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1. TNTROHUCTION

This report reviews the progress made on development of a regenera-
tive hydroegen-oxygen fuel cell (NAS Contract 3-2781) duriag the period
Oc tober 5--November 6, 1964, Ddring the period covered, a number of
s.gle cell tests were conducted and the 6 sell "5-wact module was
assembled and tested. The 75-watt unit was continually cycled for a
48-hour pericd, during which its performance was very satisfactory.
Lfter the continuous cycling period, additicnal tests were conducted
on the unit to determine the effect of various paramcters nn performance
characteristics. Data for these tests is presented wifhin the repert.

2. TECHNICAL DT TUSSION

2.} SBingle Cell Tests Frior to Multi-Cell Tests

Scvere reductions in KOH concentrativn,as a result of tesving,
were observed in previous cells.  In order to aecrcase th ¢ffect of
electrolyte loss, it was decided to increase the electrolvie roncentra-
tion from 25 weight percent KOH to 40U weight percent. in future cell
tests. Assembly detnils and-results ol.tained from cycling the additional
cells constructed during this pericd ave described in Taple L.

Lells # 19 and 720 contained cxcessive quantitics of electrolvte.
When the cell was assembled, Llectrolyte was squeezed out of the
asbestos mat into the individual gas cavities. On attempting to cycle
these cells, it was found that tﬁey exhibited poor performance on
disclharge and extremely large, i.c., 10-20 psi diffevential proasuves
at tte start of charge and discharge, The iiessive differential
pressufes were attributed to the wetting of the entirc clectrode and
back=-up screen forming NiQ thch took part in the reacticn on both
chaége and discharge. Cr1ll § 21 was constructed with the ¢lectrolyte
quantity rveduced to 29 grams of 407% KOH. This cell was cycled three

tim:s and allowed to sit in the open circuit condition cvetnight at

4110-ML-13 : : l- : ]
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700C, and then cycled a feurth time. The cell exhibited no deteriora-
tion in performance during the period tested. Therefore Lt was

decided to use this mat arrangement in the 75 watt unit.

2.2 Muiti-Celi 73-Watt Unit Constructional Detuils

The 75 watt unit consisted of 6 sceries connected cells
having 6-inch diameter clectrodes. Both the hydrogen and oxygen
electrodes were 20 mil nickel plaques containing 20 mg. of platinum
per sq. cm. The mat consisted of 0.M50 inch thick fuel cell mill-
board asbestos weighing 22 grams. The insulating spacers were 0.040
inch tﬁick, thus, the mat was compressed 0.010 of an inch. They were
scaked with 29 gms. of 40% KOH. The unit was assembled by stacking
the individual c]ectfodes, separator plates, and asbestos mats, A
stainless steel bellows was attached to the oxygen enu plate to
baiance the respective hydrogen and oxygen volumes. The entire cell
asscmbly was then placed into the two halves of the outer tank that
make up the oxvgen and hydrogen storage compartments. The negative
l2ad from the hydrogen end plate was brought through the tank by
means of an insulated high pressure terminal.

2.3 75-Watt Cell Testing.

The assembled unit was installed in the test oven in the
tew fuel cell testing facility. Appropriate feed~throughs for electri-
cal and hydraulic connections have heen installed in the oven ané test
facility. The unit was flushed 10 times by pressurizing with hydrogen
and orygen to 50 »sig and thern venting the gases. A differential
prassure transducer was uscd to measure the pressure differcnce
between the oxygen and hydrogen compartment. An absolute pressure
tranaducer was used to measurc the pressure in the hydrogen compartment
and a series of thermocouples around the periphery of the cell wersz
used to determiné temﬁeraturc variations. The ambient tem, 2raturc in
the oven was raised to 7000, and the cell was put on cycle. The cycle
consisted of 65 minutes éharge at 9.6 amps, and a discharge load of
.33 ohims sct to give 75-80 watts during discharge. In the initial

vyeles, the performance of the unit looked stable and satisfactory.

)
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Therefore, it was deci od to continue the cycling and conduct a
48-hour test. Dat- ror cell voltage, cell pressure, and temperature
during the cont auous 48-hour test is shown in Figure 1.
7' wughout the entire testing veriod, the differential
press _ swing did not rise more then 0.2-0.3 psi. When the cell
pressure reached 38('-390 pei, the cliarger was shut off, and the cell
was allowed to si: on open cirvcuir until the cycling timer (set at a
65 minutes charge durcation) switched the unit to discharge. & fter
completion of the 48-hour test, the cell was vented and allowed to
sit at temperature on open circuit., In the following days a number
of other charge-discharge cycles were conducted tov derermine various
performance capabilities, and it any detericration in performance
would occur. Figure 2 shows a serics of discharge curves ac different
temperatures atd loads. As can oe scen, at a slightly higiier tempera-
ture, the unit was capable of discharging continuously at 25 amps.
Figire 3 ghows a test of cell capacity. ‘Tne unit was
chafged until the cell pressure reached %5) psi, and then continually
discharged at 15 amps until the cell vnttape reached 3 velts. 1t
should be noted that at the end of chirg~ period, the cell voltage
wa. still relatively low, indicating that the wats containeuw -dditional
water that could have beeiw utilized for additio.sl capacity. [ -gure 4

shows a voltage vs. currcns curve for the unit, and the accos a ving

power output curve for this test. After an accumulation of « ¢ -al of
39 cycles, the unit exhibited slightly deteriorated performav-. on both
charge aud d scharge. Therc: re, it was reasoned that (11 . dile

information had been obtained, aue the unit was disassemb'c & . .d
éxamined. The individual mats had gvay te black disecie 1 Lon adjacent
to the hydrogen electrode. Electrolyte scae nca Liom ‘w5 of two

of the cells shewed that the concentration has been rodueed to
approximatelv 137 KOH. Additiosal peripheral anaiv cal test- are

being cowducted to detormine the .guse of-this olectvelyte consumption.
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2.4 Single Celi Tests After Multri-Cell Tests

After completion of the 75 watt cell testiry, tuc single cell
test oven was rearranged aund ancther series of cells were assembled and
tested. Coli(é 22 was used to check out the new set up. Cell = 23
employed Cyanamid Type AB-4 fuel cell clectrodes. The initial discharge
voltage at 16 anps wes G.8--0.82 volts, Hut the charge voltage ranged
between 1.7--1.9 volts. After 7 cycles, the discharge voltage dropped
te 3.76--0.78 volts. At this point the celi was disassembled and the
electrolyte concentration in the mat measured. It was found to be
337,

Cetl #24 utilizid a Tyoee AB-4 clectrode on the oxygen side,
and a standaxd EOS /2u mg/cm2 platinum) hydrogen electiode. The
discharge volrage at 16 amps initially was between 0.80 and 0.82. .he
charge voliage ranged between 1.7 and 1.8 volts. After 11 cycles, the
discharge voliage dropped to 0.78 volts. Again the ceil was dissassembled
and tue clectrolyte concentration measured. This time it had dropped
trom 40 to 337, '

Cell +25 was assembicd to test capabilitics of the cell at
elevated temperatures.  Figure 5 shows E-T data for-.the ccil ac 125°¢C.,
This cetl is still on cycle, ‘

The data ohtained at 1257 is quite vemarkable in that currents

appreaching 100 amperes were chtained at 0.55 volts., Due to overheating

-¢f rhe load bank and associated clectrical hardware, the high current

levels were only measured for pueriods of time less than 30 sceonds,
However, the values .obtained are indicative «f the high pulse power the
unit is capablce of.

2.5 Preliminarv 500 Watt Coll Desipn Welghts

As a result.of the recent series ol tests indlcating the
excellent performance achievable with ‘the new cell design and improved

c¢lectrodes, preliminary weight calculations of a 500 wact, 35 cell

4110-ML-13 : 13
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unit were undertaken. Two sets of calculations were made, one using
existing comporents, and the second using improved lower wcighf com=-
ponents which we feel are well within the current state of the art.
Table 2 shuws the 1Lemlzed component weights used in the calculated cell

weiguts. Details cf the tank w01qht calculations are given in Appendix
I. Further weight rcductions are possible, uging advanced materials
and design considerations. Details of such reductions are given in the
next section,

2.6 Potentiel Improvements in Rcreﬁ(ratlve Fuel Ln‘l Degsign
Using Advanced Light Weight Materials .

The purpose of this discussion is to review the results of a
preliminary analysis which was performed to determing the potentia’l
reduction in welght of a regeneratiQe fuel cell which may be rossible
by utilizing advanced light,wéight materials., A revicw of the existiﬂg
desfgn concépt scaled up to the 500 watt nominal power rating indicctes
that with relatively few and simple improvements, the weight of such a

system could be reduced to the 35-40 1b. level. Such a unit would

utilize magnesium cell separators, and 6061-Tf aluminum alloy gas =~~~ .

tankage. The unit would be capable of an encrgy cépacitynof 600 watt
hours aé a 500 psi peak storage pressure, at a temperature nf 1n0®n
and power drains of eithef 500 watts or 1000 watts; The cell stock
assembly would have an estimated weight of about 20-25 lbs., and the gas

tankage assembly would have an estimated weight of abont ]0-!3 lbs., The

. best estimate of the energy to weight ratio of such a unit woun!d be

15-17 watt hours pd} b, The unit would bc'esscntially identical td
the present design with minor modifications to reduce weight in non--
critiéal areas. The principle change in opefation would be achiayed
by raising the operating temperatutre to the 100°C level to allow a
drain oﬁlﬁOOO watts at the shoxt duration discharge.

To examine the feasihility of further reducticons in weight,

several advanced materials were Lonsidercd fur‘use ia the present

design. -The éxisringtcell stack assemBly uses nfbkel plated magnesium

:separators with a :density of about .065 lbs. per ‘cabic .inch. If on§

of the new light weight aircraft structural matorials such as the

B '
¥
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magnesium=lithinm alloy LAL4JA can be used, with a density of 049 1bs.
per cubic inch, an inmediate reduction of rhe cell sfack of about 4«5
lbs. is possible. The use of this and other similar wagnesium-lithicm
alloys is gaining rapidly, aad in this particulosr appiica .ion would
depend on the development of a suitable nickel plating process for
protection against clectrochemical attack. Other design improvements
in. the cell stack bholts and end caps arc certainly possible with improved
high strergth, light weignt materials, thcreby making another 2-3 1b,
reduction in weight feasiblc. Therefore, the miniuwum weight of a 600
watt hour cépacity cell stack 1s probably on the order of 16~18 1bs.,
as compared to the present a&erage of about 25 1lbs.

The gas4tankage is the other most critical weight element of
theasystem. The existing tank design for a 500 watt unit wouldxutllize
the 6061~T6‘a1uminum alloy with a working yield stress of 33,000 pei,
and a density of 0.1 Ibs./cu. inches. lhere appear to be several’
alternative materials which cculd make significant reductions in the
present tank configuration, w.ich appears to weigh about 12-15 lbs.

If cne of the structucal titanium allovs could be nickel plated, or
coated with an inert material such as teflon, to protect against
spontaneous reaciion in the pure oxygen environment, then a desfgu .
working stress of 100,0C) psi can be used wi'n material dCﬂSit)ruf
0.160 1bs./cu in.; thereby resu.tiag in a tank wall thickness of
approximutely .030". 'Thé weight of the gas stovage tankage ctilizing
tituninn would therefore be ahout 7-8 lbs, including flanges. )

As another anproach, if one »f the‘new high strength weldable
aluminum alloys such as Raiser 7039, or Alcoa X-/106 proves to be
satigfactory at operating temperaturas of 250°F, thén a design yield
stress of 45,000 psi would be availabie. These wmaterials can ba
expected to have all of the aesirable oropavties of the vlder aluminum
alloys, and would }esult’in a gas tankage welght of i0 lhs. Ancther
alternative, and probably the wost attrgétive, corsiders the use of the
new‘beryllium-glum*w- a1 loys developed by LocPheod:Missiles-and Space,

and ivcently licenged to the Brush Beryllium Compan?. These alloys

47 10-Mi-13 - 17 _— I



i vary in percentage from 25-45 weight nercent of aluminum with the

They appear te have good ductiiity and

ét ’ ‘remainder pure beryllium.

5 i - corrosicn resistance, and alse are sufficiently weldable to be used
;'!' : for tack design. The nain advantage of these alioys is a working

; : 7 - yield stress of 70,000 psi with a dcnsity ot JG74 lbe.fiu i“‘, If this

s applicasion, it

P

) material bedomes availabie und can be used in ¢

would resclt in 2 total tank veight of 6 lbs. including flanges. The )

involves the use of glass filament wound

: . T iast alternative considexed,
B tanks. Althtough the present technology has resulted in very high :
. - - - -
: strength tc weight ratio configurations, it is not believed that these

tanks are~practica1 for this appiicanidn.at'this timc. Thc two faLLov

& . which influence this COﬂLanlOn are the Lupredlcrablc ctkcct of

) ; . temperafure cycl1ng on the 5trength cﬁaracterlsLlca of Lbc glacs flla- ’~

ment structure, and se‘ondly, the heat transfer. .requirements of the fupl

o . " cell assquly‘whergby;a hxgn thermal conductivity, both axi a?ly and

radially, on the tank étructure are deéi*ablc for heat rei ction pur--

:g§ . " poses. chever it is llkely that with current dcvrlopmc s underway,

L -a high Lemperature‘metaiilg :1lamentrwound tank will become feasible
if - . for thls appllcaticn in the near £Jtu.u, ut11121ng some of thv hi gh .

LepperaLurL 1e51ns de aﬂnn51vas pxcsently being. devplepo

- ' Thn concluszors derived frow this prclxnlnar stucv of trends

s ‘1u c*fovmance are <i'nificanc. ~The ~1n1n4m wveight of a 600 watt hour
. B

regencrative fuel cckl assenbly using the most practlcal advanced

R R e ) .
t e i N s I

¥
% Ei- {7‘i_1 F(i ’ sttu<tu1a1 macerlals thuh could bccom; adqllable in the next 2-3 .

% . - © . yéars, appcals to beaa lover limit of abou* 20~ LbS-; and .a Ilke'v o
‘é l:’ ‘ . _ weight of about 25 lbs. - This-would resul? in a'sy§;gg q;gvgy"to weight

; . K L' 1at1o uf 24 watt hours per 1b. 1f fhé capacity. of fhﬁ<é;istipg cetl o+

‘f lgu“; f - stack could ba increas ed by 1mprov1ng the water storage capability, -
5 L . the enarg) to weight ratio of the uystem could prooablv be raised to at ’
g g{ _« ’ ’ least 30 watc hours Qer 1, Thxs ajpears to be a roason&b!e goal for*
S-u =, a regenerative fu,L cell battcvy operatlng at 100°C nfcer a developnent
i L - ;o L -

¥



prototyvpe has heer cump!cicd and reliable cyclic wperation is achieved.
For the foresceable future, this syvstem appears te be significantly
stperior to other sccondary baiteries on an evrergyv/weight buasis.
3. PEANS FOR THE NEXT PERIOD

- ’ - During the next period, additiona! cingle cell tests will be rum
in order te determine rre cause of KOH consumption and the related

cffect on cycling. Additional analytical tests will br cond:cted

to determiae the mode of KOH,co;sumpLicn. A mnew 6 coll unit will be
B “assembled and subjeéted te testing to determine additional performarice’
~ : ghéfacteriétics. ) )
T 1t is géLicipatéd'that preliminary design work on thg 500 wott unit
S will be initiafcd and certaig iong delivery time"itémézcrdere&. This,
“of. course, asswaes tual dppraval will be cbtained tu start Phase 11 f
mepwgmé. . ) S ' '
o ) .
_ - - . ; - 5
' B s . ~ L -
J p : B 3 - . d - ) s - ) -
7 ) ’ - . )
” 1
) i9 % 3
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4. FINANCIAL STATEMERT ;
Manhouls and ds »

Oczoher 30, 1964 were as follows? ) ' . .

Dircgt Labor Hours
$ 2,617.12
L 4, 964.38
£i5,000.68

Direct Labor: Doilars
- Purchases and Comaitments

* Total Deifar Expendsture,

. . o . B »
.
5 -
- . -
v
= P
. . . -
> -
N - +
. - Lo
- .
- - -
[P - o Id .
- - S - o
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T APPENDIX 1

1. TANKX SI2E CALCULATIONS
A. Gas Volune

Eiectrochemical Eq

uivalent of ¥, = 26.6 amp.hr./ g,

“

Fap. hvJeel) = 6000223 e 234 arp, hefeel: required.
CToral We. of H cons o Blel o= 35
Total Wt. of H, genzrated = W 28.7 ur
Assume operating . pressure (max.) = 430 psig T = et = A72°R
: - 28.2 x 677 3 16.73 _ 3
‘R 1 = - s = (.40 -
g VOume 2% 4% x 450 G.427 11
0, vulume = /2 H volume = G248 fr;J
Gas v-:j: me = 0.745 ’ 3 - . '
$ vuivme = £.745 £1.7 requiréd ~
© B. Celi Velure Calcula:ions . '
7 ~ - Cell stack gas porfs = 3.375 m.3 per coli
Separator p.ate d;stt;bution ports- = 0.668 iu.j per cell -

) ,End;#;atcéF s-pevis -=-0.67 i 3 ST R =
Totai ce‘l tacv gas velume = 36(% 375 + G.6A%) 4+ 0.67 = 35.3 in.?
Extcrnal gas volune fequired = (1728 x T45) -38.5 = 263 {é.B
Slac leagth (ex c1ud1n4 bellows) - ] -

LS = \36 x 0. ‘80) + (35 x 0. Ght) + (2 x 0. SW) = 8.88 inches
Z N . ) - - 2 ]
Stack voiuwe_= —ZQ- L= 0.785(7.979)7. 8.88 = 433 in.>
- . . - - ,.(D?__DZ) 47 o “’ - o ‘
Bellows solid volume = ~——éz—::+— x 0.525 = 0.785.(36-18.3) x ©.525
=.7.3 in.3

Total cell volume =

Gag volume + stack volume + bellows volume

= 1268 +.433 + 7.3 = 1688,3 in.

"C. Tavk Lengeh -
A;sume tauk iD= 8 0 -inches. - ) - -
N
- . End-cap volumes. © 1/6 w D = 0, 53 X (8)3 = 271 in.”
- 4110-NE-13 21 - s \
. . ~ y \; ’ v - :'
' PN w0 | .
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(R
‘

k2 D2 . 3

Cvlindrica! volume = - - L =163%.3 - 271 = 141°.3 in,

4
143 7.3 4

L Cylirdrical porting = —=22=2—= = 28,2 inches

7. 64

Total tank internal length = 28.2 + {2 = &) = 35.2 iiches

I1. 7TANK WELGHT CALCULATIONS

A. Cylindri.al Section Weiasht

5, =33 K psi for 6061-T6 aiuminum at 100°C

P proof = 600 psig

Safety factor = 3.5

N <3
4N J
_600x 1.5 - 8 _ 7,200 _ PO _ o
] .t 2 - 33 x 103 -~ 66,000 0.10Y inches or Po = 8.22 inches
) ¥V Cyiinder © ¥ End Caps
. : 2 .2 L
Tank Weight = V.o = m(d, - D) L.+ 1/~ (D3 - D§) 2
- ———— C-. = - 0 1
. 4 .
2
.0 o= 0.0 1b./in. N
Al 0. § /in ‘ _ B -

Tark Weight = 0.785.(3.46) « 28.2 + 0253 % 42.4 x 0.1

(less flange) .
= (76.6 + 22.6) x 0.1 = 3 % 1bs.

vBolt Holes

¥ . P F :‘- 3 2 % . /,
1"0" ting groove = l‘ (8.6 - 8, 4 ) X 0 14 + 0. 785 ® -4 X 0.;4
T - = 0, 37 in,
V.o =221 - 0.9 £0.,37 = zo:é~in.3 :
Total i
W = 2 (20. 3 + 0. ’) = 4,2 lbs. ' '
Tlanges - -

Fignge Weight Colculation

Thickaess = (.608 inches (based upon prescnt design)

oD = 16.5" - : T : -
ID = 8. 0" _ )
2

(D - b))

L= 0.785 (10,52 < 8.0)%. 0.608
Solid ~ —r— : :

= 0.785 x 46.25 x 0.608 =.22.1 in.3

-
]

<12 5. (0.408)° (.608) = .94 ind -

rotal Tank Waight = 4.2 + 9.9 = 4.1 lbs. = 6400 gms.
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