie be
in an aqueous solution which lowers the effectivergy density. These alcohols will

be discussed further in this chapter.

2.2 Reformers.

2.2.1 Ammonia

One of the earlier investigations of miniature aomm reformers was carried
out by Arana et al. at MIT [26]. The reactor ugesilicon nitride tubes in a double-u

formation that also functioned as a heat exchang&rschematic of the reactor
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geometry is presented in Figure 3. Ammonia cragkakes place in one of the tubes
while the other provides the necessary heat. Hialyst was iridium amine on
alumina and the tube length was a little less amm. Up to 97% of the ammonia
was converted to hydrogen with a thermal input & W — supplied using electric
heaters not the other tube for the purposes oéxiperiment. The authors interpreted
the high conversion to be almost 1.6 W of blased on the LHV. In a reactor that is
0.12 cnf in volume, this translates to a power density wérol3 W/cni before
accounting for the necessary auxiliary componertighvtake up the better part of
the system volume. The author noted that commodlésifor miniature “generators”
are tight fabrication and geometries, parasitiségsassociated with pumps, blowers,
and power management, and thermal losses. Insoleéin actually be bad for small
systems, depending on the conduction and convecbefficients of the insulation
and air respectively. For example, the authorswdothat adding insulation to a
channel with a radius smaller than 1 mm would iasesthermal losses by increasing
its exterior surface area. That being said, anrawvgment in performance was
expected when other improvements in thermal managemere made like vacuum
packaging and adding heat shields. Finally, thiecefof improved thermal
management will be limited if the parasitic losassociated with pumps and/or other

components are comparable to or larger than threntildosses.
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Figure 3: Schematic illustration of the suspendedibe reactor [26]. In the
fabricated device, each tube is 200m wide by ~ 480 m high. A 3-slab reactor is
shown in the figure. Reactors with up to 7 slabs he been fabricated.

Another group at MIT developed a system model @GFC operating on
ammonia. [27] The model included butane-fueled lgataburners to maintain the
SOFC’s operating temperature. The goal of the hages to maximize energy
density while meeting a specific power demand. &bthors noted that ammonia
was not fed directly to the SOFC so as not to feange amounts of NO. Yittria
stabilized zirconia (YSZ) was assumed for the etégte, nickel (Ni) +YSZ cermet
for the anode, and strontium doped lanthanum matgg@drSM) +YSZ cermet for the
cathode. Ruthenium (Ru) was used to decomposarimeonia in the reactor. The
specifications made in the model produced arould at 0.65 V. It was found that
increasing the electrolyte thickness increasedcieficy and also improved
mechanical stability. As the thickness increasesdoes the active electrochemical
surface and the current density through the elgtéralecreases, causing a reduction

in activation overpotential. Other conclusions averawn about the SOFC, which
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was the primary interest of the research. Howether,most relevant conclusion for
the purposes of this thesis was reiteration ofaleethat thermal management will be
a critical issue when designing an optimal ammdraged system. The authors
indicated that radiation shields and vacuum packogd be necessary to reduce heat
losses.

In 2004, a few publications by J.C. Ganley focusadammonia reformers
that were not coupled with any fuel cells [28-30[he first publication focused on
finding cheaper alternatives to Ru for an ammomformer catalyst [28]. The
authors argued that there are many catalytic #gtogrrelations in the literature that
are meant to encompass most types of catalyststhbaé analytical results differ
from one another. Therefore, the research focus twaevaluate each catalyst
experimentally and to determine if a single cotretacould be found that accurately
describes the performance of all of these catalyfle catalysts were deposited onto
alumina foam pellets, and the foams were usedqguaatz tube reactor. The reactor
was heated by a temperature-controlled tube furnddee results indicated that Ru
gave the highest reaction rates by far with Ninigksecond place at 61% the reaction
rate of Ru. Based on these results, Ru was selémtedl subsequent experiments.

The first of these studies considered monolitmodized alumina posts for
supporting the Ru catalyst in a microreactor [2Bhe large surface area of this array
of posts modestly increased activity compared b@iosupports while avoiding issues
like fluid bypassing (clogs), thermal non-uniforgit and mechanical
strength/stability. The results were relativelpmising in that 50 sccm of NHn a

penny-size reactor produced 46 sccm efntich translates to about 13 W of power
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in a ‘typical’ PEMFC. This is enough power to r@emall electronic devices.
Ammonia conversion decreased with flowrate andeased with temperature making
it difficult to increase power density without iea@sing operating temperature. The
authors concluded that more work needed to be dorbke reactor geometry and this
was one of the items considered in the next study.

The geometry study included a comparison of varijpost and channel-based
flow arrangements as well as various methods fariah the chemistry including
hydrothermal treatment of the supports, whethenatrto use a potassium promoter,
and changing the type of catalyst precursor [3Bimilar to the previous study, Ru
deposited on anodized alumina served as the catalyfie authors found that
channels worked better than posts and smaller etsmcreased the conversion of
ammonia. Hydrothermal treatment and potassium pters also improved
performance, and the original design for a catgbystursor, RuG) was the better
option. Incorporating all of these improvementsoirone reactor led to 99%
conversion at 600 °C and a flow rate of 0.25 scdmckvcorresponds to roughly 60
W worth of H. Given that the size of the reactor was 0.35,cihis gave a
volumetric power density of about 180 W/tmhich is quite impressive for a small
scale reformer. It was concluded that althoughrdfermer is only a part of the
entire system, it could meet or exceed the requeremof a typical portable power
applications which require approximately 20 W witli 0.5 crmivolume.

Ammonia decomposition for Hproduction was also being investigated by
researchers in Denmark [31]. One study focusedsarg porous graphite for catalyst

supports. The activity of Ru on graphite was fotmdbe orders of magnitude higher
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than Ru on alumina for the same reactor geomd®npmotion using Ba or Cs could
further enhance the performance of the reformeowévVer, high Cs loading also
lowers the required operating temperature causistgfain equilibrium back to NK
Therefore, removing either the Nidr H, during the process is necessary. The two
options suggested by the author were to dividedhetor into two stages and remove
the NH; to a second smaller, hotter reactor, or bleedimg I through a Pd
membrane thereby increasing the fraction ofsNik the reactor and causing it to
decompose. The membrane would also provide theélievith pure H fuel.

The U.S. Army has also investigated technologg#sgiammonia as fuel [32].
Hydrogen Components Inc. had their Ammonia Hydridgdrogen Generators
(AHHG) tested by the Army (CERDEC). The ammoniatisred in vapor form in a
cartridge which plugs into the lithium aluminum gt (LIAIH,4) reactor bed. The
hydride and ammonia produce t#hich is fed through a filter, or ‘getter’, to renwe
the NH; before entering the fuel cell stack. The hydrogegenerated on-demand as
it is consumed using a pressure check valve syst@ihe fuel cell is a Proton
Exchange Membrane (PEM) system by Ball Aerospatke reactor was tested at
different power demands. The system operatedystblower power levels (5W),
but 50 W demanded too much of the system. Higloevep levels led to more
unconverted ammonia leaving the reactor, saturathig ammonia getter, and
restricting hydrogen flow. At the 5W level, an emedensity of 483 W-hr/kg was
provided, and the reactor could run autonomousip@hrs. However, the reforming
system alone weighed almost 1 kg, which is mucpelathan the desired system

weight for MAVS.
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Incomplete conversion of ammonia can have mor@ggrconsequences than
simply clogging a getter. For example, Uribe stddthe effects of unreformed
ammonia on a Nafion proton exchange membrane withlyst layers prepared from
carbon supported 20% Platinum (Pt) [33]. The séle was 5 cf His results
showed that traces of ammonia in the anode cawsx@ase in cell current while
larger amounts (130 ppm) can damage the membreneeiisibly limiting operation
to only a few hours. As a result, great care nhestaken when using ammonia with
PEM cells to ensure that conversion is complete.

In summary, PEM cells coupled to hlldecomposition reactors have great
potential assuming the ammonia doesn't find its weathe PEM cell. However, the
main problem with ammonia-based systems is thateviea route is taken, direct or
indirect, there will be an extremely hot (above 8@) component in the system. As
a result, thermal management will be the criticairier to implementing miniature

NHs-based fuel cell power systems for 100 gram-scealecles.

2.2.2 Liquid hydrocarbons

Hydrocarbon fuel reformers have received much attenfor hydrogen
production. One such reformer has microchannelseach side with different
catalysts to utilize two different ethanol reformireactions at the same time [34].
Ethanol autothermal steam reforming takes placé witCo/ZnO catalyst at lower
temperatures (500 °C). The process is endothern@n the bottom side, total
oxidation of ethanol using a CuMnOx catalyst takégce, which is an exothermic
process. Thus the bottom side provides heat ferttip side reactions to occur.

Complete ethanol conversion was observed at opgregmperatures higher than 400
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°C. Hydrogen selectivity, which is the amount gtifogen atoms from the reactants
that form H, hovered around 60% for the temperatures testéthese high
selectivities amounted to a reformer efficiency’®o, or 0.9 STP mL/min of Hvas
formed from 0.36 STP mL/min of ethanol.

Ethanol can also be partially oxidized to fos tHrough catalytic combustion.
Behrens et al. investigated different operatingmeg of their reactor, focusing on
equivalence ratio of the fuel [35]. When the ethigor butanol) was combusting at a
slightly fuel rich regime, partial oxidation occuaad H was formed. The hydrogen
selectivity attained is only 18%. The catalysslarry mixture containing rhodium
(Rh) on a -Alumina coated surface, provides a cheaper altiem#o other types of
catalysts used in reforming.

Another group investigated a micro-methanol steafarmer that uses solar
energy for the endothermic reforming process [3bhe reactor was first tested with
a green (argon) light laser and achieved efficemcaround 5%. The carbon
selectivity to CO was 11%. The catalyst was made fine particles
(CuO/zZnO/alumina) that were loaded onto the surfaseg pulsed laser ablation
technology. The efficiency dropped by half whea thchnology was tested with a
simulated solar light.

A three dimensional simulation was built to stuthe teffects of operating
conditions and geometry on a methanol reformer.[Fdrameters like channel size,
flowrate and inlet/outlet configurations were vdrend tested to see if improvements
could be made on an existing reformer. The reforwigh a central inlet and two

outlets improved the methanol conversion ratio 2% (the previous design with
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the inlet and outlet on opposite sides attained%2.and decreased CO production.
Larger channel widths (0.9 mm) also improved thégomance in these areas.

In summary, the liquid hydrocarbon reformers hayeat potential in
providing a PEM fuel cell with the hydrogen it rées. These reformers, like
ammonia reformers, require high temperatures tarertsigh conversion efficiencies;
therefore thermal management will also be a chg#dewith a system that utilizes

these technologies.

2.2.3 Other types

Aluminum functions like a fuel when used to refomater to make K
Aluminum reacts with water over a catalyst prodgci and AbOsz. A group from
Samsung investigated this concept for fuel celbmekr applications [38]. An
efficiency of 78.6% with respect to the aluminunacton enthalpy was attained
when NaOH is mixed with the water and CaO promdtesaluminum. Lifetime
concerns arose during testing however, becaysedsd not produced after the first

hour of operation.

2.3 Fuel cells.

For the purposes of this thesis, a fuel cell isBnéel as a device that converts
chemical potential energy stored in fuel molecuhés electrical power by reacting it
electrochemically with oxygen in the air. A unielicgenerally consists of an
electrolyte located between two electrodes - atpesanode and a negative cathode -
as illustrated in Figure 4. Fuel is fed to thedeowhile oxidizer (air) is supplied to

the cathode. The electrolyte is impermeable tbdnd oxidizer molecules but allows
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transport of certain ionic species produced bytedebemical reactions occurring at
the electrodes The transport of the ions throdgh dlectrolyte is driven by the
difference in chemical potential between the twectbdes. The ions create an
electric potential which drives the electrons tlgloan external load. Where reaction
products are produced depends on the type of &iel 8ince the reactants (both the
fuel and oxidizer) are usually stable at normalgeratures and pressures, a catalyst
is often needed to ensure that the ionized specepresent in adequate quantities.
Catalysts are generally rare earth metals like Ptpalladium (Pd), although
researchers are constantly looking for alternative&lectrolytes can be either solid
or liquid, depending on the type of cell.

One way to classify fuel cells is based on howsfzee reformed in the cells
to species that are better suited for the partidyf@e of cell. Indirect means that the
fuel is reformed in a separate component beforeniers the fuel cell. Often the
reformate is hydrogen which is required for us@iM fuel cells. In direct fuel cells,
the reforming process occurs within the MEA. Araewle is the direct methanol
fuel cell (DMFC).

Another classification is based on how the redstamter the fuel cell. An
actively-fed fuel cell uses pumps, blowers, or famsitroduce the reactants, whereas
a passive system uses diffusive or naturally camxeeenethods like C@bubbles in
the effluent flow. Passive fuel cells may havehkigsystem efficiencies because they
have fewer parasitic processes; however they ddtdfer in other areas such as

power density and low flow rates. They also cammoee expensive to produce. For
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example, while an actively pumped DMFC requiregid@s the catalyst loading of a

PEM cell, a passively fed DMFC requires even m8&j.[

2.3.1 Proton exchange membrane fuel cells

2.3.1.1 Operating principles

Proton Exchange Membrane fuel cells are perhapsmtbst well known.
Figure 4 is a schematic of a PEM cell, with thel fbeing hydrogen and the
electrolyte being a polymer membrane, such as Na&o The reactions that take

place at the electrodes are:

Anode:H, 2H'+2¢ (2.1)
Cathode: 2H + 26 +% Oy H,0 (2.2)

- 0, (from air)
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Figure 4: Proton exchange membrane fuel cell scherie.

Because the fuel is #ithe system is carbon free and the only produavaser.

Hydrogen has a high gravimetric energy density, maduce high voltages, and is
quite diffusive so it can produce high power deesit PEM cells also operate at
relatively low temperatures and have relatively rststart-up times. The greatest
disadvantage of this type of cell is the problenswbplying and/or storing hydrogen

which has been discussed in the previous section.
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To overcome the impracticality of,Ha PEM fuel cell is often combined with
a fuel reformer. The reformer takes other typetuef and converts them to,klus
other byproducts, some of which will be CO if theelfis a hydrocarbon. Since the
anode catalyst is easily poisoned by CO, great carst be taken when reforming
hydrocarbon fuels to ensure that onlyéthters the fuel cell. The separation hardware
adds size, mass, and complexity. Water and thlemmnagement are also concerns
for PEM fuel cells. The membrane must remain higiran order to conductHons,
but cannot be flooded either. The narrow, low apeg temperature range of the cell
often requires additional components like heat ergers to be added to the system.
This increases complexity and balance of plantdess

2.3.1.2 State of the art

The state of the art in PEM fuel cells was noteeed because it was beyond
the scope of this thesis. This technology has bésn around for quite some time.
There is an extensive amount of research done pnowing this technology, yet it is
felt that little progress has been made. This ssiggthat the solution should be
looked for elsewhere. The other technologies thatpaesented occasionally provide
a comparison with Hfed PEM fuel cells as a point of reference. Thiesee been

considered sufficient for the current work.

2.3.2 Solid oxide fuel cells

2.3.2.1 Operating principles
Solid Oxide Fuel Cells (SOFC) operate at high terajures, usually above
600 °C so that ionic conduction of oxygen ions tigio the electrolyte can take place.

Whereas researchers of PEMFCs are trying to inereggrating temperatures to
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improve performance, SOFC researchers are tryingwer the temperature in order
to expand the types of materials that can be usedta reduce problems with
coefficient of thermal expansion (CTE) mismatchest tconstrain how components
can be connected to each-other without failingruthermal cycling. Complexity is
increased because means to heat the stack andlcdattemperature must be
provided. The thermal time constant of the stdsk &mits transient performance.
On the other hand, high temperature operation &ig® some very important
advantages. First, kinetics can be fast when coedpto other FC types. Second,
hydrocarbons can be directly used as fuel whicmiehtes the need for a reformer
and CO poisoning is not an issue. A schematicnoB®FC is given in Figure 5.
When methane is used as a fuel in a SOFC, thewmitpoverall reactions occur at

the electrodes:

Anode: CH, + 40° CO,+ 8¢ + 2H,0 (2.3)
Cathode: 86 + 20, 40” (2.4)

So far, the high temperature requirement has céstriapplications to relatively
large-scale stationary power. Improvements innttaérmanagement, however, could
make SOFCs more attractive for small-scale portpbleer applications.

2.3.2.2 State of the art

Solid oxide fuel cells were also considered beytra scope of this thesis,
with the exception below. This decision was made tb the concerns associated
with high temperature operation. Fournier et aldied solid oxide fuel cells using
ammonia as the fuel [40]. The objectives weredieiamine which stabilized zirconia
electrolyte performed best and to compare anodermabs. It was concluded that

among Pt, Ag, and Ni cermet anodes, Ni cermet wasrost suitable. It was also
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found that yitria stabilized zirconia electrolytpsrformed better than the calcium
type. A maximum power density of approximatelyr®//cnt was achieved at 800
°C, which is comparable to other small fuel celkidas. At high temperatures
(above 700 °C), ammonia performed better than hyeowith an 11 mW/cfn
increase in power density. This is explained kg dnders of magnitude difference
between the equilibrium constants for dissociatérH, vs. NHs, which results in

different cell potentials.

CH4- - 0, (from air)
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Figure 5: Schematic of a solid oxide fuel cell usghmethane as fuel.

2.3.3 Direct methanol or ethanol fuel cells

2.3.3.1 Operating principles

A variation on using hydrogen with a PEM fuel asllusing light alcohols
directly without a reforming process. The most ocoon fuels under consideration
for use in this way are methanol and ethanol. féighis a schematic of a direct
alcohol fuel cell, using either ethanol or methandking the fuel directly can reduce
system complexity as well as eliminate the conéermydrogen storage. These fuels

can also be produced from biomass, or “out in tle&’f sources, which could
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improve replenishment time. However, the fuel mofien be heavily diluted in
water (~10% by weight) in order to protect the elgdgte from carbon build up
which leads to poisoning of the cathode. The difutirastically reduces the effective
energy density of the entire system unless theni&atecirculated. In addition, water
recirculation carries the penalty of increasedeaystomplexity. The direct methanol
fuel cell (DMFC) suffers from two major problemdow oxidation and methanol
crossover through the membrane. Methanol crossmefers to the diffusion of
methanol through the membrane to the oppositeretietside. This can damage the
membrane and block sites intended for proton caimluc The reactions that occur at

the electrodes are:

Anode:CHOH+H,0  CO,+ 6H" + 66 (2.5)
Cathode:6H + 66+ 1.5Q,  3H,0 (2.6)

Ethanol has the following overall reactions ocduthea electrodes

Anode:C,HsOH + 3H,O 2CO+ 12H" + 12€ (2.7)
Cathode: 12H + 126+ 30, 6H,0O (2.8)

A problem with ethanol fuel cells is that ethanakislow oxidation kinetics
with Pt-based catalysts, which are typically usesdHEM fuel cell anodes. Partial
oxidation of ethanol produces acetic acid. Thigds the electron count from the
ideal case of 12 electrons per ethanol moleculenvthe products are GGnd HO
to only 4 per molecule. The power densities olafalie with ethanol have been
shown to be about 1/7 of what could be obtainedh \itdirect methanol fuel cell.
And, power densities of alcohol-based fuel cellee aften an order of magnitude

smaller than a PEM cell running on purg[#].
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Figure 6: Schematic of an acidic-based direct alcath fuel cell using either
methanol or ethanol for fuel.

2.3.3.2 State of the art

A study was conducted in 2006 to investigate thdopmance of a passive
direct methanol fuel cell under different operaticgnditions. The effects of fuel
concentration, catalyst loading, membrane thicknesssctant supply mode, and long
term operation were investigated [39]. The maximuower density of 45 mW/cm
was achieved with 5 M methanol and a catalyst logdif 8 mg/crh. The methanol
concentration associated with maximum power wasidoio be higher in a passive
cell than in an active one. This is because slonass transport in passive cells leads
to higher cell temperature because less heat ieedaaway by the reactant supply
flow. The higher temperature leads to higher kinedtes at the anode and cathode.
However, it is noted that methanol crossover mustréduced and fuel feed
concentration must be increased in order to achaeeeptable system-level energy

and power densities.
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Kim, in 2006, considered a vapor fed passive fudl where the pure
methanol is vaporized before it enters the ano@. [4.iquid fed passive DMFCs
have higher methanol crossover than vapor fed DMMBQOs achieve better power
densities because of higher catalytic activity amater back diffusion from the
cathode that helps maintain anode humidity. Thédmngatalytic activity was due to
higher operating temperatures caused by greatehamef crossover; however,
performance degradation was observed after a femsholhe authors found that the
vapor fed system had a higher fuel efficiency at agenergy density, compared to a
liquid fed system. The power density of the membravas around 30 mW/ém
Similar conclusions were reported by a differemugr, although their power densities
for a passively fed system were in the tens of ni¥{@3]. The author of this study
also noted that passive approaches improve systiicierecy, durability and
reliability, and that a planar serial connectiomigre desirable than stack geometry.

A study by Ye et al. investigated a methanol fuell criven by natural
circulation [44]. This involved using the buoyanayCQO, gas produced at the anode
to draw in fresh reactants instead of a pump. dimdors found that longer inlet
tubes improved performance but limited applicapift small scales. For example,
power densities in the range of 30 mWcane achievable but require an inlet tube
length of 2.4 m. A convenient aspect of this ageanent was that the feed flow rate
increased naturally with current density which nsedhat this DMFC was self-
regulating and could operate in a load-on-demandemo

Another variation on the direct methanol fuel delolved using carbon

nanotubes as supports for the Pt/Ru catalyst [#5hower density of 62 mW/chat
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60 °C was achieved using pure oxygen at the cathdtie power density was about
20 mW/cnf lower using regular carbon supports. Even thopetiormance would
be lower using air at the cathode, it appeareddéwdion nanotubes could increase the
performance of other DMFC designs that have achkiévgh performance using air.

The catalyst isn’t the only component within thdl deat could benefit from
the use of nanomaterials. Nanocomposite membitzenes also been considered for
use in DMFCs [46]. They are less expensive thaiioN#&® and allow less crossover
and better proton conduction. While this studyue on the characterization of the
membrane, the authors did conduct a performancepapson test. At lower
concentrations, the membrane performed worse then dtandard Nafion ®
membrane. At a concentration of 5 M methanol hakethe nanocomposite
membrane performed better. At 90 °C, a power der$il25 mW/cm was attained
with oxygen as the oxidizer. It was not clear wieetiihe membrane could be operated
at higher fuel concentrations and the degree tehvtiie higher performance is due to
the high temperature and purg &xidizer. However, the results are promising and
confirm the belief of many researchers that chajpgire membrane could increase
performance.

Tain et al. in 2008 attempted to improve the penfmnce of a Nafion®
membrane by impregnating it with a poly(1-vinyliragble)/Pd composite [47]. The
modification improved performance at lower tempemas mostly by decreasing
methanol crossover. At 80 °C however, crossoveraine problematic again. At 5

M fuel concentration, a maximum power density afthl30 m\W/crhwas achieved
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using oxygen as the oxidizer. This seems to beimaprovement over the
nanocomposite membrane.

Another study to note used a combination of catatgmted membranes
(CCM) and catalyst coated substrates (CCS) foelbetrodes [48]. The combination
of the CCM anode and CCS cathode performed bditer having both electrodes of
the same type. One reason was that there wasulglssrossover. The authors also
showed how temperature can have a substantiak effepower density. The mixed
system produced 130 mW/érat 70 °C but decreased down to around 80 m\&/&m
50 °C. The oxidizer was air and not purg @nd the results show this mixed coating
technique could be a promising idea for DMFCs.

The last study considered for direct methanol fiedls focused on how the
cathode channel depth could change the performainttee cell [49]. Hwang et al.
found that changing this geometric parameter hadigaificant impact on the
performance because it changed the linear veloaity the internal pressure
distribution. Decreasing the depth from 1 mm t8 6m could increase power
densities by approximately 20 mW/&mThe pressure drop and linear velocities were
calculated and simulated with CFD software to aomfihne cause for the increase in
power density. Increasing the internal pressuceessed performance - most likely
because of the increase of oxygen partial pressdige maximum power density
achieved at 80 °C was an impressive 140 m\§/anvalue that makes this study
stand out among the DMFC technologies investigated.

In 2006, an anode study was performed for a DERE dbmbined tin with a

ruthenium/ platinum catalyst [50]. The fuel celbguced 50 mW/cimwith an OCV
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of 0.75 V that was stable over many days. Thein&rdvas pure oxygen like another
ethanol study. This DEFC study used a double layerde catalyst using a Pt/Sn
mixture for the outer layer, and Pt/Ru for the intager. At 90 °C, power densities
around 90 mW/chwere achieved. [51]

Another study investigated the user@nowires as the electrolyte integrated
on a silicon substrate of a micro fuel cell [52heTwires are Nafion/poly(vinyl
pyrrolidone) (PVP). The catalysts were PtRu/C amC,Pand the fuel tested was
methanol with air as the oxidant. A single 2.1 nmceter diameter wire produced
1.54 pyW. While this power level is very small, oomuld increase the number of
wires (the author gives 1@vires as an example) in stacks of 10’s. The autlms
that in a space of 7cm x 2cm x 2cm, one could f#naall fuel cell assembly that
would be capable of powering portable electronsiahss.

In summary, direct fuel cells using alcohols Iikethanol and ethanol seem to
provide a promising combination of performance, @ioity, and compactness.
Without the need of a reformer or high temperatéioe®peration, the direct alcohol
fuel cell system appears to be an attractive opteynpowering small, electronic

platforms used by the warfighter.

2.3.4 Alkaline fuel cells

2.3.4.1 Operating principles

Alkaline fuel cells (AFCs) have been used since 1B60’s in spacecraft to
generate power for the vehicle and to generatekidgnwater for the astronauts.
Alkaline fuel cells have several advantages. Fih& kinetics of oxygen reduction in

an alkaline media is faster than those in an acikclia (PEM). Second, a wider
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variety of catalysts may be used for AFCs, makimgnt less costly. [53] Third, a
variety of fuels may be used (including alcohols) like the direct methanol/ethanol
PEM fuel cells, dilution of the fuel is requiredFCs require higher levels of dilution
due to the fact that many alkaline cells use aidicglectrolyte that flows with the
fuel. They also require pure air and can be paddry CQ, which is why they have
been mostly used in spacecraft applications whare pb and Q are available. A
portable terrestrial device would require additionardware to separate the €@
the air and so would be more complex than otheedypf FCs. However, the
crossover in an alkaline methanol fuel cell is lowlan in acidic media, perhaps
making higher flow rates more feasible [54]. Fmuris a schematic of an alkaline
fuel cell using methanol, ethanol, or sodium bodiide (NaBH4) as fuel. The

overall reactions that occur on the electrodesadlkaline methanol fuel cell are

Anode: CH;OH + 60H  CO,+ 5HO+ 6e (2.9)
Cathode: 6e + 3HO + 1.5Q 60H (2.10)

And for ethanol:

Anode:C,HsOH + 20H  CH3CHO+ 2H,0+ 2¢ (2.11)
Cathode: 2e + H,O + 0.5Q 20H (2.12)

And for sodium borohydride:

AnodeNaBH; +80H NaBQO+ 6H,O+ 8e (2.13)
Cathode:8e + 4H,0 + 2 80H (2.14)
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Figure 7: Direct alkaline fuel cell using methanol, ethanol or sodium
borohydride as fuel.

2.3.4.2 State of the art

A feasibility study was performed in 2003 to deterenif methanol and
perhaps other non-traditional fuels could be usedalkaline fuel cells [55]. A
comparison was then made between the alkalinecklebnd its acidic counterpart,
the direct methanol fuel cell. They pointed that an alkaline equivalent to Nafion
has not become available as yet in that an alkatiembrane still requires the fuel in
its aqueous solution to be at least slightly atl@lio perform as well or better than
DMFCs. The authors found that as the voltage as®d as the operating temperature
increased. However, higher temperatures can degeadi damage the alkaline
membranes just as is the case with acidic membrardewever, alkaline media with
pH > 7 are great for oxygen reduction, and methaaal be fully oxidized to CO
Therefore, the authors concluded that an alkalharatl fuel cell would be feasible if
improved membranes were developed. The improvenmaasssary included higher
conductivity and stability at higher temperaturd$e author noted that new catalysts

and alternative fuels were also worth looking into.
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An alkali fuel cell capable of operating on mukigypes of fuels was built
and tested by Verma et al. in 2005. [56] The fuel an successfully on aqueous
solutions of methanol, ethanol, or sodium borohyelri At room temperature, the
sodium borohydride performed the best both in teomsurrent density and power
density, but the maximum power density was lowkjrepat only 16.5 mW/cf At
a higher temperature (60 °C), the methanol cellfopered better achieving a
maximum power density of 31.5 mW/émSodium borohydride was slightly lower
due to the loss of Hvia hydrolysis. At both temperatures, the opewouii voltage
(OCV) of sodium borohydride was the highest offadils.

Next, the same authors performed an anode studparomg the performance
of this multi-fuel cell with Pt black, Pt/Ru, or/Btanode catalysts. [53] The catalyst
loading was also varied for comparison. An impart@roblem with methanol
operation is that the electrolyte reacts with cardmxide produced on the anode and
is gradually consumed. The proposed solution weasetycle the electrolyte to
remove the carbonate, and to periodically rechangie fresh KOH. However, this
would lead to a larger system. Ethanol does nate hthis problem because
acetaldehyde is generated instead of,.C®or both methanol and ethanol, it was
found that Pt/Ru was the best catalyst but onlghdlly. Ruthenium is not the most
active catalyst for these particular fuels, buernthances activity by supplying OH
species to aid in the oxidation of adsorbed C@®& dlso reasonably CO tolerant. The
use of Ruthenium increases the power density fréh86lto 15.8 mW/c for

methanol and from 11.42 to 16 mW/cfor ethanol. The performance of the sodium
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borohydride cell varied little with catalyst loadimand type; the typical power density
was 20 mW/crhusing Pt black.

A mathematical model of this cell was also credted. Because of the
nature of the study, more details were given onréaetion mechanisms and kinetics
than the other two papers. These details will m®tcovered here; however it is
worthwhile to note a few items. The activation gpagential is more significant at
the anode than the cathode with this alkaline goméition. The authors found that
there is an optimal electrolyte concentration amak increasing fuel concentration
above 2 M did not improve performance. Cell vodtatid increase with temperature
for the alcohols, but the increase in temperatoweets the performance of a sodium
borohydride cell. This study quoted a power densft2.5 mW/cr for NaBH; at
room temperature, while the methanol and ethanotimans produced 24.3 and
14.5 mW/cn at 65°C, respectively.

Bunazawa and Yamazaki studied the effect of néglg@n alkaline in the
fuel solution with an alkaline fuel cell [58]. Thi#ference in adding 0.5 M NaOH to
the 1 M methanol agueous solution increased theepalensity by an order of
magnitude to 58.9 mW/cmThe operating temperature was 80 °C and purev&
used as the oxidizer. A different direct alkalmethanol fuel cell built by Scott et al.
performed even worse using oxygen, but the temperatas at 60 °C [54]. The
power density was given as 16 mWfcamd around 6 mW/ctrwhen air was used as
the oxidizer at near ambient conditions.

Yang et al. looked into improving methanol alkelifuel cells by using a

composite polymer membrane [59]. The membrane,chvhivas poly(vinyl
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alcohol)/hydroxyapatite (PVA/HAP), was tested usiag 8 M KOH and 2 M
methanol solution. Using air at the cathode atiantlconditions, a power density of
11.48 mW/cm was achieved. The authors noted that this iseatgmprovement
over other alkaline DMFC results because the mengbia less expensive than
Nafion ®, and the manganese cathode catalyst vgasleds expensive than precious
metals like platinum. Yang et al. also tested ay(vatyl alcohol)/titanium oxide
(PVA/TIO2) membrane [60]. The KOH concentrationtbé electrolyte solute was
lowered to 4 M due to better alcohol solubility that solution. Ethanol and
isopropanol were also tested but methanol perforthedest due to its higher open
circuit voltage. Methanol produced a power densft9.25 mW/cri. While this is a
somewhat lower performance than that of the PVA/HA®Mbrane, the PVA/TIO2
membrane required half as much KOH solute. Theeefib is difficult to tell which
of the composite membranes is actually better.

Another alkaline-methanol study used the ideaofihar, parallel flow of the
anode and cathode streams. Laminar flow, when auedbiwith microfluidic
geometry, can be used to create a barrier betweerrdactants within a single
channel while still allowing ionic transport to talplace. This design removes the
necessity of a membrane [61, 62]. The authorsddbat when comparing alkaline
and acidic fuel mixtures, alkaline mixtures genedatigher OCV and power density.
The power density of the 1 M methanol with 1 M K@slution at room temperature
was 17.2 mW/c and the OCV was 1.05 V. It was concluded that bietter
performance of the alkaline mixture over acidic taies stemmed mainly from lower

anode overpotentials and improved kinetics of methaxidation and/or oxygen
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reduction. Another feature of the design was #idtough carbonates were formed
like in traditional alkaline fuel cells, they weveashed away with the flow because
there were no membrane pores to clog.

Hayes et al. investigated a similar geometry, mcl the oxidant enters the
fuel cell orthogonally from the plane of reactaltwf through the electrodes [63].
The orthogonal flow convects the effluents forwaadd like above, a membrane is
not required. Instead the fuel is reduced andige$ into an empty gap between the
electrodes where it reacts with the oxidizer atdhthode to form the final products.
This design focuses on optimization of the fuel aadalysts, not on membrane
limitations. There are limitations with this desjgsuch as lower fuel utilization
caused by channel length constraints. The desamtested with Hand methanol in
an alkaline aqueous solution, using &3 the oxidizer. With .01 M methanolin 1 M
KOH at 90 °C, a power density of 46 mW/fcmas achieved. Similar power densities
were claimed using Has fuel. That is a fairly low power density farch a high
temperature and is probably due to the low cona&atr of fuel. The fuel utilization
at this maximum power density was near 42% meathiagmore than half of the fuel
is wasted.

In 2007, Tsivadze et aperformed a catalyst study using ethanol as the fue
and NaOH as the electrolyte in the solution [6%he fuel solution was 2 M ethanol
and 6 M NaOH. The catalyst that performed the st cobalt based giving a
power density of about 40 mW/érat 60 °C. This is more than double the power
density Scott et al. achieved using methanol amd @ Another ethanol study by a

different group attained a maximum power density 58 mW/cnf at ambient
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conditions but it was achieved using puread the oxidizer. The fuel solution was 1
M ethanol and 0.5 M KOH [41].

In summary, alkaline fuel cells consuming alcohotssodium borohydride
appear to be reasonable alternatives to directstygpe PEM cells with external
reformers. The fuel crossover in an alkaline fuel is lower than its direct, acidic
counterpart and similar power densities are achievaHowever, means must be
provided for recirculating the water/alkaline fuggrrier solution in order to achieve
reasonable system-level energy density. The niéggesdsCO, removal remains a

logistic challenge.

2.3.50ther fuel cells

2.3.5.1 Proton Conducting Ammonia Fuel Cell

Maffei et al.in 2005 reported a planar ammonia fuel cell witlpraton
conducting electrolyte: BaCgQloubly doped with gadolinium and praseodymium
[65]. The fuel was switched between hydrogen amdnania over a 96 hour time
period, and it was found that there was little detation in performance. In other
words, the ammonia performed just as well as tligdgen, although power densities
using either fuel were somewhat low (30-40 mWicfar high temperature fuel cells.
The special doping did help performance, but thigelahickness of the electrolyte
resulted in a relatively low current density. Taévantage of proton conducting
electrolytes over oxide types is that no ,NiOrmation occurs. This was confirmed
using gas chromatography on the products. Zharay. etere able to achieve much
higher power densities (147 mW/®musing thinner, slightly differently doped

electrolytes layers [66]. While pure oxygen wasduas the oxidizer, the high open
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circuit voltage and current densities still showagrpotential for a proton conducting
ammonia fuel cell.

2.3.5.2 Molten Alkaline Fuel Cell

Ganley reported results from a molten alkaline tijysd cell using ammonia
directly as the fuel [67]. The nickel cathode hade doped with lithium to prevent
polarization or deactivation. He found that ohhogses are significant, even with the
doping, and that the potential dropped as the tesyp® increased. The maximum
power density of the membrane was 40 mW/ait450 °C. It was concluded that if
the electrodes were placed closer together (they we 2 cm distance) and their
surface area were increased, higher performancé&vbeuachieved. While the ability
to use ammonia directly (i.e. without a separatéorneer) is promising, the
40mW/cnf is relatively low for a high temperature fuel cell

2.3.5.3 Direct Formic Acid Fuel Cell

Most of the literature that was collected on direetnic acid (HCQH) fuel
cells originates from Dr. Richard Masel's reseagtbup from the University of
lllinois at Urbana-Champaign, as well as his pagneDirect formic acid fuel cells
(DFAFCs) are similar to other direct types usingraformer but directly oxidizing
the formic acid at the anode of a PEM fuel celbrriric acid in its natural state is
found in the venom of bees and ant stings, buuss in the chemical industry
include being a preservative for livestock haywadl as a food additive that has been
approved by the U.S. Food and Drug AdministratieDA) [68].

Dr. Masel and his group started investigatingriicracid fuel cells around

the turn of the century, with high expectations tmeertain properties of the acid.
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Reduced surface poisoning reactions were also &ghed he theoretical open circuit
voltage of formic acid is 1.45 V - a great improwvarh over other direct fuels like
methanol. With their first attempt, however, an\O@f only 0.7 V was attained [68].
The anode catalyst was Pt with noble metal addifivehich was used to ensure
minimal amounts of CO were produced. The cell araa 5 cmhand Nafion 117 was
used as the membrane. Electrodes were made fraphitgg blocks. The optimal
feed concentration was in the range of 10-20 M.loBethis range there was a
limitation due to mass transport, and above thgeatehydration of the membrane
was the probable cause. The formic acid fuelwa$f shown to excel compared to an
in-house direct methanol fuel cell. Operating .4t\9, the DFAFC at 12 M reached a
power density of 48.8 mW/chtompared to 1 M methanol producing 32 m\Wcm
Methanol did have a higher maximum power densityla2 mW/cm. Lastly it was
found that DFAFCs were not dominated by fuel cressolosses like DMFCs
because the sulfur within the membrane repels tmmi€ acid. This was later
confirmed by the team in a study specifically obsey fuel crossover through a
Nafion membrane [69].

Shortly following this initial study, another studpoked into different
variations of Pt for the anode catalyst [70]. WRh alone as the baseline, the
variations included adding palladium or palladiunthwuthenium. Pt/Pd catalyst's
catalytic reactivity outperformed the other twotlwp orders of magnitude. A current
density of 1 pA/crhat 0.27 V was attained. Another advantage ofdPw@s that it
favored the production of carbon dioxide directlylike the other catalysts that made

CO in an intermediate stage.
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Instead of comparing ruthenium on palladium, aarakte study was done to
compare Pt/Pd with Pt/Ru, a popular catalyst fal ftells like DMFCs [71]. The
OCV was found to have a strong dependence on tlaéyst Pt/Pd had an OCV of
0.91 V compared to Pt/Ru which had an OCV of 0.59 Mowever, the voltage
dropped relatively quickly with increasing currel@nsity with the Pt/Pd catalyst. In
consequence, at high voltages (>0.5 V) Pt/Pd wad#tter choice, whereas at low
voltages Pt/Ru produced a higher power density.foktimately, Pt/Ru favors the
production of CO, which makes Pt/Pd a better catdidor electro-oxidation of
formic acid. The authors also noted that the reiagof Pt/Pd was not nearly as high
as the previous study and the cause was unknove. atlithors hypothesize that the
process by which the catalyst is made and deposittk the noticeable difference.
A kinetic study was also performed to confirm titPd performs better than Pt
black, and that the former catalyst is CO tole{Z&i.

Pre-treatment of the anode was also considereds ddmditioning process
lowers the cell resistance, thus increasing theeatir [73] Typically for a DMFC,
hydrogen is used as the conditioner, but with forawid, it was found that methanol
had a positive effect, and hydrogen actually hagative effect. The authors were
unsure why conditioning with methanol increasespgbheer density, but they were
sure that the conditioning is only beneficial ifoad is being applied simultaneously.
Loading can cause pore alignment within the Nafieembrane, so that may have
been the cause for the increased performance.cdmitioning provided an increase

of power density (through improved current densitfy33 mW/cni to 119 mW/cr.
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Following these advancements, a passive miniaiut@eathing direct formic
acid fuel cell was built and tested. [74] Intenegly, no methanol conditioning was
used, and the anode catalyst was Pt. Perhapsthe/as being tested before the
previous insights had surfaced. The size of tleédall was 2 cm x 2.4 cm x 1.4 cm,
and the cell operated at room temperature. Oxydgsma treated carbon cloth had
the best performance when compared to other clotinsidered. The maximum
power density achieved was 33 mWfcrand the cell ran better at lower
concentrations between 1.8-10 M. This rangewsetahan the range quoted for the
actively pumped fuel cell from before [67], and #nghors felt that dehydration was
the limiting factor for achieving higher concentoas. Regardless, the effective
energy density of a 10 M solution of formic acidhigher than 2 M of methanol,
which the authors claim as the upper limit of eaelpectively. A similar study was
also performed on an actively pumped system, whene of the recent findings were
implemented [75]. A comparison with a stack ruignon methanol was made, and
the results re-affirmed the advantages of formid.ad®ower densities using formic
acid as the fuel achieved were 84 and 110 mWfom18 and 30 °C, respectively,
while methanol attained 45 and 67 mWfcat those temperatures. These higher
power densities were attributed to the higher cotraéons at which formic acid can
run.

Another passive formic acid fuel cell system wagltband tested slightly
later, this time with a Pd black anode and no diooning [76]. The concentration
range that was tested increased to 12 M with satisfy results. The passive cell at

10 M concentration could attain a power density & mW/cni at 0.53 V at ambient
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temperatures. According to the authors, this ssgmthe best current passive DMFC
technologies. Because the fuel cell was passivealy the mass transport through the
cathode was considered the limiting factor of penfance.

Because the Pt/Pd catalyst performed well in previ@search, the group next
investigated an anode catalyst that was purelyaéialn [77]. Formic acid was also
used as the pre-conditioner. The concentratidorafic acid in the aqueous solution
was varied, including concentrations which werehbigthan typical for alcohols in
direct fuel cells (3-20 M). Performance increasadstantially. The fuel cell
generated power densities between 230 and 255 m¥étwoltages between 0.4-0.5
V within the concentration range of 3-15 M at 20.°CThis impressive
accomplishment is compared with methanol (50 m\W)cand hydrogen (320
mW/cnf) at room temperature. When the temperature waeased, the power
density also increased, such as 375 m\f/atrb0 °C. A concentration of 20 M did
produce good results (110 mW/tmt room temperature) but not as well as lower
concentrations. Thus it was assumed that thisasdtkeaking point for the hydration
of formic acid. Decay in performance after sevdralirs was reported, but it was
proposed that anode polarization would restoreopexdince after such extended use.

In order to overcome this decay, the researchessstigated supports to use
with the palladium [78]. Many metals were consetkrand it was found that a few
could stabilize the activity, vanadia (V) being thest option. The electric current
produced per mass of precious metals for Pd-V wasl&rs of magnitude higher than
a typical Pt/Ru catalyst. Other materials wereestigated including carbon. The

study confirmed previous findings that carbon wasern‘efficient” in that it could
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reach power levels with lower amounts of catalyst; the power densities (with
respect to surface area) were lower than thoseinglstawith Pd black as the
catalyst/support. The authors expressed hope, yewthat this weakness could be
improved with future research, thus making the lgateefficient and power dense.
Gold was also mentioned as an option to improvettieity of the anode. [79, 80]
Formic acid was also considered as a fuel for nsglicon based micro fuel
cells, for chip-scale uses [81]. The silicon washed with sulfuric acid for the
membrane, giving a thickness of less than 100 mgralhe etched silicon is used as
the electrolyte because Nafion is difficult andslesbust when bonding to the silicon
substrate. In some cases, the silicon membrandilghér proton conductivity and
lower crossover leading to better performance thawafion membrane. On a per
unit area basis (because these membranes arerttivameNafion), only the lowest
anodization current density sample (20 mAfrmas lower in proton conductivity.
Two identical silicon MEAs were later tested, andifference of 10 mW/ctm
was observed between the two maximum power desdBi2]. In addition to this
discrepancy in reproducibility, both cases showeghdr crossover than Nafion.
Doping the fuel with sulfuric acid was necessaratbieve desirable power densities
of about 30 mW/cth Improvements were made to the fuel cell to inseea
performance consistently, including alterations ttee substrate and structure,
insulating materials, and catalyst layers [83]. Sh@mprovements increased proton
conductivity and transport while reducing crossowetriple the power density to 94
mW/cnf. The fuel was still doped with sulfuric acid, hewer. More specific

reasons for the increase in performance were atétbto how the substrate was dry-
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etched, adding gold palladium to the catalyst layand removing titania
nanoparticles from the design that were previodsigosited between the membrane
and anode catalyst [84]. These results show a mupstantial potential for formic
acid fuel cells in micro power applications.

The Korean Institute of Science and Technologyt lauformic acid fuel cell
system to power a laptop computer [85]. It wasaaksbf 15 cells that could provide
30W with a power density of 60mW/ém The entire system was 1440 %and 1.8
kg, including the stack, a full fuel tank, tubire,mini pump, a mini compressor, 3
cooling fans, a small battery, and a power conuiitig control board. This system is
quite large compared to a typical 12 V laptop bgitteat is 95 criiin size and weighs
only 0.16 kg. The mini pump and compressor rurthenbattery, making it a hybrid
system. Platinum was used as the catalyst anebiNafi5 ® as the membrane. The
highest efficiency attained was 23%, which decréasethe fuel flow rate increased.
However, it should be noted that this efficiencysvedtained at a concentration of 11
M (50%wt) so lowering the concentration might havgroved performance. After
three months of operation, performance was redhaoedtill stable.

After this extensive study of direct formic acideficells, it was determined
that the advantages of these systems do not outweeysafety concerns associated
with formic acid itself. While it is used for pmwvatives and food additives, the acid
itself can cause severe burns to skin and eye®n &vthe vapor phase - and the
recommended maximum exposure is 5 PPM. Higher esdrations, which most
researchers used in these studies, can be corrosivause blindness similar to

methanol poisoning. Also, the formic acid fuelleedhowed stability concerns after
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many hours, requiring a type of recharge for thel foell to achieve optimal
performance. Therefore, the formic acid fuel eedls not believed to be a viable
replacement for batteries in miniature autonomgsgesns.

2.3.5.4 Non-conventional fuel cells

L-ascorbic acid, more commonly known as vitaminw@s considered by a
group in Japan as a possible fuel. Various catlyere tested, and one test case
included no catalyst, just carbon cloth [86]. Thel cell did function without a metal
catalyst, although the performance was worse thast of the catalysts tested. The
theoretical OCV for L-ascorbic acid is 0.758 V, lagtual OCVs varied between 0.5
and 0.6 V. The cell area was 10 Tnand the experiment was run at room
temperature with air at the cathode. The overpatleaf L-ascorbic acid oxidation
was relatively small, as was the crossover. Abcentration of 1 M, Pd gave the
best power density at 6 mW/émcompared to the 2.3 mW/énattained with the
anode absent of a metal catalyst. A later studycatedd improvement in the L-
ascorbic acid cell, citing 15 mW/émsing carbon black at the anode [87]. However,
the oxidant was oxygen, which makes a proper coisgarwith previous results
difficult.

Another design uses nuclear power to drive a cléseo system. kKand Q
are formed from water using the decay energy @fd#oisotope [88]. As long as the
isotope is active, the products of the fuel cadlumply the system with reactants. The
fuel cell uses an alkaline-based electrolyte. ddtalysts are silver at the cathode and
platinum at the anode. The author mentions theskihroughs in thermal insulation

design would be necessary if small sizes are dksifde goal was to achieve 10 mW
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in a volume of 1 cry) but the current design produced only 0.45 mWhwéh

efficiency quoted between 10 and 20%.

2.4 Summatry.

Pure hydrogen would be an ideal fuel for fuelgedlbsent storage and safety
issues. Other forms of hydrogen storage, suchnamamia, metal ammines and
borohydrides provide safer alternatives at the egpe of complexity (because
reforming is required) and energy density. Fo@ldistand out as alternatives to pure
H,: ethanol, methanol, ammonia, and sodium borohgdridhe alcohol-based fuel
cells can also be separated into two categoridisaliree and acidic. Table 2 provides
some highlighted fuel cell technologies discussethis chapter. Each fuel and type
has its advantages and disadvantages. Fuel ceyssoan alkaline fuel cell is less
than in an acidic fuel cell. DEFCs show poor perfance compared to DMFCs
because of higher overpotentials of ethanol oxulasit low temperatures. Ammonia
is carbon free and is not required to be dilutediater for use, but high temperatures
are required for direct or indirect fuel cell opawa. However, no technology clearly
stands out over another. Therefore a more detadlekling system is required to
determine which type of fuel cell system is begtesufor powering the miniature
autonomous systems described in Chapter 1. Thiiseewdeveloped and discussed
in the next chapter. Finally, tables summariziigofthe fuel cells considered when

preparing this chapter and their defining feataespresented in Appendix B.
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Table 2: Sample fuel cell technologies

Max Power Temp. | Ref
Type Ox. Catalyst(s) Density °C) ' "
(mW/cm?) (

Direct Methanol air | A: Pt/Ru, C: Pt 140 80 [49
Alkaline Methanol air | A: Pt/Ru, C: MnQ@ 11.48 25 [59]
Direct Ethanol 0O, | A:Pt-Sn-Ru/C 50 80 [50
Alkaline Ethanol air | A:Pt, C: MnQ 16 25 [53]
Alkaline Borohydride |air | A: Pt, C: MnQ 22.5 25 [57]
Direct Ammonia 0O, | A CaysGy0; ¢ 147 600 | [66]
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Chapter 3: Survey Results.

The literature review provided key insights intarent fuel cell technologies,
and what advantages and disadvantages are asdouwvdte them. In order to
determine which technology would be the best catdidor the U.S. Army’'s CTA
objectives, a scoring system to rank these teclyedois developed. This semi-

guantitative methodology is presented as well agdbults.

3.1 Categories for consideration.

The first category for the scoring process is ppshthe most apparent when
reading the literature: the energy density of thel.f This quantitative value, being
the amount of energy stored in the fuel per uniti@ or mass, depends on nothing
more than what type of fuel is being used. Powamsdy is also a quantitative
category of interest that is generally not diffictd find for each particular case
considered. For most fuel cell MEA research, tbegqr density is the foremost result
of the experimental study or modeling. Anotheegaty of interest is the operating
temperature. One of the concerns of utilizing mekers and ammonia-based FCs is
high operating temperature and the effect it cdwdgle on the vehicle system. In
order to minimize extra weight and volume necesfaryhermal isolation, as well as
ensuring that the fuel cell stack would not mehestelectronics on the platform,
lower temperatures are more desirable. Oxidizee ig another category of interest.
As was discussed in chapter two, many researcisexst air for the oxidizer, but some

used pure ©for the experiment. This can have important raratfons on the results
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given, especially if the fuel cell is alkaline. &F are CQ intolerant and would
require increased system complexity when runningaiorto remove the unwanted
constituent. Conversion efficiency, or how muclelfwas converted into useful
power, is another category. This value was notbdoas often as the power density of
the fuel cell so estimates are made when a speauificber was not published. The
basis for these estimates is described in thevilig section. System simplicity is
based on a qualitative assessment of the balanpéaof. The more complex the
system appeared, as far as what type of compoitecwsitained and how many of

them, the lower the score it received.

3.2 Conversion efficiency.

Efficiency in a fuel cell system is generally beokinto three parts: The
reforming efficiency, the fuel cell efficiency, atioe balance of plant efficiency. The
reforming efficiency is a measure of how effectwlie chemical potential energy in
the original fuel is converted to chemical potengiaergy in the fuel of choice which

is usually H:

— I’nref href

A
T mQ

(3.1)

In Eq. 3.1,m is the mass flow rate aridis the heat of combustion. The subscripts
andref refer to the fuel entering the reformer and refaten respectively. Efficiency
in a fuel cell is a measured by the amount of al=adt power the cells produce

divided by the power brought into the cells via teformate:
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n \Y;
hFC — ceIIsAceII cell (32)
m_.h

ref ' 'ref

wherengs is the number of cells in the stadg is the cross sectional areas the

current density, an¥.e is the voltage the cell operates at. Lastly, hatance of
plant efficiency takes into account the parasitissesW, ., due to the components

necessary for functionality:

h — nceIIs'AkelllvceII B Vvlost
BOP V
r]cells'A\:elll cell

(3.3)

The overall thermodynamic efficiency is the produst the previous three

efficiencies:

rnfef hfef ncells’A\:eIIi\/cell nceIIs'A?:ellivcell B VVIost
mn Qr I’nref href rlcellsp\:elll\/cell

Py = Neplehgop = (3.4)
This methodology is used to find the conversioncefhcies of the systems chosen
for consideration. When values for certain pai@atisses (like pumps, blowers, and
power conditioning) were not provided in the teedtimates were made based upon
previous experience using these components. Tfeetwe’ energy density of a fuel
is the product of the overall thermodynamic efiindg of the cell with the fuel's

heating value:

heff,sys = hthQr (35)
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Eg. 3.5 also shows how using an energy dense aglittle advantage if the overall
conversion efficiency is low. Table 3 summarizies efficiencies of three fuel cell
systems each of which utilizes a different fual.ebch case, the reforming efficiency
is unity because the original fuel is used direatlythe fuel cells. The last two

columns show how these efficiencies affect theotiffe energy density of the fuel.

Table 3: Conversion Efficiency and Effective Energypensity

h; Eff. h
System FP FC BOP | (K J|/ng) (kJ /gs)ys
Direct NaBH, AFC with
2M solution feed and 33.5 9.05

water recycling. 1.00 | 0.46| 0.61 0.21

NaBH, without recycling 7.62 2.06

Direct Methanol FC

with 2M solution feed 1.00 | 0.38]| 0.71 0.28 21.1 5.91

Ammonia PCFC

with high-T membrane 1.00 | 0.50| 0.74] 0.37 18.8 6.96

3.3 Scaling methodology.

First the categories are assigned weights prapati to their relative
importance. The values of the weights reflect ththar’'s personal assessments of
what was important in a micro UAV application. Bathergy density and conversion
efficiency receive the highest weights of fiveight of the conclusions of Figure 1 in
Chapter 1 and Eg. 3.5 above. Oxidizer is assigneetight of four, to capture the
very unrealistic possibility of using pure.@verall simplicity is also given a weight
of four because complexity is something that shob&l minimized to ensure

reliability. Operating temperature is assignedeagit of three, and power density a
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weight of two. Power density is lower on the sdadeause the fuel cell membrane is
not the direct object of improvement per se; ratihas the power density of the
system as a whole.

A score between zero and one is assigned to eabindlogy considered for
each category, based on the following qualificatioifhe score for energy density is
found by dividing the energy density of the teclogyl in question by the energy
density delivered by the best technology in the Jé¢tus, the most energy dense fuel
in the set gets a score of one. The same cornzeged for conversion efficiency and
power density. Oxidizer and operating temperaane Boolean in nature. If the
oxidizer is air, the technology score is one; othee a zero score is given. If the
operating temperature is below 250 °C, a one isrgiwtherwise the score is zero.
The score for overall simplicity is based upon tiierent author’'s understanding of
how complex the system would be. For examplejefdystem uses a reformer, the
maximum score it can receive is 0.5 because tloemefr makes it twice as complex,
if not more, than a system without a reformer. e Dherall score of the technology is
computed by summing the product of the weight acores of each category of

interest:

S=  ws (3.6)
The scoring methodology is summarized in Table A. Ukcertainty score is also
assigned to each category and technology. Thisievaépresents how much

estimation is used for that technology. The ovaratertainty was computed in a

root-mean-square fashion:
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U= | (wu) (3.7)

Table 4: Fuel Cell Technology Scoring System

I Weight Scoring §)
Criteria () (W) Range Explanation
Energy Density of fuel 5 0-1 | Mz ofse
Conversion efficiency 5 0-1 | i/ maofse
Oxidizer 4 0-1 1 if Air, O otherwise
Overall simplicity 4 0.1 | Max0.5if uses separate
reformer
Operating Temperature 3 0-1 1forT<250C,else 0
Power Density (membrane) 2 0-1 i/ marofse

3.4 Scaling results.

The results of the scoring exercise are presemtdéigure 8. The number
label provided for each bar gives the number ofréierence to the publication where
data used to compute the score came from, thediintstor’'s last name, and the first
letter of the fuel name (A-ammonia, E-ethanol, Mima@ol, S-sodium borohydride).
The results show no clear winner as far as whae tgp fuel to use. Ethanol,
methanol, sodium borohydride, and ammonia basersgseach have at least one
technology with a score higher than 15 (top scargsible is 23). Fuel cell systems
using sodium borohydride have a higher uncertdiengl (see Figure 9) than other
fuel types because of the importance of water regoin these cells. If NaBHis
stored in stoichiometric proportions and is used mon-looping system, the effective
energy density of the system is low. However, #tev can be recovered from the

exhaust, then the system could deliver the higbksttive energy density (as shown
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in Table 3). The adjacent bars representing theessodium borohydride technology
illustrate the advantage of a water recovery system

Figure 8 separates the overall score into thesdifft scoring categories, to
show the effect of each. When comparing the tafopmers in each fuel category,
there are observations that can be made. Ethasochimigher energy density, but the
methanol system has a higher conversion efficienckmmonia has a higher
simplicity score, but the operating temperaturedsithe score down. The sodium
borohydride system performs well in all categortag, only if the water is recovered.
Without water recovery, the technology drops froavihg the top score, to the"13
highest score. The water recovery causes a stightease in simplicity of the
system, which is also represented. Also note lleatuse of the significance of the

category, all technologies using purgd3 the oxidizer are lower in the overall score.
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Figure 8: Individual category scores for each fuetell technology. Numbers in
brackets are references and letters the type of flased.
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Figure 9: Overall Scores and uncertainties of fuetell technology rankings.

3.5 Summary.

The purpose of the literature survey and scoriysiesn is to identify which
technology type should be considered for the systesdeling and future research.
Although some insight was developed, no fuel appeaoutdo the others. Although
there are many low scoring methanol systems, thsrestill some that show great
potential. Ammonia system scores in general appigdr, even with the temperature
disadvantage. All of the sodium borohyride systemdd be ranked high with water
recovery integrated into the system. Ethanol haslawest high score compared to
the others. Because of this, methanol, ammonid,sadlium borohydride systems
appear to be the best ones to focus on in the qoedtvelop high energy density

power supplies for the miniature crawling, hoppiagg flying vehicles envisioned by

the U.S. Army.
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Chapter 4: System Model for Direct Methanol or Sodiim
Borohydride Fuel Cells.

The results of the previous chapter suggest tinattdmethanol and alkaline
direct sodium borohydride systems appear to becpéatly well-suited for powering
the small vehicles envisioned by the U.S. Army. DMFC system is selected for
detailed modeling (and comparison to batteriesabse simple configurations are
possible while still achieving high efficiencieSimplicity tends to result in relatively
low system mass suitable for use in miniature gdowshicles and aircraftA direct
sodium borohydride fuel cell (DBFC) system is atsbected for detailed modeling
and comparison because the energy density is caiplpaio ammonia and its lower

temperature operation greatly facilitates integratvith the vehicle structure.

4.1 Selection of simulation environment.

The system model derives from one developed fdarger system that
incorporated a liquid hydrocarbon reformer thatduwes hydrogen for a PEM fuel
cell [87]. The model is implemented in MS Excelngsa Visual Basic program
running as a macro. This provides some advantamése user. First, very little
experience in programming is necessary as moshefchanges necessary can be
implemented directly in the spreadsheet. The pmogning that is required is done in
Visual Basic. Second, MS Excel provides a visuelupe of what is happening to
each variable when another variable or equationadified. While the equations are

not as easy to follow as other programming langsagebugging can be easier
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because each cell provides the value of its vagiablreal time. If blaring mistakes
are made in the code, they can be seen beforeothe is initiated. Also, Excel
enables one to create worksheets that make thensyabdular without the necessity
of declaring variables as global. It also makesaisy to ensure that the functions
have the correct variables listed. Third, indiatlmacros can be run without the
necessity of running the entire program. Thigdeal for when only one component
has been modified and the user would like to ch#uk functionality of that
component prior to investing time in a full systeaiculation. Generally speaking, a

complete system simulation takes up to 30 minutes.

4.2 System overview.

4.2.1 Non-recirculating methanol system

Figure 10 is a schematic illustration of the cost@lnon-recirculating direct
methanol fuel cell power and energy system (NRDMESP. A pump feeds fuel to
the anode and a fan supplies air to the cathodee air performs three functions.
First, it is the oxidizing agent for the electroohieal reaction. Second, since a lot of
water is created at the cathode, excess air is tosedmove the water to prevent
cathode flooding [46]. Third, the cathode air flesvalso used to cool the stack and

the air flow rate is controlled to maintain the Ifugell at a stable operating

The term ‘fuel cell power and energy system’ (FCPESers to the complete power system that
includes the fuel cell stack, all balance of plemtponents, the fuel and fuel tank. This is whasgo
a vehicle and is ultimately the goal of this studypredict. However, it will also be convenient at
times to focus on the energy conversion comporarttsee FCPES which are the fuel cell stack plus all
balance of plant components. This will be refetieeds the ‘fuel cell system’ (FCS).
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temperature of 57 °C. The net result is that titbhade functions with a large excess
of air.

The fuel is stored in an external fuel tank as raceatrated solution of methanol
in water (5 M or 8.3% by mole). The anode and @d¢hflows discharge directly to
the atmosphere. A DC-DC converter boosts the loltage DC power from the
DMFC stack to a higher bus voltage (12 VDC) usedutothe auxiliary components
and provide external load power. The efficiencytted DC-DC converter efficiency

( inv) iIs assumed to be 93% for all power and energiesys (PES) considered here.

Power Out

Anode
discharge to
atmosphere
{€C0Ozand H;0)

Heat Loss {—=

Ambient Air
Cathode

Powerln

fuel pump

Figure 10: Direct methanol fuel cell system with pe-diluted fuel and direct
discharge of anode and cathode feeds to atmosphere.

4.2.2 Recirculating methanol system

Figure 11 is a schematic diagram of a water ratatiog direct methanol fuel
cell power and energy system (RDMFCPES). This esysis similar to the

NRDMFCPES but has some modifications to make itarfavorable and realistic.
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The most important modification is the incorporatiof a recirculation loop that
recovers the water at the anode and returns ittemla where it is mixed with pure
methanol to create the 5 M solution needed at tloel@ This greatly increases the
overall energy density of the system because puethanol instead of diluted
methanol can be stored in the fuel tank and a rsuwiller amount of water needs to
be stored on board. However, this advantage coatethe cost of increased
complexity and system mass. The water createtleatathode is not recirculated
because most of the cathode exhaust is oxygengédam the mixer is not desirable,

and removal would introduce more system complexity.

Power Out

O%H pue ‘03

CO, exhaust
Ambient Air

Cathode

Heat Loss <=

Powerlin

External Tanks

fuel pump

Figure 11: Direct methanol fuel cell model system ith recirculation of the anode
products, separate tanks for pure methanol and wate and a mixing/CO,
separation tank.

4.2.3 Recirculating alkaline NaBH, system

Figure 12 is a schematic illustration of the al@lsodium borohydride fuel
cell power and energy system (ANaBH4FCPES). dinsilar to the RDMFCPES in

that water is recirculated from the anode and esdstare stored separately. Some of
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the differences, however, will pose significant ldrages should one actually try to
build a prototype. One difference is the needafthird tank that stores enough of
the KOH electrolyte to get the system started. c&IKOH is recirculated with the
water, it shouldn’'t need replenishment. Anothdfedence is the mechanism for
feeding NaBH — a solid - into the mixing tank. While such atemeng mechanism is
simple to implement in a simulation, achieving timgractice will be more difficult
as alternatives to the simple metering valve usetthe liquid methanol systems will
need to be developed. Finally, the oxidation podbdNaBQ is also a solid and means
also will need to be developed to separate it friv@ recirculation loop. This
separation is achieved in the simulation using anbrane but something else might

have to be devised in practice.

Power Out

1 NaBQ, waste
Ambient Air - ——
Cathode

O

fuel pump

Heat Loss <::|

External Tanks
PowerIn

Figure 12 Direct Sodium Borohydride system diagramwith anode product
recirculation and solid waste removal.
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4.3 System component models.

4.3.1 Methanol fuel cell stack

The overall power the fuel cell stack is requitedproduce depends on the

desired power leveRsep), parasitic loadsRj,s9, and electrical inverter efficiency:

F)USEI'
PFC = /7 - I:?oss (41)
where:
P +P
P — fuelpump fan 42
loss hinv ( )
The fuel flow rate and current associated Wit are given by:
F)FC
Nipet =——— 4.3
fuel eF\ée” ( )
P

| =—F 4.4
Y (4.4)

cells¥ cell

In these expressions, the flow ratge, is in units of mole/s, current,is in Amperes,
Veen, IS the voltage through each cedl,is the number of electrons shed per fuel
molecule (which is 6 from Eq. 2.59)ceis IS the number of cells in the stack, dhds
Faraday’s constant. The performance of the MEAagleled assuming that the cell

voltage V) is linearly proportional to the current density (

V

cell

:\/I - Vslopé. (45)

The current density is found simply by dividing tberrent by the area of a single

cell. The Tafel slope\(sp9 and the baseline limiting voltag¥) are inferred from the data
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of Hwang et al [49]. Eq. 4.5 is a reasonable axipration of MEA performance for current
densities between 50 and 500 mAfcamd pressures around 1 atm. Operating conditions
outside this space are not considerdche methodology used to compute the pressure
losses associated with the anode and cathode flevexplained in Appendix C.
Multiplying the actual operating voltage by the remt density provides the power
density of the individual fuel cell. The fuel cedtack design/architecture is also
loosely based on the work of Hwang et al. [49].e Tell area is held fixed at 10.9
cn?. Cell thickness and weight were not given fos ttiésign and are estimated to be
5 mm and 2 g, respectively.

Species conservation is enforced at the anodecatitbde sides per the
chemical reactions taking place there - Eqgs. 226 for a DMFC. Methanol and
water are consumed at the anode side, while, @Oproduced. The anode
stoichiometric ratio equals the inverse of the lstheel utilization, meaning the
amount of fuel used in relation to the amount @& foeeded to satisfy Eq. 2.5. The
anode flow is run fuel rich in order to make surattadequate fuel remains near the
end of the flow path. Inadequate concentratiom dhe open circuit voltage of the
local cells to the operating voltage of the staakg no current is produced. If this
occurs at lower voltages, carbon can be oxidizethencatalyst layer which could
damage the stack. Therefore, an anode stoichiammatio (y) of 1.3 was used in the
non-circulating model while 1.1 was used in redating case. The species mole

fractions at the anode are given by:

Nverin = Nivetin 1Y/
Xfuel = n (46)

atout
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Neozin + Nivelin 1Y/
n

Xeoz = 4.7)

atout
ny 20,in ~ nfuel,in /y

X0 = n

(4.8)

atout

where n,, , is the total mole flow out of the anode. The ltéiav out is the flow in

(n,,) plus the changes due to the reaction at the anode

MNatout = Natin + (- r]fuel,in /y)fuel + (nfuel,in /y)COZ + (- r]fuel,in /y)HZO = Nygin - r]fuel,in /y
4.9

Since the stack is air cooled, the total air floateris determined by the species
balance on the cathode side and an energy balanite @ntire stack.

The species mole fractions on the cathode sidgiaea by:

_ n02,in - 1'5(nfuel,in - nfuel,out)

Xoz (4.10)
nctout
nN2'
Xyp =— (4.11)
nctout
X _ nH 20,cin +3(nfuel,in - nfuel,out)+ nCOZ,in - nCOZ,out + nH 20,in - nH 20,out
H20c —

n

ctout

(4.12)

The air flow required to feed the electrochemistng cool the stack is calculated by

performing an energy balance on the stack:
ma,outha,out + mc,outhc,out - rTIa,in ha,in - mc,in hc,in + PFC =0 (413)
Eq. 4.13 is solved iteratively by varyingy;, so as to maintain a stack exit

temperature of 57 °C (330 K).
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The fuel cell stack solver iteratively solves tree main values, the MEA
voltage Vac), the power produced by the fuel cafi-€), and the flow rate of the

cathode air flow fn,;,). A residual is for the purpose of this work &fided as the

difference between the guess values and actuadvaua measure of convergence to
a solution. With the voltage, the guess valuesisdufor Eqs. 4.3 and 4.4, which then
produces an actual value in Eq. 4.5. The residfidhe two values is taken and
multiplied by 18 to ensure greater refinement towards convergeriBee power
guess and actual value are related in much the sayebut in a larger scale due to
the changes associated with system parasitics. r&8digual between the two power
values is multiplied by F0for refinement purposes. The cathode flow guesevis
varied until Eq. 4.13 is equal to zero, a non-zeatue being the residual.  The
solver will continue to refine these residuals todgaconvergence until the sum of the

three residuals is less than the tolerance &f 10

4.3.2 NaBH,; fuel cell stack

The physics of the NaBHcell are identical to that of the methanol version
except that the reactions at the cathode and amoeledifferent. The fuel cell
architecture is based loosely on the research ain®eet al. [51]. The cell area for
the NaBH system is 9 cf As with the recirculating methanol system= 1.1.

Given the reaction in Eq. 2.13, the mole ratiothatanode side are

X iy = nfuel,in ;] nfuel.in /y (414)

atout

n +ng oy
xNaBOZ — NaBOfZ,lnn fuel,in (415)

atout
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N, oom T650 Ty >(A-
XHZO — H20,in nfuel,ln y ( g) (416)

atout

where is the fraction of water produced that seeps t dhthode. In previous
renditions of the model, this is a property thatnewn based on previous experience
with the electrolyte. Because this information was provided for the current
design, this value was set at 2/3, which would pgntum for the cathode reactions
(see Eg. 2.14). The total flow out is the flow jptus the changes made due to the

reaction at the anode:

natout = natin + (- r]fuel,in /y)fuel + (nfuel,in /y)COZ + (6mfue|,in /y >{1' g]) H20 (417)

Given Eq. 2.14, the cathode mole ratios are

nOZ,in - 2(nfuel,in - nfuel,out)

Xo, = - (4.18)
ctout
n., ..
Xyz = nNZ"” (4.19)
ctout
n cin_4nuein_nue0u +6 nuein/
X, 0 = H20, ( fuel, - fuel, t) 9( fuel, J/) (4.20)

ctout

And the energy balance at the cathode is the sank®a4.13. The same residuals

and tolerance are used for the fuel cell stackesad¥ both fuel cell designs.

4.3.3 Mixer

Figures 11 and 12 show the mixer as simply amel where water from its

tank, unconsumed fuel and water from the anodeusthand the alkaline electrolyte
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KOH in the NaBH4 system, are combined and'mixhe mixing process itself is not
modeled and it is simply assumed that the streamirlg the volume on its way to the
fuel pump is homogeneous and, in the case of thectdmethanol cell, does not
contain any C@ The desired fuel concentration at the anoddefdirect methanol

system is 5M or 0.09 moles methanol per mo}© H This gives a methanol mole

fraction of

X _ Mobys0 _  Methanol/HO _ 009
cHson mol, methanol/HO+1 009+1

=0.0826 (4.21)

and a water mole fraction of 0.9174. The amotdintaier needed to be drawn from
the water tank in order to maintaincpéor~0.0826 is the difference between the

amount required for the fuel cell and the amouaircelated:

n
_ X y fuel

w,anode — “Mw
X

n, =n n - N

w w,out

w,anode (422)

fuel

It is assumed that CQs able to bubble out completely in the mixerlse mass flow
of CO, exiting the mixer equals the mass flow of Q6to the mixer via the anode
exhaust. The temperature of the exit flows arerd@ned by performing an energy

balance assuming that the mixer is adiabatic:

mfuelhfuel + mNaterhNater + I‘nrechrec = I‘nmithix + I‘noubhoub (423)

In Eq. 4.23, the subscripéc means recirculated products (i.e. from the antale)f

and mix refers to the reactants that are sent to the an®dee methanol and water

" Note that there is no mixer in the pre-dilutecedirmethanol system. Also, mixer volume and mass
were not considered for performance.
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enter the mixer at room temperature and pressane fheir respective tanks, and the
CO, exits the mixer at the same temperature as tHenfixture. Power laws relate

the enthalpy and entropy of each species to thpdeature:
a a a & s
h=aT+2T2+ 3T+ 2T+ 3T%+ 4.24
% 2 3 4 5 % ( )

Spo =& IN(T) +a,T +%T2+%T3+%T4+a7 (4.25)

The enthalpy or entropy of a mixture is the sunthefproduct of the species enthalpy

or entropy and the respective mass fractign (

Hux = Y 0 (4.26)

i
Seomix = ' Yi %Spq; (4.27)
The mixer solver iteratively solves for the tempera of the exit mixture using Egs.
4.23 and 4.24. The residual is calculated as iffferehce between both sides of Eq.
4.23, and the tolerance for the mixture is the samthe fuel cell stack and all other
components (16).
For the NaBH model, the electrolyte makes the mole fractiorcwakions

slightly different:

= MOl _ NaBH4/H,0
NERE mol,  NaBH4/H,O+KOH/H,0 +1

(4.28)

w  =MOkoy _ KOH/H,O (4.29)
““"" mol, NaBH4/HO+KOH/H,0+1 '

The energy balance of the NaBhiixer is then
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mfuelhfuel + rT‘lmaterh\/vater + ITIKOH hKOH + rnrechrec = rT‘ln‘uithix (430)

Because there is no carbon in the system, no imgpisi required. However, the fuel
cell produces NaBg) a solid that requires removal from the systerhisTs the
purpose of the membrane in Figure 12 which is assiuim work with 100%

efficiency’.

4.3.4 Fuel, water, KOH tanks and ambient air

In the NRDMFCPES, the fuel concentration is fixadl the solver works by
controlling the mole flow rate exiting the fuel tanWith recirculation, the individual
fuel mole flow rates are determined in the mixed #me solver works by controlling
amount of fuel entering the system from the fuektaThe residual for the fuel solver
is the difference between the guess value in tbethnk and the calculated value in
Eq. 4.3. The tolerance for this residual i$’10The water needed from the tank is
determined by the fuel concentration in the anagtarn flow and the target anode
supply concentration.

The fuel cell system model does not incorporaté &mel fuel tank mass and
volume, since these will vary depending on misseguirements. So, calculation of
the total mass and volume of the complete PES sdoypost-processing and will be
described in more detail in section 5.2. Note thattotal mass of the PEB{;, pe9

is the sum of the fuel cell components mass:{,9 plus the massng.e) of the fuel

This assumption, as well as perfect CO2 removafdisquate for its current purposes. However,
perfect membranes do not exist, and this result caage a decline in performance. Further study of
the membranes is required.
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and fuel tank. Similarly, the total volume of thE®is the sum of the volumes of the

fuel cell components plus the volume of fuel plaskt

4.3.5 Fuel pump

The fuel mixture exits the mixer and enters thed fiump where its pressure is
raised to overcome pressure losses through thedi@stem and fuel cell stack. The
isentropic efficiency of a pump is defined as [89]:

_H
" H

isen ~ Hin (4 31)
- H. '

act n

whereHj, is the enthalpy at the inld#isen is the enthalpy at the outlet if the pressure
rise is accomplished isentropically akg.:is the actual enthalpy at the pump exit.
The isentropic efficiency of the pump is assumeddad %, based on the volume flow
rate and pressure provided by the manufacturearr®eging Eq. 4.31 enables one to
solve for the actual enthalpy leaving the pump. s@ver is used to find the
temperature to match the isentropic enthalpy, amen tthe solver finds the
temperature that gives the actual enthalpy. Th#dwal of the first step is the
difference between the mixture entropy values amrgig isentropic flow, and the
second step has a residual based on energy cotsendike the previous
components. The summed residual must be less tti@anl0® tolerance to be

considered converged. The electrical power requioerun the pump ¢ is given

by:
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in ~ H act)
A = Tact/ (4.32)

The motor efficiency is assumed to be 90% (eleaittic mechanical), and the pump
is assumed to be adiabatic [12]. The power is thegto show that energy is being
consumed. Because the conditions (pressure, tetoper and parasitic power
required for operation) of the pump change vetielwvith different power demands
and fuel cell stack sizes, only a single pump wassered for all the simulations. It

is made by TCS Micro Pumps Ltd. [90].

4.3.6 Cathode fan

The fan model is very similar to the fuel pump mlod An isentropic
efficiency of 1% is also assumed but some heatitossnsidered in order to keep the
simulation stable. The operation is very differ@oivever, due to the fact that the
fluid is now a gas, not a liquid. The specificlalpies of the fuel mixture and air are
not similar. This causes quite a change in pacasisses from one test case to the
next, as opposed to the small changes observdteifuel pump. Because of this,
some heat loss is required; otherwise the parag#ioes for the fan would keep
increasing, causing model divergence. Since aweseas both a reactant consumed
by the chemical reaction and the cooling mediumalsohanges in power demands
can cause large changes in required air flow thqtire a different fan to be used.
Therefore, it may be necessary to switch fans duthe iteration process with one of
a larger or smaller flow rate range. The codedlemthis automatically but the

discontinuities this introduces in response alorithy whe already high sensitivity to
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air flow rate make it more difficult to get the sy performance iteration process to
converge if inappropriate starting conditions akested.

At present, the code chooses between nine fans thioge companies: Risun
Expanse Corp [91], Jarothermal [92], and Indek .[93heir flow rates range from
<0.32 to 6.35 CFM and their mass ranges from 1.35t@. The power of the fan is
varied to match the necessary flowrate for cathumidihg operation. The volume
flow rate is found using the ideal gas law. Aovil properties are predicted just like
with the pump, using two temperatures guess vdioresentropic and actual flow.
The residual calculations and tolerances are dlsssame. All fan property (mass,
volume, etc) and performance data come from therfanufacturer, and are given in
Appendix D. Because multiple performance curves dach power level/speed
possible were not provided, the model uses the flatgs that were listed by the

manufacturers.

4.4 Simulation overview.

The main screen, which is the first worksheehm Excel workbook, provides
the system level parameters and results. Usert ipptameters include: power
demand, ambient temperature, ambient pressure,ditymstoichiometric ratio for
anode flow, number of cells in the fuel cell sta@iectric motor and inverter
efficiencies, and the iteration tolerances. Systamputs (results) include: fuel
energy input, system efficiency, power producedhgyfuel cell (which is larger than
the system power demand), MEA power density, opeyatoltage, and parasitic

loads. Additional results include mass and volwinihe entire system
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The main screen also includes a summary of eagtpaoent in the system.
This summary includes the electric work demand i{p@sif providing power and
negative if requiring it), heat transfer demane, skkm of the residuals, the inlets, and
the flow data. It also provides a summary of eagimponent, including where the
incoming flow is coming from and flow properties.

Within each component, which has its own workshiet,inlet flow data is taken
from the outlet data of the sheet given in the gnibed cell. The numbered outlet is
also provided, since some components have more dhan Flow data, which is
given for the inlet and outlet of each componemtjudes: the mass flow rate (g/s),
total molar flow rate (mol/s), temperature (K), $sare (bar), molecular weight
(g/mol) of the pure or mixed fluids, mole and mésstions of all the constituents
being considered, individual mole flow rates of twnstituents, enthalpy (J/g) and
entropy (J/g*K) of the constituents as well astibtal amounts, the vapor pressure of
water, the entropy (J/mol*K) of the constituentsaatbient pressure, and the mole
flow rates of the periodic elements (C,H,0). A soimthe mole fractions is also
provided for each outlet for debugging. This fldata is passed from one component
to the next through the main screen, like the tylohan actual system.

A schematic illustration of the overall iterationopess is provided in Figure 13.
The gross power output of the fuel cell (i.e. tisahle power requirement plus the
parasitic power losses) is selected along with a@kstoperating voltage and the
conditions in each component are updated by their ibkerative solvers. When the
components are converged, the gross power outpiiediuel cell is updated, a new

stack operating voltage is selected to meet thisathel, and the process is repeated

75



until the stack voltage, power output, and the gynéalances of all components have
converged.

This model was used to investigate the scalingeifcell system performance
with size by varying two parameters in the modeé&t power output and the number
of electrochemical cells in the fuel cell stackicrieasing the number of cells for a
particular system decreases the current densityeases cell voltages, and improves
the stack efficiencyrc. However, it also increases system mass and laading
to tradeoffs between energy density, power density] efficiency (specific fuel
consumption).  These tradeoffs and how they ditfe the three fuel cell systems

considered here will be discussed in the next @napt

Fuel

Air flowrate
flowrate

o
¥ ¥

Pump Fan
parasitics parasitics
Power
demand

FC stack MEA
current voltage

Figure 13: Iterative scheme for fuel cell system nutel.
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Chapter 5: Model Results.

5.1 Fuel cell and BOP alone.

5.1.1 Non-recirculating DFMC system

Figure 14 shows how system efficiengyvaries with the total mase:csys of
the non-recirculating DMFC systems. The numbeth@aends of each curve give the
number of cells in the stack at those maximum arimim points. The number of
cells varies linearly along the curves between ehd points. Since the cells are
stacked in parallel, , increases with the number of cells because incrgahe
number of cells decreases the current density. edew the improvement in
efficiency is non-linear and decreases with indrepaumbers of cells.

Figure 14 also shows that decreasing the powerinegent does not change
the peak attainable efficiency until the power drelow 10W. At 5W, the baseline
parasitic losses associated with the pump and Iblanes more significant than the
ohmic losses and the peak attainable efficiendgvier. This is the reason that the
5W curve crosses the others. The net result tseffiaiencies as high as 30% can be
attained for fuel cell systems lighter than 15@vgHout fuel).

Figure 15 shows efficiency as a function of powemand for three different
stack sizes. It shows that there is an optimurwepolevel associated with a
particular number of cells. This is a result af thradeoff between stack overpotential
losses that increase with power and the baselimaspa loss fraction (baseline

parasitic power /system power output) that decregitle power. Both the peak
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efficiency and the power level associated with ffeak increase with the number of
cells. Peak efficiency increases with number disdeecause the relative importance

of parasitic losses decreases as the system ggts.la
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Figure 14: Fuel cell system efficiency vs. the mass the system ifigcsy9 Without
fuel for different overall power levels. The numbes at the ends of the curves
indicate the number of electrochemical cells in théuel cell stack at those points.
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Figure 15: DMFC system efficiency vs. power outpufor various stack sizes.
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The efficiencies achieved seem high for a fuel sgdtem. To better assess
the cause, the individual efficiencies — fuel @id balance of plant — are plotted in
Figure 16. Fuel cell efficiencies hover above 304t the BOP efficiencies are high,
mostly above 80%. This is most likely due to tlssuamed high efficiencies of the
parasitic motors and power conditioning. Predgtimost of the ancillary

components to be adiabatic is also another posssnise.
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Figure 16: Fuel cell and balance of plant efficieries for systems with various
stack sizes. The dashed lines represent the FCieiiéncy, and the solid the BOP
efficiency.

Figure 17 shows the specific power of the fuel sgitem as a function of
Mecsys for different numbers of cells and power levelBecreasing the number of
cells increases specific power for all configuraiaconsidered. This trend is also
non-linear. The lowest cell count on each curve-igure 17 corresponds to the
minimum number of cells capable of satisfying thbeafied power demand. The 45
W system has the highest system specific powerrdedoof 510 mW/g using a 49
cell stack. The high for the lowest power syst&23W using a 1 cell stack) is 45

mW/g.
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Figure 17: System specific power of non-recirculatig DMFC systems at various
power demands. Numbers at ends of curves give tinember of electrochemical
cells in fuel cell stack at those points. The spéic power of a 1 cell system
producing 250 mW is also provided.

5.1.2 Water recirculating direct methanol fuel cellsystem

The lowest cell counts shown in Figures 14 andrE7the minimum amounts
of fuel cells necessary to achieve the desired powgut. These minimum amounts
were found with the recirculating systems as weligure 18 provides these minimal
stack values as well as a larger range of cell todine point after the minimum on
each curve is the next multiple of 5. The effddnoreasing the number of cells can
be quite dramatic when the fuel cell power is lokMor example, adding 3 more cells
to a 5W system boosts efficiency by almost 8 paegn points. The difference in
system mass is relatively small because the syst#imfewer cells actually uses a
slightly heavier fan. As with the non-recirculaisystems, the curves also show that

systems with more cells and operating at highergvdevels are more efficient. This
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is because the larger blowers, motors, and oth@poaents used by these systems
are more efficient. Changing the power requirentess not have a significant effect

on the peak attainable efficiency until ohmic lesbecome much less important (<

10%) compared to total parasitic losses. This catiapproximately 10 W.

Figure 19 shows efficiency as a function of powemand for three different
stack sizes. As is the case with the previousesysefficiency is maximized at
intermediate power demands because of the tradexffeen stack overpotential
losses that increase with power and baseline piardsesses that decrease as a
fraction of total power. The power level assodatath peak efficiency increases as
the number of cells increases. Efficiency is maximin the 20 and 30 cell systems
at about 7.5 W while peak efficiency in 40 cellteyss occurs at about 12.5 W.

The specific power of the recirculating DMFC sysseim shown in Figure 20.
Specific power is maximized at a single power leaadl number of cells. Increasing
or decreasing the power level or the number ofscadicreases the overall specific
power. The figure shows that the maximum spegifizrer density is about 0.4 W/g
and corresponds to 24 cells, a power output of 20aWHd a system mass of

approximately 70 g.
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Figure 18: Fuel cell system efficiency without fuefor different overall power
levels. The numbers at the ends of the curves in@ite the minimum number of
cells required to achieve the desired power level.
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Figure 19: Recirculating DMFC system efficiency vspower output for different
stack sizes.
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Figure 20: Specific power of recirculating DMFC sytems at various power
levels. Numbers show the number of cells in the élicell stack at the end points
of the curves. The symbols correspond to incremesbf 5 cells.

While the results show that recirculating DMFCtseyss are more efficient
than non recirculating ones, the greatest impaavaiker recovery is on the energy
density of the system because less water storagegisred and more of the mass
budget of the system can be spent on the fuel.s &tvantage will be discussed
further in section 5.2.

Figures 21 and 22 compare the performance of naorcuating and
recirculating systems. Figure 21 shows how theieficy of the system at 10 W
changes relative to the baseline system when watmvery and recirculation is
added. Clearly, including water recirculation sigantly improves efficiency. This
is because non-recirculating systems run rich gheoto maintain good diffusive

transport of fuel to the anode and this extra filmhs overboard and is wasted.
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Water recovery and recirculation enables one towecunreacted fuel exiting the
anode. The net result is less fuel is wasted hacktficiency of the system is higher.
The increase in efficiency can reach 8.5%. Figizeshows that while the system
specific power curves overlap, when comparing simdtack sizes, the specific
power of the recirculating system is slightly lowtkan the non-recirculating design
for the same stack size. Adding recirculationreases specific power because it
adds a parasitic load. This load becomes lessfisgm as the stack size increases

causing the two curves to overlap more closelyigttédr cell counts.
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Figure 21: Fuel cell system efficiency of a DMFC syem with and without
recirculation of the anode exhaust for a 10 W powedemand. Numbers denote
cell count in the stack.
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Figure 22: Specific power of a DMFC system vs. theystem mass ircsysg With
and without recirculation of the anode exhaust forlO W power demand.

5.1.3 Recirculating direct alkaline sodium borohydide fuel cell system

Although the open circuit voltage of the sodiumrditydride fuel cell is
higher than the methanol fuel cell, the Tafel slop&e voltage-current density (V-i)
curve is much steeper. This means that MEAs ctuensities must be lower in
order to function and therefore more stacks areired to meet a particular power
demand. Figure 23 shows sodium borohydride sysiffitiency as a function of
overall system mass. As alluded to earlier, theimmum stack size is much larger for
this system than the previous DMFC system. Efficies are comparable to the
DMFC system because it also uses water (and feebvery of the anode. However,
the larger required stack size leads to a sigmfiegeight penalty: Figure 18 shows
that a 12.5 W recirculating DMFC could be as liget50 grams whereas Figure 23

shows that a comparably efficient NaBBystem would weigh about 200 grams.
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Because the system weight is 4 times as much asn#dtbanol system, it is no
surprise that the specific power values shown guia 24 are about a quarter of those
attainable by the recirculating DMFC systems. alin the largest power level
considered was 12.5 W because the results sudggstigher power systems would

be far too heavy for the miniature vehicles that@lrinterest in this study.
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Figure 23: Sodium borohydride fuel cell system eftiency at different power

levels. The numbers at the ends of the curves indie the minimum number of
cells required to achieve the specified power level
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Figure 24: Specific power of sodium borohydride fukcell system at various
power demands. The numbers at the upper end of theurves show the
minimum number of cells required to achieve the spmfied power level. The
numbers at the lower ends show the number of celis the fuel cell stack at those
points.

5.2 Power and energy density comparison.

Up to this point, the discussion has focused enftiel cell system by itself
without consideration of the fuel and fuel tankhisSTwas done in order to highlight
the critical aspects of the fuel cell system {Cdesign. However, the specific
power and specific energy of the overall PES asviheinfluenced by the fuel mass
fraction (). The fuel mass fraction is defined as the rafithe mass of fuel and tank
(mrue)) to the mass of the fuel cell stack plus the badanf plant componentsngc +
Meor= Mecsyy.  As discussed previously, the total mass ofitbegrated power and
energy systenmmg, pes€qualsSmecsyst Mier. This leads to the following expressions

for the power and energy density of the system:

P _ P 1 (5.1)

n’]tot,PES mFCsys 1+ z
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In these equation®/mecsysis the specific power of the system without fueported
for the various systems considered in Figures 17,22, and 24) an)r is the
specific energy of the fuel-water mixture (2914 fdgthe 5 M methanol solution).
P/mecsysis the maximum specific power achievable by th&REd Qr (the product
of the overall thermodynamic efficiency with theesgic energy of the fuel) is the
maximum possible specific energy of the PES. MNeixtreme is realizable in a
practical PES system as peak specific power is aohjeved at=0 (which means
zero specific energy and hence range/endurance)paakl specific energy is only
achieved arz=infinity (which means zero power density).

The functions of that modulate the peak power and energy denstplatted in
Figure 25. Increasing the fuel mass fraction desgeathe specific power and
increases the specific energy of the complete daklsystem. Eqg. 5.1 and 5.2 show
that while the performance limits are set by thel fcell and BOP considerations
only, the actual specific power and specific enarfjihe complete fuel cell system is
also strongly affected by the fuel mass fractio®ptimizing the system requires
trading specific power for specific energy (or erahce). While this trade ultimately
must be driven by the mission, choosingl is a reasonable interim strategy that
maximizes the product of the two curves and repitssan even-handed compromise

between PES specific power and specific energy.
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Figure 25: Functions ofz that modulate the peak specific power and specific
energy of the fuel cell system.

The complete tradeoff between specific power andci§p energy is
illustrated in Figure 26. It shows specific powas a function of system specific
energy for three 10 Watt PES — direct methanogadimethanol with recirculation,
and direct borohydride with recirculation - eachthmiwo different cell stack sizes.
The stack sizes chosen correspond to the endpaoiirtse fuel cell system specific
power figures above. The solid circles show wisgrstems with different values af
lie on the curves with the color of the circle déng the value ofz. Colors range
from black ¢=0.2) to purple £=10). The dashed diagonal lines show contours of
constant endurance. The open symbols (x, +, amtbriptem; pes= 100 g, 150 g,
and 200 g respectively and provide an indicatiothef relative sizes of the various
systems. The vertical line crossing the x-axiswshthe DARPA specific energy

target of 1000 W-Hr/kg.
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The figure shows that asbecomes large, most of the PES’s mass is contained
in the fuel and the system performance curves @gprthe specific energy of the fuel
times the conversion efficiency. Asbecomes small, specific power approaches its
maximum but this comes at the price of reduced e because there is less fuel
available. The curves for each class of systerasceach-other because systems with
more cells have lower specific power but are mdiieient.

The first set of curves in the lower left cornerFadure 26 corresponds to the
baseline methanol system without recirculation.sybol corresponding to a high
performance Li-ion battery from A123 Systems isvmled on the figure as a
reference [94]. While the battery’s enduranceawdr than all of the fuel cell
systems under consideration, its specific powabizut an order of magnitude larger
than the best NRDMFCPES. The second set of soieks on the lower right side of
the figure correspond to direct methanol fuel sgiitems with recirculation. Adding
recirculation shifts the baseline system to thehtrijor two reasons. First,
recirculation improves efficiency by recovering eacted fuel exiting the anode.
Second, and more importantly, recirculation redubesamount of water needed to
be carried on board. This frees space for morethereby increasin@g. The net
effect is nearly an order of magnitude improvemangffective specific energy and
endurance over the non-recirculating system aneteg.

The third set of curves to the far right in Fig@&shows the performance of a
recirculating alkaline direct sodium borohydrideelfucell PES. Although the
borohydride systems have lower specific power \&ltiee higher specific energy of

the fuel provides the opportunity for longer encwemissions using less fuel. This
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is important because more weight is needed forsyiséem itself. Notice, however,
that only 200 g systems are shown for the boroldgdsystem as 100 g and 150 g
systems are not possible because BOP would conswree power than the fuel cell
supplies. The 60 cell RDMFCPES and the 66 cell BN4FCPES curves overlap at
an overall system weight of 200 g, meaning thatstmae system weight provides the
same endurance and system specific power and ispeciérgy. Comparing the
methanol and NaBHsystems on a mass basis, the methanol systemaw20®0 g
weight and smaller stack size will outlast the sadiborohydride systems. While
both the RDMFCPES and ANaBH4FCPES can meet theifepecergy DARPA
target if size is not a consideration, the RDMFCRER®\es closer to meeting it at the
200 g mass limit relevant to the miniature crawlimagpping/flying vehicles of interest

to the U.S. Army.
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Figure 26: Ragone plot for a series of 10 W fuel tesystems. Subscripts r, B, and
M refer to recirculation, borohydride, and methanol, respectively. Dashed lines
indicate PES with maximum specific power, while sad lines are PES with peak
efficiency. Colored circles indicate the fuel mas$action of the PES at that

point. Other colored symbols represent PES weightDiagonal dotted lines are
of constant endurance.

91



Figure 27 shows how the power requirement influsribe relative merits of
one technology over another. At 5 W, the sodiumobydride system requires fewer
cells in the stack thereby lowering system weighd anaking the ANaBH4FCPES
more competitive with the RDMFCPES. The ANaBH4FGP&utperforms the
RDMFCPES for 5W systems weighing more than 150 gewthe RDMFCPES
continues to be best for 5W systems weighing lleas 150 g. The reader is referred

to Appendix E for the data in table format of aigene plots.
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Figure 27: Ragone plot for a series of 5 W fuel dedystems. Subscripts r, B, and
M refer to recirculation, borohydride, and methanol, respectively. Dashed lines
indicate PES with maximum specific power, while sad lines are PES with peak
efficiency. Colored circles indicate the fuel mas$action of the PES at that
point. Other colored symbols represent PES weightDiagonal dotted lines are
of constant endurance.

Figure 28 shows a comparison of performance fertseline NRDMFCPES
at different power levels. This is beneficial besa if the PES mass is known, a
designer can quickly see how much power is achievab what specific power,

specific energy, and endurance. Points of cond&$ mass are not linear, thus
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having a power demand or endurance requirementimal nvould make the design
decisions easier. Figure 29 is a similar plot, With the RDMFCPES. Figure 30
provides the same comparison for the ANaBH4FCPHSe performance in these
curves is very similar, but endurance per PES rdass improve with lower power

levels.
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Figure 28: Ragone plot for NRDMFCPES. Curves depicstack size and power
demand. Dashed lines indicate PES with maximum spéc power, while solid
lines are PES with peak efficiency. Colored circke indicate the fuel mass
fraction of the PES at that point. Other colored gmbols represent PES weight.
Diagonal dotted lines are of constant endurance.



- = 7C,5W = 55C,5W == == 15C, 15W
=——pB5C, 15W = = 29C, 25W ==——75C, 25W

_________ -t
- X 100g * 150¢g ® 200g

Power Density (W/g
(=]
éi

?\3}‘

100 1000 10000

Energy Density (J/g)

Figure 29: Ragone plot for RDMFCPES. Curves depicstack size and power
demand. Dashed lines indicate PES with maximum spéc power, while solid

lines are PES with peak efficiency. Colored circke indicate the fuel mass
fraction of the PES at that point. Other colored gmbols represent PES weight.
Diagonal dotted lines are of constant endurance.
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Figure 30: Ragone plot for ANaBH4FCPES. Curves dapt stack size and power
demand. Dashed lines indicate PES with maximum spéc power, while solid
lines are PES with peak efficiency. Colored circke indicate the fuel mass
fraction of the PES at that point. Other colored gmbols represent PES weight.
Diagonal dotted lines are of constant endurance.
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5.3 Effect of mission profile and fuel cell/batteryhybridization.

Since a typical vehicle mission involves periodshigh power operation
during locomotion and periods of lower power operatassociated with data
gathering or waiting, hybridizing the fuel cell s with a battery is natural. The
challenge is selecting the optimum battery-fuel cembination. While a formal
optimization is beyond the scope of this thesignesansight can be gained by
considering how battery-fuel cell systems would doafigured to support various
missions. The DMFC system was chosen for this sasky due to higher power level
demands associated with the vehicle’s functionality

Two types of missions (illustrated in Figure 31)reveconsidered for an
arbitrary flying vehicle with the properties listed Table 5.  The first type has the
vehicle flying to its destination, performing itequired functions, and then flying
back to its origin. The second type has the vehstbp in three places (following a
square flight path), before returning to its origiPower is taken from the battery
when the vehicle is in flight. Transient time reqd for a power level change was
assumed to be 1 minute so the vehicle can lan@m@hpvith a safe deceleration and
the total mission time is held constant at 60 neaufor all missions. Obviously,
these parameters will vary widely depending on rtiission but these choices are
satisfactory for the purpose of demonstrating tiheaatages of a hybrid system. A

total of 5 missions with different power profilegke investigated.
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Table 5 Hybrid Vehicle Properties

Vehicle Mass Max 225 g
Payload Mass Max=80 g
Fuel Mass Fraction Max =1
Vehicle Speed 5 mph
Propeller Length 20 cm
Flight Power Requirement 30 WH,,=0.4)
Stationary Power Requirement 10 W
Sensor Power 2W
Transmit Power 3W
Computation Power 5W
Missions 1 and 2 Missions 3, 4, and 5

Figure 31: Flight path of hovering UAV for the different missions under
consideration. Missions 2, 4, and 5 involve battgrecharging.

Figure 32 shows the power profiles associated wh#h 5 missions under
consideration. Mission 1 is the fly in/fly out s@@io and uses two batteries to power
the airborne legs. Mission 2 is the same, exdgitthe fuel cell recharges the battery
after landing at its destination so that only oaétdyy is required. Mission 3 is the
baseline for the square path where four batteresised to fly the four airborne legs.
Mission 4 uses two batteries that are rechargetheasecond stop after both have

been depleted. Mission 5 uses only one batteryegitarges it at each stop.
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Figure 32: Mission profiles of a battery/ fuel cellhybrid power system for a
flying micro vehicle. Higher power levels at nonifght conditions correspond to
battery recharging.

Table 6 summarizes the results. The first row githee energy required to
complete the missions. The next two rows give weeghts of a PES that utilizes
only batteries. The weights of a hybrid batteryfES follow, as well as the fuel cell
efficiency. PES weight reduction is the entire gietiof the power system (battery+
FC PES) divided by the weight of a battery-onlytegs Previous results (Figure 18)
indicated that increasing the number of cells ie thel cell stack increases its
efficiency. The hybrid PES could be enlarged lyeasing the amount of cells in the
FC stack in order to attain peak efficiency. lasiag the number of cells in the stack
until the mass of the hybrid PES system equaledrtass of the battery only PES
results in an efficiency increase of about 8%. sTdhfference in efficiency reduces

the amount of fuel necessary for the mission byuahayram, but the increase in PES
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weight is 10 or more grams. Because of the low $agings, the PES system used
for the results in Table 6 had the minimal amouhtfiel cells in the stack
(performing at peak system power density).

As can be seen from the table, the PES and vehielght reduction are
considerable for each mission - even those withreatharging. A power system
under mission profile 5 could have its weight resii®y almost half. Even without
recharging, the power system mass can be reducedfdayrth. Because a fuel cell
system is used in conjunction with a battery, tehiele mass will be lighter, or the
mass “saved” can be used towards a greater paylbagd. advantage is shown in the
last row of the table. For mission 5, the payloaght could almost be doubled due
to the mass savings with the hybrid PES. The hatsewell suited for flight power;
however, recharging one battery with the fuel sgiitem is the best option for both
types of missions because the total and powerrsystass are smallest. Less mass in
the power system leads to better sensing and camgpteéchnologies that can be
incorporated into the vehicle. A direct methanaélfcell system coupled with a
battery has the potential to meet the needs otUtlse Army’s future fleet of mini

flying vehicles.
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Table 6: Hybrid system performance evaluation

Mission | Mission | Mission | Mission | Mission
1 2 3 4 5
Total Energy Required (J 47400 59400
Battery
Battery weight (g) 121.5 152.3
Only PES V_ehlcle 1915 2923
weight (g)
Battery 32.3 16.0 63.1 30.8 15.6
weight (g)
Battery/Fc| TUSICEINPES| 55 5 57.3 52.3 74.6 69.3
- (9)
Hybrid Total vehicle
PES ) 154.4 143.1 185.2 175.2 154.8
weight (Q)
Fuelcell | 94196 | 28.850 20.41% 32129 29.19
efficiency
FC PES
weight 69.58% | 60.31%| 75.729 69.16%  55.76
reduction
Vehicle
Benefits weight 80.68% | 74.79%| 83.359 78.85%  69.67
reduction
Payload
weight 52.95% | 69.08%| 52.959 67.27%  96.49
increase

)

)

0o

)
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Chapter 6: Conclusions and Future Work.

6.1 Summary/Conclusions.

The U.S. Army is developing miniature (<500g) rabasensor platforms to
explore and monitor harsh/dangerous environmer#d. present, the range and
endurance of these vehicles is severely limitedhleyr battery-based power systems
which have relatively low specific energy. Miniegufuel cells consuming high
energy density fuels could improve range and emchardy an order of magnitude or
more provided suitable levels of overall systenelesfficiency can be achieved at
small-scale. The objective of this thesis was dentify promising fuel cell
technologies appropriate for implementation in &g systems and to develop
guantitative methodologies for evaluating miniatiwel cell performance.

A literature survey was conducted to identify tielfcell technologies that are
best suited for powering small autonomous vehiclkkésfocused on ammonia,
methanol, ethanol, and sodium borohydride fuelsraking system was developed
to assess relative suitability for U.S. Army apations. The survey provided insights
into the important advantages and disadvantagesaci technology, but did not
identify a clear winner. A more quantitative arsadythat accounted for the parasitic
losses associated with the overall balance of plgmimps, blowers, power
conditioning, etc.) and system weight or size wesessary.

Two types of systems were selected for this focd$ie sodium borohydride
alkaline fuel cell was selected because it scoligliest in the literature survey -

partially because of the high energy density offtred. The direct methanol system
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was selected for the balance of plant’s simpliaeitg the MEAs relatively high power
density for a low temperature fuel cell.

A methodology was developed for predicting ovesgitem-level performance of
fuel cell power and energy systems. It is uniquthat it accounts for how balance of
plant losses scale with the physical size of thed éell system. This is found to be
essential in order to evaluate the suitability afious fuel cell technologies for
vehicles of different scales. The methodology @aglied to three different types of
miniature fuel cell systems: a direct methanol ftadl system, a direct methanol fuel
cell system with water recovery at the anode, andllealine NaBH fuel cell system.

The results showed that a 150 g, 10 W direct meth&rel cell system is
approximately 15.9% efficient, can achieve systpecsic power around 100 mW/g,
and can maintain it for 1 hour. A 150 g, 10 Wedtrmethanol system with water
recovery at the anode achieved slightly lower dpepower (5 mW/g difference) but
was more efficient (25.3%) and could operate muctyér (7.5 hours) because pure
methanol fuel could be used instead of a diluteharatl-water mixture. The specific
power of a 200 g, 10W NaB#based fuel cell system was much less than 100 mW/g
because the fuel cell stack must be larger to medue necessary current. However,
the endurance of the 200 g NaBsi/stem is also approximately 7.5 hours. This is
because of the high energy density of NaBIAt power levels less than 10W, the
NaBH,; power and energy system also offers better spepidiwer than the direct
methanol systems because the DMFC BOP mass idartpgrcentage of the overall
system mass due to the small stack size. Withhatle cases, the system specific

power can be improved by decreasing the numbeeltsf in the stack and decreasing
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the fuel mass fraction at the expense of reducddrance.

A case study of 5 lightweight flying vehicle missgowas used to investigate the
impact of mission on fuel cell system configuratiand integration with a battery.
Only direct methanol systems with anode recircatativere considered. The study
concluded that sizing the battery to meet the pemergy demands of a single flight
leg and using the fuel cell to recharge after ebsh is beneficial because it
maximizes the amount of energy stored in the fuedtead of the batteries.
Incorporating a fuel cell can reduce the weighttleé overall power and energy
system by as much as 55.76%. This corresponds3@8adecrease in vehicle mass.
If weight reduction is not the goal, the payloadssaould be almost doubled

enabling greatly expanded operational capabilities.

6.2 Future work.

Future work would focus on applying this modelingthodology to other
types of fuels and fuel cells so as to expand thiétyato quantitatively rate the
performance of different fuel cell systems at ddfg scales. New fuels of particular
interest include ethanol, ammonia, anggdnerated by liquid hydrocarbon reformers.
Once multiple fuels and their corresponding systdérage been modeled, a more
extensive comparison could be made of different éel types based on power,
mass, volume, and efficiency requirements. Alsecabise the overall and BOP
efficiencies were higher than typical systems,dvatstimates of motor, inverter, and
membrane efficiencies should be obtained and uséeétermine the effect they have

on the performance shown. Long-term future workitonclude choosing a system
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that outperforms the others for a particular veh@mhd mission and fabricating and

testing the system to determine functionality aadgrmance.
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Appendices

A. Endurance of a hovering vehicle:

Power requirement to hover (Leishman p. 63):

3
_ 1 [(mg) (A1)
h,\ 2rA
Wherem s the vehicle masg,is the acceleration due to gravify, is the propulsive
efficiency of the rotory is the density of the air amlis the disc area. The power to
hover can also be written in terms of the mass flat® of the fuel, the heating value
of the fuel Qr) and the overall thermal efficiency of powerplant:

P= hth mf QR (A-Z)
Equating A-1 and A-2 and recognizing that = dm/dt gives:
dm__1 g |mg, (A-3)
dt A~ Qg V2rA
This is an ODE that can be solved directly by ird¢ign:
t
v dm oL 919y (A-4)
Mom oM Qe \2rA

In this equationM is the empty weight of the vehicle is the weight of the fuel,
and? is the hover time. Integrating gives:

we _ 19 [ g
M hh, Qg \2rA
Solving for # gives:

t=onpy 3 2r A p M (A-6)
g Mg JM +m;

Introducing the fuel mass fractiom € my/M) gives:

Qr A 1
t=hh = |8 — 1- A-7
g \/ Mg \1+z (A7)

The quantity in parenthesis inside the squareisotbte disc loading.

t
- 2m¥?

(A-5)

0

104



Fuel Cell Research

MaxPower  Cument Densiy at | atPmat

Temperature % elections per ” ;

Fuel& Density Iiax Paiver / i {my) f
(Celsius)  reaction for current

P FC BOP
efficiency  efficiency  efficiency

I concentration Ovidlizer Electralite (atalyts (mifllem"2} mAlm'2) mdatifuel)  gize Reference
Direct Allcling Fuel liquid potassium A Verma, & Basu. J
Cellfor muliple fydroside (KOH) 18 & fid i 800 17 1 Fower Sources 174
iuid fusls aihanal {21 air (3 APtRY C-hind2 Tmimin - ~424cm'3 (2007) 180-185.

(. Wang, G.0.8un, L
Cao,LH. Jiang, GX.
ifang, 3L Wang, $H.

o 2 . i i A Yang, Q. Xin, J. Pwer
Direct Ethanal Fuel A1-P1Bn3C A2 Sources 177 (2008)
Cell eifanol {131)  ogen Nafion 115 FiiRu C-77 142-147
& Rousseau, C.
Coutanceau C.Lamy,
5 180 80 480 i 1 J-H. Leger, J. Fower
Direct Ethanal Fusl APESn-RUC C- Sources 158 (2008) 18-
Cell eihanal (2H) fygen Nafion 117 FiC 24
Direct Allaling Fuel fiquid potassium A Verma, 8. Basu, J.
Cellfor multiple APtblack G- 145 -1 85 120 700 15 1 Prower Sources 166
iuid fuels effhanal {Z1) air iz Amlmin - ~424em*3 (2007) 200-210.
. Fujiwara, Z. Siroma,
: & Yamazaki T loroi H.
S ieseram - o = . o B E Senh K Yasuds, ).
..W Alkaling Nedium — thanal {14] anion exchange Fower Sources 183
@ FuelCel KOH (AM) fy0en membrang APIRU TPt 4 mlimin (2008) 521-526
= (.C. Yang, 8.J. Chiu,
nw KT.Lee, W.C.Chien,
© Direct Methanal oiide composite 8 368 25 illl] 17 1 CT Lin, CA Huang, J.
m Alkaling Membrang ethanal (2) palimer {- Fower 3ources 184
Q) FuelCel +H{OH (4} air membrane (2008) 4481
A Taivadze 1.
n_V.v,. Tarasevich 8. Eftemay,
S _ ) ) ) M, Kapustina, angP.
Aw DiredtEnann ¥ W ¥ = @& |7 Waz, el Physicel

Alkaling Membrang ehanal (23] ANRUC G- Chemistry 415 (2007}
o FuglCel +NadH (EH oygen Nafion 117 N4CalC 234236

105



Fuel Cell Research

hax }.@ Current Density at S | at Pmax F i a0
Ik i pa (Celsius)  reaction for cument i : eficiency efficiency  efiiciency
Tipe cancentration Oxidizer Electrolte Catalysts (milcm"2) (mAfm"2) (mAcm?"2) 4 © midotifuel) Reference
ADP hydroxide fon K. Soott E.Yu, G
conducting A-carhon Viachogiannopaulos, 1.
Direct Methanal membrane {cross-  supported PURu C- 18 45 f0 i 525 13 1 Shivare, N, Duteanu, J,
Alkaling Membrane finked fluorinated  carbon supporied Power Sources 175
Fuel Cell methanol (11 air pelymer) Pt 12,62 miimin [2008) 452457,
Direct Methanal
Fuel Cell- J.Fark, ). Lee, J. Kim,
membrang 8 ~260 il f 400 180 1 8.Han,|. 3ong, ).
anodefsubstrate APRUC G Power Sources 179
cathade Methanal (114 alr Nafion 115 PtiC (2008) 18
Directlethanal
Fuel Cell J.Fark, ). Leg, J. Kim,
membrane 120 -3 B0 _w 430 20 1 8. Han,|. 3ong, ).
anodefsubstrate A-PIRUIC Power sources 179
cathode alr PtiC (2008)1-8
DirectWethanal
Fuel Cell J.Fark,J. Leg, J Kim,
membrang 130 ~340 70 f 450 240 1 8.Han,| Song, )
anode/substrate APRUIC Power Sources 179
cathade Wethanal (11 alr PC (2008) 18
R Javashree D.Egas,
J. 3pendelow, D.

n m s Natarajan, L. Markaos
lembraneless e e U W # L F. Kenis, Electrachem.
[aminar flaw fuel and Salid State Letters
cel methanal (10)  air KOH (1h) A-PURU C-Ft 9 (2006) AZ52-A256

8 Hwang, H. Joh, M. &

Scibioh, 3. Lee, 3. Kim,

140 ~430 a0 B an 00 1 T.Lee H Ha, J. Power

Direct Methanal Sources 183 (2008)
Fuel Cell Methanol (11} arr Nafion 115 PURU C-Ft 226-231

H. Bunazawa, Y.
Directethanal . r s o Yamazaki, J. Fower
Alkaline Hembrang anlon exchange i o B : = A Sources 182 (2008) &5
Fuel Cell methanal (11)  oxygen membrang A-PRU C-Ft miimin 51

106



Fuel Cell Research

MaxFower  Current Density at Tl Fdeiisoa | at Prmax e e aop
des Ls St (Celsius)  reaction for current i’ efiiciency  efficiency efficiency
Tipa concentration  Ovidizer Electrolite Catalysts miliiem*2) (mAlm'2) ) (mAom'Z; _ Refarence
K. Jeng, C. Chien N
Hsu, 8. Yen, 5. Chiau,
62 30 il § 300 180 1 &.Lin, W Huang, J.
Direct Methanol A-PHRUC nang C- Pawer Saurces, 180
Fuel Cell Iethanol (1M)  oxygen Nafion 117 Pt hlack (2006 87-104
Dirgct Alkaling Fugl _H____h__ﬁmmm_:_d _ - % % ; - 7 A A gjm_mmmm__,_
Cell for muttiple hydroxide (KOH)  A-PL40wt, Ru Pawer Saurces 174
inuid fuels methanol (20, air {am 20wt C-hn2 1 mlimin - ~424 cm3 {2007) 180-185.
Direct Alkaline Fuel quid potassium AVerma, 8. Basu, J.
Cell for muttiple hydrovide (KOH) ~ A-Phblack  C- 243 ~27 65 § 750 2 1 Pawer 3ources 168
inuid fuels methanal (21)  air (3 lin0o2 ~424 cm'3 (2007 200-210.
Verma, A K Jha .
Direct Alkaline Fugl e_a_ﬁmmm_:a i~ 115 i " i 7 % A Basy, J. Fuel Cell )
Cellfor multiple hydrovide (KOH)  A-PUCI Stience and Tech. 2
inuid fuels methanel (21, air (&M WnQ2ICHi 1 mimin -~ ~424cm*3 (2005) 234-237
i : ATian, J. Kim, J. Shi, K.
Direct Methanol madified PYIPd C o R . . = o A Kim, J. Pawer Saurces
Fuel Cell [ethanal (5 0Ryaen Nafion 115 183 (200817
1. Hasani-3adrabadi,
. ) ii . 3. Emarmi, H. Moaddel,
DitectHethanol = w . : & | e | A J Power Sources 183
Fuel Cell Methanal (2M)  oxygen PRO-IT {2008) 551-556
2 A Tian, J. Kim, J. Shi, K.
Direct Hethanal modified P LPRWC  C H L B ¥ M L ! Kim, J. Pawer Saurces
Fuel Cell Iethanal (5M) hafion 113 PUC A mlimin 183(2008)1-7
J Hayes. A Engstrom,
Iembraneless 4 1232 el <2 [ 1 C.Friesen, J Power
[3minar fiow fuel Saurces 183 (2008)
cell methanal (10ml) owygen KOH (1) 287-259

107



Fuel Cell Research

larPower  Curent Densiy at | at Froas
Temperature  #electrons per
ik L i (Celsius)  reaction for current efficiency  efficiency  efiiciency
Tipe toncentraion  Owidizer Electrolite Catalysts {mWfem"2) (mAlem'2) ’ ; : ; mdot el size Reference
H. Bunazawa Y.
Direct Methanol @ - il i £l E Yamazaki, . Fower
Alkcaling fembarane methanal (1) anionexchange Sources 182 (2008) 48-
Fuel Cell MNaOHLaM) 0HIgen memprane & miimin 51
polyfiiny! C.CYang 5.J.Ch
alconoltita KT Lee, \.C. Chien,
Direct Methanol Dide composite 925 335 & 400 20 CT.Lin, CA Huang, J
Allaling Membrane: methanal (241) palymer APtRu C- Fower Sources 184
Fugl Cell +KOH (2l air memprane 1nd2 (2008) 4451
palyiviny alcohal C.C.¥ang, 5.J.Ch
Dirgct Methanal dravapatita 1148 57 % B 00 1 CT.Lin, J. Power
Alkaling Membrane methanal (24 composite polymer AFRU - C- Sources 177 (2008) 40-
Fuel Cell +KOH (BI1) air memorang lin02 4
N, Fujiwara, .
Yamazaki, Z Siroma, T,
) ’ ~ lorai, K. Yasuda,
: H ? : Elechrochem.
Direct L-ascorhic  L-ascorbic acid -Carbon Black C- Communications B
acid Fuel Cell Nafion 117 Pt Black dmlimin (2006) 720-724
A Verma, A K Jha, 8.
Direct Alkaling Fugl 1 Basu, J. Fuel Cel
Cellfarm C & e B y i g Stience and Tech. 2
uid fuels Borohydride (2M)  air =424 em3 (2008) 234-237
Dirgct Alkaling Fuel 1uid patassium A Verma, 3.Basu. J.
Cellformultiple  Sodium hydrovide (KOH) — Avarious Pt a0 Bl % 8 740 i Power Sources 174
iuid fuels Borohydride (21)  air loadings C-Mn02 1mlimin - ~424om3 (2007) 180-185,
Direct Alkaline Fuel A Verma, 5.Basu, J.
Cell for multiple Fiolack  C- 225 ~28 % 8 740 pi] Fower Sources 163
uid fuels Borahydride (24)  air lin02 1mlimin - ~424 cm®3 (2007) 200-210.

108



C. Pressure/current reference relation.

The MEA is assumed to be square and fed by a sefigarallel channels (as
opposed to the single serpentine channel used gngwt. al [47]). The number of

channelstchan is given by:

r]chan = — (C'l)

wherel is the channel lengthy is the channel width, andg;, is the width of the

channel ribs. The hydraulic diamet&x,) of each channel is given by:

D, =— (C-2)

whereA is the cross-sectional area @ the perimeter of the cross-section.

Eq. 4.3 and 4.4 give the relationship between otirdensity (current divided by
the area) and the molar fuel flow rate. Knowing toncentration of the fuel enables
one to compute the total mass flow rate of the-fueler mixture. This mass flow
rate is converted to a volume flow rate assumirag the density of the fuel-water
mixture is approximately the density of water aloriéis is a reasonable assumption
at the small methanol concentrations consideree. her

Another assumption is made as to how much air flovequired on a mole basis
for each mole of anode flow. The assumption isessary because the amount of air

is unknown, as it is also used for cooling the lstad his value was estimated by
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running the program at different pressure refergnaed observing the change in air
flow.
The Reynolds number of the flows at the cathodearatle are computed using

the volume flow rates:

(C-3)

In this expression, is the density of the fluid, andis the dynamic viscosity. Since
all values ofReg obtained are well below 2300, the flows in botle #mode and
cathode are laminar enabling one to estimate thespre drop using [95]:

-84l
" Re D, 2

. (C-4)

Eq. C-4 is used to find the pressure drops actmsamode and cathode flows at
the maximum and minimum current densities the madss (i.e. for DMFC 50
mA/cm? and 500 mA/crf). The pressure drop through an electrode is given

interpolating between the maximum and minimum pressalue.
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D. Fan Performance Data

Manufacturer/Product Mumber vol (mm*3}  weight (g} Power rating Max Air flow Hange to cover
Criental Motor/MDS410-12H 17640 25 1.82 6.35 5.2
EBMPapst/405FH 16000 18.1 28 5.3 43
RedCloud/RDH3010B 8000 8.5 12 447 25
FedCloud/RDH2510B 6250 7 1.2 2.67 1.9
Indek/KDCO50210MBBF 6250 5 0.6 2 125
Indek/KDCO52005HBERP 3200 5 0.55 1.3 0.85
Risun/RFA1504D 1296 1.7 0.225 09 0.6
Risun/RFA1504D 1296 1.7 0.1056 0.65 0.3
JaroThermal/AD1502LK-4T1X) 800 1.9 0.2 0.32
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