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Absti;ict-Aluminum fuel cell power SOUKCS hil\Te been 
dcvelopctl by Alupowcrto satisfy a iiWgC of UUV configur- 
ations and mission requiirmcnts. Specifically, for long 
iilnge, low power missions the fuel cell ieaction piuduct, 
aluminum hydiositle, is dloiwd to pccipitiite (solids 
managed) in older to maximize encigy density. In oirlerto 
meet the iequiiements foi-highei-pon.crnii!isioiis, the power 
souire is designed such that the aluminum hydiosidc 
pinduct i cmlns  dissolved in the elcctiulyte (solids fire). 

To meet the high enctgy density iequiiiement, a solids 
miulaged power SOUIW, designed to piovide 1.25 IiW 'and 
50 liwh, has ttcently been tested, at SeiI, in Applied Remote 
Technology's (ART) XP-21 test platfoim. Using com- 
piessed oxygen the encigy density of the totill 
260 Wh/l which would Encieiwe to 320 VVWI using liquid 
oxygen. 

A system using a solids fiee power souitre will be tested 
in the Advimced Rtsciiich CiWiIdiiW Subrncisible (ARCS) 
built by Inteinationid Submarine Engineeiing (LSE). The 
masimum pon.er of this tem will be 1.7 kW iwd the 
encigy density 120 Wl. T h i s  system d:ccomposes 50% 
hgdingen peiuside to piuvide the oxitliuit. Viliiimts of this 
system will be the bailding block for futuie higher power 
density systems. 

The key to the S U C C ~ S S  of Jurninum fuel cell power 
souires has been the development and jtiuduction of im 
iWOde alloy which o1)eiiltes with high efficiency itt low 
cuiient density. T h i s  means that cdl design i s  sirr;plificd 
aid that theilc is no iequiiement to meclutnicaily maintdn 
a constant cell gap. The low leiel of hydiugen 1mtIuced 
using this iWotle dloy is ewily ilccombincd to natei*using 
i1 catalytic convcitei: 

ilcducing opeiitting cost and the devc1ol)ment of higher 
po\ver density systems. 

Wotli is now focussed on imploving 

INTRODUC-I'ION 

Tlic development of aluminum fuel ce I1 power source 

systems has been promoted by the US Navy after the 
system was recommended by a series of power source 
comparative perforiiiance studies for long range UUV 
missions. The eventual goal is to place a power 
source into a UUV that caii be launched aiid 
recovered from a subiiiariiie [ 1-41, The original 
ARPA target specified a need h r  high energy density 
at low power density. Alupower addressed this 
technical objective through the development of a 
power source for ART'S XP-21 UUV test plztfonii. 
With time, the US Navj, power source requirements 
changed i n  emphasis to higher power density with an 
energy density sufficient eo perfonii a 24 to 30 hour 
iiiission [j76]. This iicw target was identified as the 
volume available for the power source was reduced 
from the original specification of 105-inches in a 44- 
inch diameter to a +foot length iii a 2 1-inch diameter 
vehicle. This rcduction was required in order to fit a 
full suite of sonar and other sensors as othenvise the 
total vehicle length increases to a point where launch 
and recovery is difficult. This change in emphasis 
has a significant impact on aluiiiiiium fuel cell devel- 
opme'nt. In order to achieve the higher power den- 
sity, a change i n  technology is required to the solids 
free option. This approach has been initiated with the 
developinent of the power source for the ARCS 
experimental vehicle. The initial UUV power source 
perforiiiance target as proposed by ARPA and a more 
recent target for Submarine Offboard Mine Search 
System (SOMSS) as identified by the Applied Physics 
Laboraton7 of Johns Hopkiiis University are s h o \ ~ n  in 
a Ragoiic plot in Fig. 1.  

The SOMSS requirciiient of 4 kW aiid 96 kWh is 
such a difficult target that a more achievable target 
requirement has becii adopted by Alupower for a 
power source that caii provide 50 kWh at 3 kW in a 

0-7803-1808-0194 $4.00 8 1994 IEEE 
179 



I I I  

20 0 
g Target 
h - 

' 5  .- * - 
B IO 
9 
2 5  

L 

ARCS F 

Fig.1. UUV power source performance targets shown as a 
vol timetric Ragone plot. 

hull section length of 4 feet and 2 1 inches in esternal 
diameter. 

In suinmary, Alupower has undertakcn two devel- 
opment programs which were designed to test two 
different variants of the aluininuin fuel cell power 
source technology based on solids inanagement aiid 
solids free versioiis of tlie technology. The first of 
these prograins was completed at the end of 1993 
with sea trials of a power source system in the XP-2 1 
UUV test platform [7,8]. The second of these pro- 
grains will be completed in the middle of 1994 \vith 
the sea trials of a po1vcr source i n  the ARCS esperi- 
mental vehicle owned by the Canadian Departnieiit of 
Defence [9]. The present paper will suminarizc these 
tv7o development programs and \vi11 then discuss 
developiiieiit options for both systems against the 
present perforniaiice targets. 

CQKE TECHNOLOGY 

All of Alupo\\7er's aluniiiiu~ii fuel cell po\ver 
sou rces u s iiig a1 kal i ne e 1 e c t 1-0 1 j.t c s u se an o des iv 11 i ch 
are cast from super pure aluminuni \\?it11 1 0 1 ~  level 
alloying additions of tin and magnesium [ I O ] ,  These 
additions together with a low level of tin dissolved as 
stannate ions in the electrolyte stabilize the aluminum 
aiiode such that only a IOW level of 1ig.drogen is 
evolved from the power source cell either under load 
or at open circuit. The efficiencj. of the aluminum 
anode is progressively reduced as the level of iron in  
the metal increases. Iron is present as an inipurit!. in 
super pure aluminum and the inore iron that can be 

tolcratcd the lo~7er the grade of superpurity alumiiium 
that can be used which has a significant cost benefit. 
Recently Alupower has developed an anode fabrica- 
tion practise that enables the use of superpurity 
alumiiiiiin at $3.1 k/tonne rather than the previous cost 
of $6.7k/to1ine ivhich significantly improves the cost 
effectiveness of aluminum as a fuel. Presently, 
commercial grade aluiiiiiium sells for $1.2k/toiine. 
Fabrication costs have to be added to these figures, 
which are for the base metal only. 

Alupower's low cost oxygen electrode technology 
has been established for several years based on the 
use of silver as an oxygen reduction catalyst [ l  11. A 
cobalt catalyzed version of the Alupower cathode has 
recentl!, been developed which increases cell voltage 

Potassium hydroside is the preferred electrolyte as 
it has a higher conductivity aiid alumiiiuiii solubility 
than sodium h!.droside. The electrolyte concentration 
used depends on whether the system is run "solids- 
frce" or with solids precipitation. Solids-free systems 
use 8M KOH (34%) clcctrolyte which has a discharge 
capacity of 500 A M  as this electrolyte has a high 
solubility for alumiiiuni. Where solids precipitation 
is required to increase the electrolyte discharge 
capacity to 800 or even a 1000 A M ,  thcn a 4.5M 
KOH (22%) electrolyte is used. In both cases, the 
electrol\k contains an addition of 0.01M sodium 
stannate which improves anode efficiency, particularly 
at 1 ow ope rat i ng c U rren t dens i t ic s. 

As ~ i t h  most "fuel cell" type power sources the 
electrol!rte discharge capacity is the most significant 
parameter that determines the overall energy density. 
The cell stack weight and volume is dominated by the 
electrolyte weight and voluine with cell hardware and 
the aluminum aiiode fuel constituting only a relatively 
minor part of the total, 

Alupoiver has developed two basic cell types that 
can be used as the power source building blocks. 
Both designs feature a solid anode opposed by two 
osl'gcn cathodes that are secured to the cell walls. In 
the first design, \vhich was initially used for a land- 
based reserve power unit, electrolyte is pumped up 
bet\vecii the anode aiid the cathode from the bottom 
of the cell, leaves the cell via an overflow weir at tlie 
top of tlie cell and is returned to a co1nnion elec- 
trol!.te sump [ 121. In the second design, each cell is 
a separate un i t  and electrolyte flow is by natural coii- 

b!. 100 m v .  

180 



vectioii. Reaction products are returned to the coin- 
iiioii sump in the first design whereas in the second 
design tliey fall to a sump in the bottom of each cell. 
Both cell types can be ruii either solids frce or with 
solids management. The second type of self con- 
tained cell has become known as the self-managing 
cell and was used for the solids managed IOW power, 
high encrgy XP-2 1 powcr source devclopmeiit pro- 
gram [7]. The present ARCS powcr source, under 
development, uses the pumped, coiiiiiioii sump cell 
design and operates solids free. 

OXYGEN Suimy 

The most compact fomi of oxygen storage is liquid 
oxygen, the use of which is widely acccpted in 
Europe for subiiiarine applications. IHo~vever, in 
North America, this is not the case and significant 
effort has been expended 011 alternative storage 
technologies like high pressure osygcn gas. hydrogen 

pcroside and solid oxygen candles that are burnt to 
release oxygen. Alupower has developed oxygen 
delivery systems based on the use of either 30 MPa 
(4000 psig) coiitaiiiiiieiit spheres or 50 % hydrogen 
peroxide which is decoiiiposcd to oxygen, water and 
water vapour [9]. In both cases, the oxygen is regu- 
lated to a low pressure to bc supplied as required to 
the cell stack. 

Oxygen is also supplied to the hull atmosphere via 
a bleed port in the cell stack. This oxygen is used to 
remove hydrogcn from the hull atmosphere by cata- 
lytic combination to fomi water. 

In  addition to an oxygen supply system, the 
alumiiiuiii oxygen fuel cell power source requires a 
thermal management s j W m  to maintain the electro- 
lyte tciiipcraturc 111 the range 55-65"C in the cell gap 
bctwecii the anode aiid the cathode and a control 
computer to inonitor and control system operation. 
These sub-systems have been described in other 
publicatioiis 17-91 

ig. 2 .  Photograph of XP-31 FCPS. 
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ig. 3. 76-cell discharge test in the XP-21. 

IN-VEHICLE TESTING 

Fig. 5. Gas concentration in hull during XP-21 FCPS sea trials. 

stack. \vhich \\.as filled with 4.5M KOH and run at a 
nominal 1.25 k\V load, are slio\vn in Fig. 3 wliicli 

The complete aluminum fuel cell power source. shon s 30 hours of closed hull operation, followed by 
constructed using self-managing cells, is shown in 
Fig. 2 prior to insertion in tlie XP-21 test platfonii for 
sea trials. Two 76-cell stacks each with its own 
oxygeii sphere were loaded and were tested sequen- 
tially. This was because tlie system was initiall!, 
designed to provide 2.5 kW and 100 kWh in an 88- 
inch long power source section. With the changing 
requirements, the opportunity was taken, with support 
funding from ARPA, to test the po\ver source in  t\vo 
halves with each half being more representative of a 
future complete system. Thus, the power and energ!. 
objectives of this work were 1.25 kW and 50 kWh. 
respectively, in a 44-inch long section. 

Tlie stack voltage and current trace for the first 

i h 

30 hours of open hull  testing with the vehicle out of 
the water. The average cell gap electrolyte tempera- 
ture for the complete run is shown in Fig. 4. Periods 
when the tcmperature drops below 60°C are when the 
pon-er source was either delivering low power or was 
at open circuit and there was riot sufficient heat being 
generated to maintain electrolyte temperature. Tlie 
osj~geii and 1q.drogen concentration variations in the 
hull  atmosphere during the closed hull part of tlie dis- 
charge are shown in Fig. 5 ,  showing capability to 
coiitrol the composition of the atmosphere in a closed 
hull. Approximately 22 kWli of discharge was 
achieved with the vehicle operating in the water and 
a further 28 kWh with tlie vehicle out of the water 
J ieldiiig a total of 50 kWh Tlie average power level 
of operation nas  0 86 kW ~ h i c h  gives a system 
energ! density of 260 Wh/1 at a power density of 4 4 
W/1 This is the XP-21 perfoniiance plotted 111 Fig. 1. 

The second 76-cell stack \vas filled with 8M KOH 
and discharged at a higher power level (2.5 kW 
nominal) \\ ith the  vehicle out of the water and the 
hull  open This open hull configuration was used 
because at the high pon7er level the hull mounted heat 
exchangers could not accommodate tlie higher theniial 
load TIiis stack dclivered 31 kWh of energy at an 
average power level of 1 0 kW which traiislates to a 
S J  stem energy density of 160 Wh/l at a power density 

0 10 23 Xi VI Yi a 
k h i r g e  T m  @") 

of 5.3 WA. The rated capacity of 50 kWli was not 
achieved due to long pcriods of open circuit oper- 
ation during the test. 

;ig. 4. Averagc electrolyte temperature i n  cell gap during XP-21 
FCPS discharge. 
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ig. 6. Photograph of ARCS power soiirce. 

BENCH TESTING iiietit has significantly increased, a series of develop- 

Tlie alumilium fuel cell power source based on the 
pumped cell is sli015711 in Fig. 6 prior 1:o iiiscrtioii in 
the ARCS power source section and bench testing. 
The cell stack is comprised of tn7o stacks of 22 cells 
that are connected in series. The system is dcsigtied 
to provide 1.7 kW of power for 30 hours (50 kWh) 
wit11 a voltage range of 52.5 to 63.5 V. This trans- 
lates to a projected energy density of 122 Whil at a 
power density of 4.1 W/1 as the volun-le available in 
the 27-inch external diameter pon7er source section is 
418 litres. A series of bench tests will be rcquircd to 
achieve system optimization. 

DEVELOPMENT OPTIONS 

Tlie two alumiiiuiii fuel cell widenvater vehicle 
power sources under development have both bccn of 
low power dcnsity. Since thc power densit!, requirc- 

iiicnt options have been examined ranging from 
modest improvements of the current power source 
types through to more radical solutions involving 
sequential mixing of electrolyte with seawater and the 
expulsion of reaction products back into the sea. 
Tlie range of development options is shown in Table 
I together \vith an approximate timc schedule which 
would be rcquircd to complete tlic developments. 

Impro\mients to the system tested 011 the XP-2 1 
vcliicle to improve ciicrgy density significantly can be 
acliicved through improved cell design, use of the 
cobalt catalyzed cathode and the use of liquid oxygen 
storage. These iiiiprovemeiits offer the potential to 
incrcase endurancc to morc than three times that of a 
silver-zinc batten, in a neutrally buoyant pon7er 
soiirce scction, lio\\7ever, they will not significantly 
i in p ro ve po\vc r density . 
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TABLE I 
ALUMINUM FUEL CELL POWER SOURCE DEVELOPI\IENT OPTIOXS 

Opt1 on Schedule Power Energy 
(Months) (kW) (IWIl) 

~~ 

Improved SMCa 8 1 2 5  50 

Putn >ed Solids 12 3.0 60 
Free h 
Pumped Solids 24 2.0 80 
Managedc 

Pumped 36 4.0 96 
Open-C yeled 

Pumped 48 4.0 96 
Open-cycle 
Solidse 

a XP-21 aluminum FCPS with improved cell design. 
ARCS aluiiiinum FCPS in  21-inch vehicle with 50 MPa (7000 
psig) oxygcn. 
ARCS aluminum FCPS with solids managcnient and 50 MPa 
(7000 psig) oxygen. 
Solids-free open cycle system. 

e ~ p c n  cycle system wit11 waste neutralisation. 

A much more interesting approach is to take thc 
alum i n  U i i i  p o w  r source tecli no I ogjr u 11 d c r de v e 1 o p - 
nicnt for the ARCS vehicle aiid to modif! it for a 21- 
inch diamctcr vchiclc Using our s! stcm perfomiance 
computer model [ 131, the voltage performance of such 

Fig. 7. Modelled perforiiiance of solids frcc po\\cr sotircc i n  a 
48-inch loiip. 21-inch diameter section. 

a sjstem as a function of discharge power level can 
be cstiniated, as shown in Fig. 7. The oxygen supply 
used for this exercise was a 16-inch diameter com- 
posite sphere capable of operating at pressures up to 
50 MPa (7000 psig). This system conies closer to tlie 
inteniiediate power aiid energy density targets aiid is 
easier to operate and rcfuel than the unpumped 
individual cell system. 

The development of a pumped system with solids 
management is already being funded by ARPA who 
have a contract with Eltech/Loral to demonstrate a 
brass board power source for a 44-inch diameter 
vehicle in the second half of 1994 [14]. This pro- 
grain is then scheduled to have a power source at sea 
i n  1995-1 996 in ARPA's 44-inch diameter UUV built 
b>- Draper Labs, The Canadian DND arc funding 
Alupo\vcr to add solids management to the solids-free 
ARCS pov-cr source although their long temi aim is 
to 1iaI.e an aluminuiii fuel cell power source tecli- 
nologj~ to compete with a hydrogen fuel cell power 
sourcc for the air-independent propulsion of coiiveii- 
tional diesel electric submarines [ 151. However the 
coni bination of increased power density and effective 
solids iiiaiiagement is difficult to achieve as this is 
al\va!.s colitrolled by the solid reaction product 
g r o d i  kinetics [ 161. 

Thc sequential electrolytc foniiulatioii option involv- 
ing mixing of seawater ivith solid NaOH to produce 
clcctrol!,tc as required has the potential to achieve tlie 
requircd energ,!. and power density target for the 
SOMSS mission in a 48-inch long power source 
section. In  the cases modclled, the oxygeii was pro- 
vidcd from a 50 MPa (7000 psig) sphere rather than 
from liquid oxygen. Discharging used electrolyte 
overboard results in only margjiiajly increased 
aluminum concentrations of I .2 s m g / ~  against 
a 0.0 1 - 1 mg/l background aluminum concentration in 
sca\\.ater. I t  is also possible to develop an open 
sj-stem of this type \Tit11 solids managcnient aiid waste 
product ncutralizatioii, as shon71i in Table I. 

The most straiglitfonvard and lowest risk develop- 
ment route to achieve the required power source 
performance objectives is through a pumped solids 
free system followcd by the open cycle version of this 
same technology, as shown in Fig. 8 .  This develop- 
ment route builds on the ARCS power source devel- 
opment and is s!.ncrgistic with work at NUWC where 
aluminum sil\,er oxide batteries have been developed 
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Fig. 8. UUV power source projected power shown as a 
volumetric Ragone plot. 

with a similar electrolyte iiiixing sys teiii [ 171 Fig. 8 
also shows how tlie 2 3 - 2 1  power sourcc can be 
developed to exceed tlic original A'RPA target with 
the use Qf a11 improved cell dcsign and liquid oxj7gen 
storage. 

The following table (Table 11) compares the operat-, 
iiig cost of various power source systciiis fitted in a 
48-inch long, 2 1 -inch external diameter vehicle 
section. Costs have been arbitrarily averaged over a 
hundrcd iiiissions which is seen as the likely maxi- 
iiiuiii service life of an iiid,ividual vehiclelpower 
source coiii b in ati on. TI1 e 1x1 ain co 1i-1 p et i tio 11 is 
between the aluiiiiiium f k l  cell poivcr source, silver 
ziiic batteries and lithium thioiij.1 chloride batteries, 
Cost aiid operatioiial safety factors mitigate against 
the use of lithium thioiiyl chloride batteries and the 
operatiiig costs of silver zinc batteries are very 
depeiideiit on the cycle life obtained. Hydrogen fucl 
cell power sources are seen as a very unlikcly option 
for underwater vehiclcs of 21-inch or even 26-inch in 
diameter due to the difficulty in  providing compact 
oxygcn and hydrogen reactant storage. In the fLiture, 
silver-metal li>rdridc batteries; zinc-oxygen power 
sources aiid secondary lithimi batteries may also be 
competitive options 11 8,191. Hcnyever, tlicse systciiis 
are still under devclopiiieiit as potential UUV power 
sources aiid it is not yet possible to estiiiiatc opcrating 
costs. In teniis of stored energy, the!; will all be in 

TABLE I1 
OWER SOURCE COST COMPARlSON 

System Stored Energy" Cycle Lifeb CostikWh 
(kWh) ($1 

Lithium- 80 Primary 450 
Tliioiiyl Chloride System 

A 1 uiii i iiuiii- 50-96' Mechanically 70 
Oxygen Refuelled 

Silver- 25 20 100 
Zinc 

Nichcl- 8 100 10 
Cadmi ti111 

Lcad- 8 100 3 
Acid 

a Withill thc voluiiic and i m s s  consti-aints or a 48-iiicIi long, 
21-iiicli diametcr powei- source section. 
 or a ma\;iiiiiiiii of oiic iiiiiidrcd veiiicle missions. 
Depcnds on the aluiiiiiiuiii po\ver soiircc option (see Table I). 

the same range as silver zinc batteries but should 
offer iiicrcascd cycle life an therefore operational 
CO s t rc d U ct io 11. 

SUMMARY 

Two aluminum fuel cell pon  er sources have been 
developed b j  APupower for uiiiiiaiiiicd underwater 
vehiclc propulsion bascd 011 solids iiiaiiageiiieiit and 
solads frcc variants of the technology The solids 
managed aluiii~iium fuel ccll pon7er source will exceed 
the ARPA dcfincd rcquiremciits 111 tcniis of energy 
and poller density if liquid osygcii is used as the 
oxidant supply For hlglier power density applica- 
tions, the solids free aluiiiiiiuiii fucl cell power source 
caii prowdc 60 kWlz at 3 kW from a 4-foot long 
section of a 2 1 -inch diameter vehicle Higher power 
dcnsit) and energ! densit! vcrsioiis of both tlie solids 
iiiaiaagcd aiid solids free aluminuiii fuel cell power 
source requires tlic dcvelopiiicnt of open cycle sys- 
tems Thc life c\ clc costs of an aluiiiiiium fuel cell 
power sourcc arc lo\vcr than those of a silver-zinc 
battcq averagcd over 100 vehiclc iiiissions 
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