@ https://ntrs.nasa.gov/search.jsp?R=19650015242 2020-03-16T23:57:51+00:00Z

NASA CR-54379
REPORT SM-46221-Q3

GPO PRICE $

OTS PRICE(S) $

o
o’
.....
%
o
0

sog
f Hard copy (HC) f-~‘/ - '-"f:"/
N N
Xz Microfiche (MF) D0
/ , INORGANIC 10N EXCHANGE
= MEMBRANE FUEL CELL
=~

PERIOD ENDING 10 APRIL 1965

A¥ooaLys,

prepared for

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

CONTRACT NAS 3-6000

ASTROPOWER LABORATORY
NEWPORT BEACH, CALIFORNIA

o yRIV/E L

2121 CAMPUS DRIVE

MISSILE & SPACE SYSTEMS DIVISION
DOUGLAS AIRCRAFT COMPANY., INC.

MONICA CTALIFORNIA

A N T A
PO S .Y

Usysz,ﬂsq___;
g




NOTICE

This report was prepared as an accountof Government sponsored
work. Neither the United States, nor the National Aeronautics
and Space Administration (NASA), nor any person acting on behalf
of NASA:

A.) Makes anywarrantyor representation, expressed or implied,
with respect to the accuracy, completeness, or usefulness
of the information contained in this report, or that the use of
any information, apparatus, method, or process disclosed in
this report may not infringe privately owned rights; or

B.) Assumes any liabilities with respect to the use of, or for
damages resulting from the use of any information, appar-
atus, method or process disclosed in this report.

As used above, 'person acting on behalf of NASA'" in:cludes any

employee or contractor of NASA, or employee of such contractor,

to the extent that such employee or contractor of NASA, or employee

of such contractor prepares, disseminates, or provides access to,

any information pursuant to his employmentor contract with NASA,
> or his employment with such contractor.
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1.0 SUMMARY AND CONCLUSIONS

The most significant accomplishments during this, the third quarterly
report period, are the establishment of a fuel cell operational capability at
temperatures as high as 148°C and performance levels in the range of
50 rna/cm2 at 0.65 volts and 0. 72 volts at 30 ma/cmz. This performance held
at 300 hours of continuous operation at essentially the same level of voltage and
current. Fuel cell studies were performed in both the old Astropower fuel cell
and a newly optimized compact unit, the design of which was based on practical

experience as well as heat and mass transfer considerations.
The following results were specifically obtained:

(1) Membrane thickness had little if any effect on fuel cell per-
formance up to about thickness levels as 0. 75 mm for the

specific cell configuration employed.

(2) Fuel cell performance is relatively independent of tempera-
ture over the temperature interval of 65°C - 120°cC. Steady
performance is obtained at temperatures above and below this
range at somewhat lower levels. An explanation for the con-
stancy of fuel cell performance in the 65% - 120°C range is
that membrane resistivity remains constant over this temper-
ture range. This is borne out by recent independent laboratory
measurements of the resistivity-relative humidity-temperature

()

relationships for such membrane systems

(3) Impregnation of platinum black into the membrane structure
by a sintering technique is conducive to the stability of fuel
cell performance. If the depth of impregnation of the plati-
num black is reduced to 10% of the overall membrane thick-

ness, enhanced performance results.

(4) Palladium is as effective as platinum in promoting fuel cell

performance.

(5) TIncreasing the concentration of impregnated platinum black

beyond 20% does not appear to affect performance.

SM-46221-Q3 1
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(6) Increase of gas exposed areas of the wafer backup plate in
the compact fuel cell tests enhances fuel cell performance.
The highest performance of the program to date was achieved

in this manner.

(7) The relationships in (1) - (5) are essentially similar to those

for the previously employed nonoptimized fuel cell,

The current and future programs concerned with attempted improve-
ment of membrance-catalyst and membrane-catalyst-electrode configurations
are presented. Waterproofing and water removal by wicking are now in prog-

ress as well,

At this point it appears that enhancement of performance to the 0. 75 volt
and 50 ma/crn2 level is in the offing for the Astropower zirconium phosphate-

"Zeolon H'" membrane fuel cell without any membrane reformulation.

SM-46221-Q3 2



2.0 INTRODUCTION

By the mid-point of this program, it was evident that the original
target performance established for this program of 25 - 50 ma/cmz at
0.5 v. for 300 hours could be met by the use of zirconia-phosphoric acid-
"Zeolon H'" membranes having transverse strengths of 5, 000 psi or greater.
Then, it was decided to attempt to enhance the performance by optimization
of the fuel cell design as well as the membrane-catalyst-electrode configura-
tion while keeping the membrane composition constant. Since there was no
restriction on fuel cell operational temperature, it became important to

determine the temperature for optimum performance.

During this report period, it was possible to achieve a 60% improve-~
ment in fuel cell performance by two independent approaches. In the first
approach, a compact fuel cell was designed on the basis of practical operating
conditions and substantiated by heat and mass transfer analysis. In the second
approach, various exploratory tests had suggested the design of a membrane-
catalyst configuration wherein the catalyst was impregnated in the membrane

to only a very small depth.

Simultaneously, it has been established that hydrogen-oxygen fuel
cells can be operated at temperatures as high as 148°C. Temperature does
not appear to have a significant effect on fuel cell performance in the 65° - 120°C
range because the conductivity of the membrane remains essentially invariant
with increasing temperature under these conditions. The details of these studies
are given in this report as well as indications that still higher performance
levels could be attained. A new performance target level of 50 ma/crn2 at

0.7 volts was set.

SM-46221-Q3 3



3.0 EXPERIMENTAL PROCEDURE, RESULTS AND DISCUSSION

3.1 Fuel Cell Tests

Fuel cell testing was intensified in efforts to establish the param- .
eters for optimum fuel cell performance. The results of the most significant
tests (23) performed during this report period are compiled in Table I in order
of increasing test temperatures. All tests were performed at a constant current
density of 30 ma/cmz., Two types of test cells were used. The first type was
the standard Astropower fuel cell described in References (1) and (2). The
second type was an optimized compact fuel cell described in References (3)

and (4). The results obtained will now be discussed.

3.1.1 Standard Fuel Cell Tests

All tests were performed at constant current density of
30 ma/cmzo Test (1) was performed at 25°C in order to help establish the
relative influences of temperature and membrane thickness on fuel cell
performance. Tests (2) and (3) and (18) are in the same category as well.
In all instances, the experimental conditions were standard, as described in
References (1) and (2). The results at 65°C (Tests 2 and 3) indicate that
thickness levels within the 0.2 - 0.75 mm range have little or no bearing on
fuel cell performance except possibly for fuel cell longevity. The results of
Test (18) are comparable to those of Tests (2) and (3), demonstrating that
performance over the temperature interval of 65 to 100°C is unaffected by
temperature. Howevever, the lower performance at 25°C (Test 1) definitely
shows that poorer performance is related to increased fuel cell resistance.
It is our belief that the higher fuel cell resistance at 25°C is due to inadequate
water product removal through lower vaporization occurring at that temperature.

Appropriate water proofing will probably correct this problem.

Test (4) was conducted with a membrane which had
platinum deposited on it by a chemical procedure involving the reduction of
chloroplatinic acid. The performance level was no better than that of Test (2)

without platinurm deposited on the membrane.

Test (5) was initiated during the previous quarter and

mentioned in Reference (2). It had been observed in previous hydrolysis

SM-46221-03 4



studies that this membrane lost 5. 5% of its total weight through release of
unincorporated phosphoric acid upon being immersed in distilled water at
75°C for two hours. Some evidence had indicated the possibility of small
gradual losses in phosphoric acid from the membrane during actual fuel cell
operation. Therefore, it was of interest to establish whether or not this
affected fuel cell performance. Test (5) was performed on the membrane
which had been soaked for two hours at 75°C followed by a drying period for
two hours at 500°C. The performance of this test is comparable to that of
Test (2) and, for a longer duration. Therefore, it can be concluded that prior
removal of unincorporated phosphoric acid from the membrane by soaking in
water is not at all deleterious to fuel cell performance. Undoubtedly, this

applies to membrane behavior during fuel cell operation as well.

Tests (9), (10), (11) and (12) were performed with
platinum black being impregnated into both outer one-third layers of the
membrane in the following manner. A weighed amount of platinum-bearing
membrane material (10, 20, 30 or 40% platinum by weight, the remainder
being C200B material) is placed in a pressing die, followed by a layer of the
C200B membrane material and a second layer of the catalyst-bearing material.
The top punch is then inserted and the assembly (two-inch diameter) is pressed
at 15 tons total load. After pressing, the composites are placed on flat, smooth
refractory plates and sintered in air for two hours at 500°C. After cooling to
room temperature, the composite membrane-catalyst wafer was impregnated
with 85% phosphoric acid, oven dried at 120°C and finally sintered at 500°C
for two hours. The phosphoric acid treatment was repeated twice. A
photograph depicting the three layers, given originally in Reference (1), is

shown again in Figure 1.

Test (9) is actually a continuation of Test (2), Table 1
of Reference (2). Although Test (9) containing the least amount of platinum,
was the most durable, its performance never reached the operational levels
of the other tests. The tests with more platinum were about the same in
performance level as that of Test (2}, without platinum impregnated in the
outer one-third layers. However, it will be shown below that platinum impreg-

nated into the membrane does offer advantages at higher temperatures.

SM-46221-03 5
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Figure 1. Fuel Cell Membrane - Catalyst Composite
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It was noted at this point that the fuel cell performance
level tended to remain essentially constant with increasing concentration of
platinum past 20% in the outer one-third layers of the membrane. This
prompted an effort with a membrane in which 20% platinum was impregnated
in both outer one-tenth layers by the processing procedures described in
Reference (2). Therefore, the middle layer of the membrane consisting of
nonimpregnated . C200B material constituted 80% of the total membrane. The
results of the evaluation of this membrane are given in Test (13). It can be
seen that there has been a significant enhancement in performance through this
type of membrane-catalyst formulation procedure. It may be reasoned that
the active area for electro-catalysis is at the surface of the membrane only.
Any further penetration of the membrane by the catalyst does not provide ad-
ditional sites for the appropriate catalytic reaction. In addition, the possibility
of electrical short circuiting is diminished by keeping the catalyst material as

close to the surface of the membrane as possible.

Test (17), (19), (22) and (23) had been performed with
20% platinum black in the outer one-third layers of the membrane over the
temperature range of 93°C to 148°C. It appears that the performance remains
essentially constant over the temperature range of 65 to 120°C, but appears to
diminish past 120°C. 1In this regard, it was not possible to obtain sustained
fuel cell operation at temperatures in the range of 90°t0100°C when the non-
impregnated C200B membrane was used (Test No. 18). Apparently, the
impregnated platinum exerts a stabilizing influence on fuel cell behavior

above 65°C.

Test (21) performed with a 10% platinum impregnated
membrane at 100°C, does not reach the performance level of that of Tests
(19) and (23) containing 20% platinum-impregnated membranes and evaluated
at comparable temperatures. A similar correlation exists at 65°C. Of
further significance, it is to be noted that the performance of the 10% platinum
impregnated membrane at 65°C (Test 9) is essentially equal to that of the

same system at 100°¢C (Test 21).

Test (20) was performed with 20% palladium black

impregnated in both outer one-third layers of the membrane. This system

SM-46221-Q3 7



performed as well as the corresponding all-platinum composite in Tests (19)
and (20) at 100°C for about 50 hours. Test (20) had been terminated because of
sharply diminishing performance after 76 hours. It was observed upon opening
the test cell that electrode pores were clogged with clusters of palladium black
powder. Evidently, significant amounts of catalyst had become separated from
the membrane structure. Since the density of palladium is one-half that of
platinum, it is possible that approximately that much less palladium would be
required for equivalent effectiveness., This matter is under current investi-

gation.

Test (15) was performed in connection with the
program to prepare integrated electrode-catalyst-membrane composites.
The 0.1% palladium had been incorporated into the outer layer after impreg-
nation of the membrane with platinum in 20% concentration, followed by the
pressing and sintering procedure described above. Although the performance
in Test (15) was not particularly outstanding, probably because of the non-
porosity of the outer palladium layer, it does demonstrate that it should be
possible to prepare integrated electrode-catalyst-membrane systems by this
technique. Such integrated assemblies have been prepared, wherein the
electrode component has been rendered porous by its being pressed through
a silk screen as it is deposited on the membrane. They are to be evaluated

in the fuel cell in the near future.

The various correlations of fuel cell performance with
membrane thickness, concentration of impregnated catalyst and operation
temperature, are depicted in summarizing tables (Tables II - VII inclusive),
In these tables, the fuel cell resistances as calculated from polarization data
obtained at the indicated time interval of fuel cell operation, are used for

correlative purposes in the following manner.

Table II shows that for the nonimpregnated C200B
membrane, the resistance is unaffected by membrane thickness up to 0. 75 mm.

However, beyond that point, resistance increases slightly with increasing
thickness,.

Table III demonstrates the effect of platinum concen-

tration in the outer one-third layers of the platinum-impregnated C200B

SM-46221-03 8



membranes on fuel cell resistance at 65°C. Beyond 20% platinum concentra-
tion in the two outer one-third layers, there is no further reduction in fuel

cell resistance.

Table IV shows the effect of 10% platinum with that of
20% platinum in the outer one-third layers of the platinum-impregnated mem-
brane at 100°C. It is evident that 20% platinum affords a lower resistance

than does 10% platinum, as had been noted at 65°C.

Table V shows the effect of increasing temperature on
fuel cell resistance for a 20% platinum-impregnated membrane. There is no
change in fuel cell resistance over the temperature range of 65° - 100°C., A
slight increase occurs over the temperature range of 100°C to 125°C which

c e . o
becomes more significant as the temperature increases to 148 C.

Table VI shows that palladium impregnated into the
C200B membrane is as effective at a similar concentration of platinum at
o
100°C.

Table VII shows that impregnation of the C200B mem-
brane with platinum to the extent of 20% in the outer one-third layer compared
with the nonimpregnated C200B membrane does not lower membrane resistance

at 65°C; however, considerable improvement does occur at 82°C,

In connection with performance remaining essentially
constant over the temperature region of 65°C to 120°C, the following expla-
nation is offered. Figure 2 (given previously in Reference 1) shows plots of
log resistivity versus percent relative humidity determined from independent
experiments with the C200B membrane at 70°C, 90°C and 105°C. At higher
fuel cell operating temperature the membrane dehydrates slightly causing its
resistivity to remain essentially at the same level as at the lower temperature
(70°C). This condition exists because resistivity changes little with variation
in relative humidity at 70°C whereas, resistivity decreases significantly with

increasing relative humidity at higher temperatures (1050C)u

3.1.2 Compact Fuel Cell Life Tests

’-]
)
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report period, the design of which can be seen in Figure 3. A photograph of
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Figure 2. Log Resistivity Versus Percent Relative Humidity
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Figure 4.

coér8

Compact Fuel Cell in an Oven During Operation




a.
b.
c.

co67y

20 Mesh Stainless Steel Screen
‘Forty-four Holes, 1/8 inch in Diameter, in Stainless Steel Back-up Plate
Ninety-six Holes, 1/8 inch in Diameter, in Stainless Steel Back-up Plate
Figure 5. From Left to Right, 3 Types of Back-up Plates
Used in Tests 6, 7 and 8 Respectively
SM-46221-Q3 13




LL 02

udisoq 112D 121 32edwo) ayj ut
pas( sa1e[g dn->oeg Jo sadAJ juaiajji(g 991Y]J JO SedIY JO mEmcoBﬁwm ‘g 2andr g

9je(g dn->oeg jJo 2dA T

9je]q dn-xdeg 3[0H 96 21®(g dn-3deg 210H V¥

u9210g YSIN 02

0¢

o¥y

09

08

001

®IIY [BUOI}ISIG-SSOIN)

18101 JO UOI}dBIJ SEB (991 ) ®21y pPosodxy sen

14

SM-46221-Q3



T EEEEN T W AT T T 2 Sl L] L] T T S T T G 8§ T N | ...

the compact fuel cell unit as assembled in an oven is shown in Figure 4. The
results obtained for tests depicting the most significant results are repeated

in Table VIII (initially listed in Table I). This fuel cell was optimally designed
using mass and heat transfer analysis and engineering experience. A short

description of the mathematical analysis is given in Section 3. 2, 3 below.

Fuel cell operating resistances are correlated in
Table IX for Test (6), (7) and (8) at 65°C in which a 20 mesh screen as a
backup plate, a 44 hole backup plate and a 96 hole backup plate were used.
Figure 5 shows the three types of backup plates used and Figure 6 relates the
gas exposed area as a fraction of the total cross-sectioned area for each back-
up plate. From the results of Table IX and Figure 6, it can be concluded that
as the gas exposed area was increased the fuel cell performance also increased.
This phenomena will occur until contact area becomes critical and the overall

cell resistance will rise again.

Test (14) has 20% platinum black impregnated in both
outer one-tenth layers. Itis demonstrated now that in the 60° - 70°C range,
the incorporation of platinum black in a thin layer has no significant beneficial

effect on performance.

Tests (17) and (22) were run in order to show how the
20% platinum black membrane in the outer one-third layers performed at the
elevated temperatures of 93 :I-.ZOC and 128 : 1°C respectively, Characteris-
tically, the resistance increases relativeiy little with increasing temperature

(from 0. 43 ohms at 93 : 2°C to 0.48 ohms at 128 i loC.)

Test (14) involving the same 20% platinum-impregnated
membrane affording optimum performance in the standard fuel cell (Test (13),
Table I) manifests a somewhat lower performance in the compact fuel cell.
There is a good chance that performance superior to that in Test (8) can be
achieved if the 96 hole backup were used with this membrane. This matter
will be explored further in the near future. Efforts relating to the extent of
gas exposed area of the backup plate to the compact fuel cell performance will
be continued as well, This, together with continued improvements in water
proofing, membrane-catalyst and membrane-catalyst-electrode configurations,
should lead to enhancement in fuel cell performance to the 0.70 volt level at

ma/ cm2.

SM-46221-Q3 15
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The synopsis of voltage-time data for Tests (8) and (13)
are given in Figures 7 and 8 respectively. Polarization curves for Tests (5),

(8), (13), (14) and (19) are given in Figures 9-13,respectively.

3.2 Catalyst-Membrane and Electrode-Catalyst-Membrane

Preparations by Pressing and Sintering Techniques

Work has continued during this report period devoted to the
development of composite fuel cell membrane-catalyst for components. These
are prepared by pressing together three layers of material, the two outer
layers being composed of mixtures of C200B membrane material and catalyst
and the center section being C200B material without the catalyst addition.
Each section has been approximately 0. 38 mm thick resulting in a pressed

composite about 1.2 mm thick. After pressing, the composites are sintered
and diffusion bonded.

As described above in Section 3.1.1, there appears to be

advantages in employing thinner outer catalyst layers. This is under current

investigation.

Catalyst-Membrane Composites

The following membrane-catalyst composites have been prepared

or are in preparation for fuel cell evaluation.

Same Catalyst Layer on Both Sides of Membrane

10& Pt - 90% C200B
20% Pt - 80% C200B
30% Pt - 70% C200B
40% Pt - 60% C200B
10% Pd - 90% C200B
20% Pd - 80% C200B
30% Pd - 70% C200B
40% Pd - 60% C200B
10% (50% Pt - 50% Pd) - 90% C200B
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Different Catalyst Layer on Each Side of Membrane

10% (50% Pt - 50% ir)

90% C200B {H, Side)

10% Pt

90% C200B (O, Side)

]

10% (50 Ag - 50% Pd) - 90% C200B (O, Side)

10% Pt

8

90% C200B (H, Side)

As the maximum concentration and type of catalyst producing
the best fuel cell operation is determined, the thickness of the outer catalyst
bearing layers will be reduced to the minimum consistent with optimum fuel
cell operation. This will results in reducing both catalyst cost and membrane
thickness as well, It appears, for example, that the thickness of the catalyst

layers containing at least 20% Pt, can be reduced by at least three-fold.

Electrode-Catalyst-Membrane Composites

Work is also being performed on the incorporation of electrodes
into the catalyst-membrane composites. These samples are prepared by the

following two different techniques:

(1) Screen Electrodes

Screen electrodes are pressed into the catalyst-membrane

composite and sintered as described above,.

(2) Silk Screen Electrodes

Electrode materials such as platinum, palladium, iridium
and other materials are silk screened on the surfaces of the
pressed catalyst-membrane composite as described above
either before or after sintering. If applied after sintering
the assembly is then refired to bond the electrode layers to

the catalyst-membrane composite.

A. Screen Electrodes

Silver Mesh
Tantalum Mesh
Nickel Mesh
Stainless Steel Mesh
Gold Mesh

Platinum

PLATINIZED

U W IN =
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B. Silk Screen Electrodes

Platinum
Palladium
Tantalum
Iridium

B Wiy -

The evaluations for these materials are in progress at the

present time,

3.3 Mass and Heat Transfer Analysis of Optimum Fuel Cell Design

Parameters

The operation of a hydrogen-oxygen fuel cell is particularly
sensitive to the proper water balance existing between the rates of water vapor
removal from the electrode surface. Failure to maintain the optimum water
balance about the electrodes would result in either a drowning or dehydration
of the membrane-electrode composite. Consequently, a mathematical analysis
was conducted to determine the optimum engineering design parameters for a
flow-type fuel cell. The design will be formulated in terms of three dimension-

less parameters; namely, the relative gas velocity (v b/DV), relative mean
discharge humidity (I—-I/Hs) and the relative width of gas passage (2).

3.3.1 Mass Transfer Analysis

In principle, water is generated at the catalyst interface
which sweats through the electrode surface. Simultaneously, the vaporization
of water vapor into the gas passage serves to remove the heat generated in the

electrolyte-bearing membrane, the primary mode of heat removal.

The water rernval process is formulated quantitatively
by writing the differential equation about a differential element of gas in the

flow stream. It is given by Equation (1) below.
- 2 2
v (3H/3z) =D, (3"H/3"x) (1)

Equation (1) describes the equality between the convection of water vapor

along the gas passage and the diffusion of water vapor across the flowing

stream. The boundary conditions, given below, to this mass transfer

problem depict the surface conditions of the electrode.
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The solution to this system of equations for the gas humidity profile in the

plane or the discharge port is given below,
- -.2 1/2
(H - Hs) / (Ho - HS) = erf (vb /4aDv) (4)

By integrating Equation (4) across the width of the gas passage, the average

discharge humidity H of the gas leaving the fuel cell is given as follows:

f-H)/(H_-H) = (\-sz/4rraDV)1/2 (5)

Equation (5) is presented graphically in Figure 14.

The optimum engineering design parameters are obtained
graphically by plotting the relative gas velocity (v b/DV) versus the relative
width of the gas passage (b/a) at constant values of the relative mean discharge
humidity (I_‘I/Hs)- Figure 15 is based upon (ﬁ/HS) = 0.95. For this discharge
humidity, the optimum design parameter (b/a) is 0.208. This is essentially
the prevailing cell geometry for the Astropower compact fuel cell, described
in Section 3.1.2. Exceedingly lower values would result at increased satura-

tion of flowing gas.

In conclusion, the mathematical analysis resulted in
the determination of the engineering design parameters pertinent to the
optimum operation of a hydrogen-oxygen fuel cell. In general, design curves
similar to those of Figure 14 can be used to evaluate the discharge gas
humidity, H as a function of the gas velocity, v and the width of the gas
passage b. The optimum dimensionless design parameters (ﬁ/Hs)

(v b/DV) and (b/a) evaluated in this analysis can be determined from curves

similar to those of Figure 15.

3.3.2 Heat Transfer Analysis

A mathematical analysis was conducted to determine
the heat rejected from the electrodes of a fuel cell. The heat generated over

the surface of the electrodes due to the electrochemical reactions and IZR
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Dimensionless Flow Rate vb/D

1.0 /

Ratio b/a =1

Douglas IEX Membrane

oor L4 |
1.0 0.9 0.8 0.7 0.6 0.5 0.

Dimensionless Average Discharge Humidity, T—T/HS

co6és

Figure 14. Discharge Gas Humidity vs Fuel Cell Geometry
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Flow Rate, vb/D
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v

0.4 ‘
Discharge Humidity of Single Cell H=0. 95 H_
Membrane Temperature = 100°C
0.3
0.2
" \
0
0 0.1 0.2 0.3 0.4 0.5 0.6
Width of Gas Passage, b/a
coers
Figure 15. Optimized Fuel Cell Debsign
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losses is assumed to be uniform over the entire area. It is dissipated by the
process of water vaporization to the flowing gas stream, thereby, increasing

the discharge gas temperature for a specific gas velocity.

To describe this thermal behavior of the flow type fuel
cell, an energy balance was written across a differential volume of flowing
gas. Under steady flow conditions, the resultant heat transport equation is

given below.

pCp;z(B T/dz) =k (BZT/BXZ) (6)

Equation (6) represents the balance between the convective transport of energy

along the flow path and the thermal transport of energy across the flowing gas

stream by conduction.

The boundary conditions, being of the homogeneous type,
are formulated on the basis that the heats of electrochemical reaction are
generated at a constant rate, q, over the entire electrode surface. The

equivalent expressions are given below.

T = To at z =0 Dbetween (0o<x<Db) (7)
(3T/d Z)x=o = qo/k at x=0 Dbetween (o<z<a) (8)

The analytical solution to Equations (6), (7) and {(8) in

terms of dimensionless parameters is given below.

1/2

T/T =1+{q /kT_) (4nka/p <:p"7)1/2 erf (¥x° p Cp/4k a) (9)

Equation (9) represents the temperature profile across the flowing gas stream
in the plane of the discharge port. Although the minimum thermal variation
will occur at gas rates in excess of the stoichiometric limits, the maximum
increase in the gas temperature at the electrode surface is attained at high
cell efficiencies for a fuel cell operating under adiabatic conditions at the
stoichiometric ratio of the reactants. Under these conditions, the thermal
ratio (Ts/to) at the electrode surface could exceed the bulk gas stream value

1 1IN
Dy 12U percent.
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NOMENCLATURE

P = gas density, 1b mass/ft3

Cp = heat capacity, Btu/(lb mass) (°R)

v = gas velocity, ft/sec

T = Temperature, °R

z = Position along gas flow, ft

k = Thermal conductivity, (Btu) ft/(sq ft) (sec) (OR)

b'e = DPosition across gas flow, ft

b = Width of gas passage, ft

a = Length of gas passage, ft

dg = Heat flux at electrode surface, Btu/ (ftz) (sec)

TO = Inlet gas temperature, °R

H = Humidity of gas stream, lb mass water/lb mass gas
DV = Molecular diffusivity, sq ft/sec

H = Average gas humidity, 1b mass water/lb mass gas
Hs = Saturated gas humidity at electrode, 1b mass water/lb mass gas
H, = Inlet gas humidity, lb mass water/lb mass gas

erf = Probability integral

erfc = Complement of probability integral

3.4 Additional Studies — New Catalyst and Water-Proofing Studies

Several pairs of electrodes were fabricated using tantalum screen
and a variety of catalysts and water-proofing agents. Platinum was used as
the catalyst. It was applied to the two-inch diameter screens by either of two
methods: electrodeposition or application of a '"paste' or slurry. Electro-
deposition was carried out in 3% HZPtCl()(aq)° Up to 40% by weight (total
weight of screen) of platinum was deposited in this fashion. The platinum

pastes consisted of platinum black suspended in a toluene solution of silicone
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resin (G.E. SR-224). After application of the paste, the toluene was evaporated

and the resin cured at 90°C.

Other catalysts were also applied to tantalum screens by the
"pasting' technique. Silicone resin was invariably used as the water-proofing
binder. The catalysts employed were palladium, nickel boride, and cobalt

boride. The finished screens contained from 30% to 40% by weight catalyst.

Several of the successful electrode screens are being evaluated
in working fuel cells, A few of the above electrodes are currently being

evaluated.
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4.0 FUTURE WORK

(1) Studies involving new catalyst-membrane composites and electrode-

catalyst-membrane composites as indicated herein will be continued.

(2) Studies with the compact fuel cell will be continued. A larger cell
will be constructed capable of handling a four~-inch diameter mamebrane. Tests

will be performed with this unit.

(3) Efforts will be directed toward the water-proofing of electrodes.
It is planned to attempt to improve fuel cell performance by providing the com-

pact unit with a wicking arrangement.
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6.0 PROJECT PERSONNEL

The following Astropower staff personnel were connected with the

program during this reporting period:
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Dr. M. P. Strier
Mr. F. C. Arrance

Dr. L. O. Rutz
Mr. G. Belfort
Mr. A. G. Rosa
Mr. R. Hubata

SM 46221-Q3 34



(@8ed xau -juo))

20¢ 268°0 02°0 00L "0 008
6L2 268°0 02°0 00L°0 0°08
1 2°Y4 006 0 0Z°0 LoL-o 0°08
(1394 006 °0 02°0 00L°0 0°08
1 S06°0 0Z°0 LoL0 0°08
811 8060 0Z°0 LoLo 0°08
06 006°0 02°0 00L°Q 0°08
{g-2)40¢ 2L 506°0 0Z°0 LoL'o 0°08 1¥99 05°0 , uduiiea ) [e12ads oN 8
611 0¢8°0 1€°0 s£9°0 0°1¢
06 826 °0 Le2°o 259°0 S°LS
(44 £¥6°0 92°0 899 °0 529
(z- u?«.- 91 S88°0 92°0 §S9°0 0°09 1599 2L°0 judwieaa) feroads oN !
8L £68°0 6s 0 0ss°0 0°Le
(-2t Ly 648 °0 29°0 $25°0 0°€€ 1749 SL°0 luswea Il [e123dS ON 9
vig - - 509°0 -
992 = - s09°0 -
(A 44 886 °0 v 0 119°0 °0%
812 0860 w0 22970 S'ey
002 086°0 ¥ 0 229°0 9°ty
oLl 066°0 8¢ °0 s€9°0 0°s¥y sanoy 2 10§ 3,006
L6 0001 9€°0 L59°0 0°1s 1€ paiajuls ‘uayl ‘JosL
341 9s 8L6°0 9¢ "0 069°0 S 0% 1¥69 £€5°0 3e sinoy g oy pazAjoapiH 9
Do00s 1®
paaajuisas ‘uayj ‘pazrunyerd
8% 144 896 °0 £€°0 059 °0 2728 1 ¥ 99 98°0 Afredtwiayd sem aueIqUIIW v
€2 3 $86°0 62°0 8L9°0 0°09 2FS9 02°0 e L £
L6 266°0 €e "0 L¥9°0 0°2%
. 0L 020" U~ 62°0 89°0 L'19
921 9% 020°1 92°0 90L°0 S°69 1%69 880 waweas] [e1oads oN ¢
1€2 €86°0 69°0 ¥¥¥ 0 - 0°92
991 L96°0 69°0 ¥¥¥°Q 092
ovl 296°0 99°0 €S¥°0 §°92
86 €66 °0 99°0 ¥9% ‘0 G°L? 1¥62 16°0 juawijesay eroads oN 1
EVE,M Jo 2w ], sinoy sj[oa - swyo sj[oa W0 jew D wiwx wondiaosad ‘ON 383
‘uny Jo 11e1§ woxjy ‘@8eijoa ‘asueisisay NEU\NE 0¢ ‘A G0 l® sanjesadwa ], ‘sgaW{OIY.L auBIqUWINW 119D 1°nd
U WD INSBI W nnoay) wadQ 113D 19nd 1e afejop AntsuaQ@ juaaan) aueiqua
Jo swutjy

QEEEEEEE%PEN
QI YA LNIST A NO SLSIL TTID TINI LNVDIIJINDIS HHOW IO AYVANNS

I1379V.L

35

SM-46221-Q3




(a8ed 1xau ‘juoD)
N'e)
o
Tig 5101 £€5°0 0890 0°LS
L97 500°1 1€°0 56970 L9
261 0101 L2°0 60L°0 9°89
891 2660 12°0 60L°0 0°69
12 S10° 1 $2°0 60L°0 G'eL
611 010°1 €2°0 02L°0 1°8L
<6 0001 €7°0 02L0 1°8L siaA®] Yjua1-2U0 13310
¥ 5660 ¥2°0 60L°0 GgL yioq ut 907 — }orlq wnu
Tig 92 L1860 92°0 L89°0 L9 Z %99 8L°0 -neld yim paivufaadw] €1
€21 €180 9¢ 0 8L5°0 9°0%
, 101 098 ‘0 LE"0 965°0 G LE
0L 688 "0 L2°0 $66°0 9°'7% . s12A®e[ pd1yl-2uo I13jno0
9% 688 °0 92°0 049 '0 9°86 : yioq ut %0F — }2€lq wnu
891 43 688 °0 820 $¥29°0 0°28 2F 89 61°1 -11epd yirm pajeudardug 21
L12 0601 1%°0 1€9°0 € 9%
¥ol 001 "1 Ge'0 269°0 €14
991 GL0°1 9¢°0 059 ‘0 €06
811 Lol 2€°0 199°0 L°SS
€6 0601 Z2€°0 L99°0 LGS
0L 5901 2€°0 299 °0 0°2% sashe| pIY3-auo I3ino
144 566 °0 1€ °0 LS9°0 L¥S yjoq ut %0¢ —>2e[q wWnu
£97 Lz 080 " W0 6¥9°0 LLY 1769 221 -ueld yim pajeudardw] 1
1€ 886 ‘0 €€°0 869 °0 L€S saohel pIw3-asuc 13no
4 001°1 1¥°0 869°0 1°6% yioq ut %(g — 32elq wnu
(34 L SL6°0 ¥ 0 0Ls 0 9°LE € ¥69 s1°1 -nrerd ynm peyeudaaduy ot
0s¢ - - 8%s 0 -
. 91¢ . - - 0L6°0 -
162 596 °0 16°0 265°0 0°G¢
661 2560 €5°0 £€€6°0 : 0°€¢
Ss61 256°0 LS°0 01570 0°1¢ s19A®] PI1Yl-duUo I3NO
St 696 °0 29°0 09%°0 6°92 yjoq ut %07 — Ielq wnu
79¢ L6 £€6°0 29°0 09%°0 692 1F69 $8°0 -ueld Wiwm pajeudardwl 6
( Vcsa 30wy sanoy gi[oAn swyo S310A NEU\ME o] ww ﬂoﬁmu.uUmwO *ON 3891
q ‘uny Jo 3I1EIS WOIJ ‘agejoa ‘aoueisIsoY ‘Hwd/EW Of - ‘A g'03e sanjeiSdwa]  ‘882WdML suelqud 112D 12nd
U WD INSBIW nnox) uado 12D and 1e a8ej[oA Aj1sua@ uaran)d oueIqUIa W
suay
wd /euws

d0, U Il T - VA
addd LNIS3dd NO S1sdl TT3D 130d LNVIIJINDIS TAONW 0 XAVAINNOS

{(*INOD) I @14Vl

SM-46221-Q3




a8ed jxau ‘o))

r~
21¢ - - 006°0 - fSa]
1172 - - 066 °0 -
$9¢ - - 0850 -
917 - - 0290 -
181 28R °0 ve 0 $19°0 St 4
]91 €88 °0 ¢ "0 G656 °0 by
il L8°0 6¢ '0 L8¢°0 6 0%
111 3388 °0 <0 Z19°0 8 b s13A®y PAIY1-2UO X3 NO
206 66870 9¢ ‘0 666°0 LA yroq ut %07 — {IB1q whu
718 2 280 ¥2°0 9990 0°59 € ¥ 001 £6°0 -nerd yiwm paieusaddul 61
8 - - 6€9°0 -
S - - 899°0 -
14 - - §€9°0 -
kA - - 089 °0 -
Q i - —_ 2L9°0 - ¢ F L6 990 JuUaUIIBIT] (eoads oN 81
sasA®] paiyi-auo 13jno
yioq Ut 90z — 32B(q wWnu
. . . . ¥ . -yeid yirm ajeudardua] 1
:-iom 12 o6 "0 (%20} S¥s 0 0°9¢ Z2F €6 1€°1 dy p L
L - - G19°0 - .
/% - - 6£9°0 - sasA®] Patyl-2uo 13ino
22 008°0 62°0 9%9 °0 0°9S yioq ut %2z —>i>elq wnu
& t 098 °0 120 1€9°0 i 41 S ¥ 68 901 -nerd yum pajeudasduil 91
1 4Y4 226°0 Ls'0 98% "0 6°82 wmntperred %1 "0 Yitm uotl
(24 = - 13 2 20 - —euSaidut Agq pamoilo]
0b? - - 09% "0 - szah®e[ Pary3y-auo I13ino
61 %60 96°0 205°0 2°0¢ yjoq ut 907 — }2®[q wnu
. 81¢ yLl 216°0 $5°0 26%°0 7°62 G ¥ 08 68°0 -nerd yim pajeufardwi St
01¢ £€56°0 ¥2°0 629°0 L°LS
29¢ 0080 920 s29°0 1°¢S
161 cE6°0 ¥2°0 6€9°0 L°LS
9% 1 mnwmv 0 92 ‘0 9¢9 0 G 09 muw>.m~ £u=0u|0¢0 Jajino
€2t 696 °0 92°0 S$9°0 2°LS Yi0q ut 907 — de[q wnu
(z-2)01€ 66 5960 620 %90 776§ 1 F69 $L°0 “1yeid yuim pereudoaduy $1
( vcdm jo 2wl sanoy sijoa swyo 83[0A W/l Do wrt torydiaosad *oN 3183L
4 ‘uny jo 31BIS WoOI} [FY-2:51 (7N ‘goue}sisay ..NEo\mE og ‘A g0 Ie sanjesradwo j, ‘ggawyOU ] aurIqUIBN ed ©°nd
juswInseaW 1noa1) uadQo 112D 1°nd 1e a8ejjoA Ajisua(d judLInDd suraqud W
awitL
o
Q
-
g\ ]
~
O
<t
("INOD) 1 318Vl M_
[4p]
] ] ] xI“I’I"\.\I [ .

. I MEEAS 2 _SSENR 2 SEEm B e O e



pPey yoiym ; -"oN 31s3) 3dasxa ¢

*ajerd dn-yoeq afoy-z4 (¢)

‘ajerd dn

yoeq 3oy

vy (2)

‘u?31>s (9935 ssajurels afned gz (1) yum ‘[12> 1any uJrsap 1oedwod ayj ut unr sisa ] ()

*9ouewaoyrad 1132 [any FurystuiwIp Jo asnesdq PIJRUIWII] IIIM SINOY (0f UeY) SSI[ J0J una s3sa ] (q)

‘WD 8¢ ‘¢ [ JO ©IIT [BUONIOAE SS0ID
Wwd 7-07 JO SEIJ ' [BUOIIDIS SSOID FUIARY SIUBIQUISWI YIIM _WID/BW (f JO SITIISUIP JUIIIND JUBISUOD }B UNI 3I9Mm §1S33 [[V (%)

4 Z
66 8260 Lo $95°0 6°02 8%l
¥s 266°0 v°o s09°0 2°9¢ 021
Is GE6°0 0¥ "0 L6S°0 A4 4 7 F 201 saade[ payj-auc 13ino
Sy 26 °0 LE"0 St19°0 I} 4 2% 201 Yioq ut %07 — Je[q wnu
b1 12 696 °0 e 0 ¥29°0 STL¥ 2 F z01 £l -1yerd y3m pajeudaadw] €2
mk0>.mﬁ ﬁvhmﬂul@ﬂo I9]1no
yioq ur 9%Qg — »oelq Wnu
(7-9)1€ X4 0060 8%°0 006 °0 0°0¢ 1 ¥ 821 25°1 -13erd yym pajeudsaduj 22
¥82 01L "0 16°0 £€pe "0 8°61
662 29L°0 6%°0 GBE 'O 881 sidfe[ pI1yl-3uo 133n0
681 0S8 °0 9¢°0 68¢ "0 ¥-02 Yioq ur %07 — }Oe[q Wnu
LOg 114 S8L 0 0¥ "0 06¥% "0 8 '8¢ 2 F ¢01 26°0 -nerd yim pajeudaadwg 12
2L 088°0 SE°0 08°¢ R4 4
25 o¥8 "0 £€°0 $19°0 0Ly
‘9% £€8°0 £€€°0 0Ls 0 [ 4 s12A®] patyl-auo 13jno
. 8¢ 0€8°0 9¢ "0 S¥Ss 0 S 9¢ 4ioq %07 — 32e[q wnipe|
9L 44 818°0 %0 02s°0 §°2¢ Z F 001 Lzt -red yimm pajendaadwii 02
( vnzd Jo awury sInoy .m:o> suwIyo 8110A WO few D ww :o_umiumoﬂ ‘ON 3189,
q ‘uny jo jIeig uroag ‘adejjoa ‘aouelsisay .NEU\NE o€ ‘A GgeQ e ousam.a%hcuuh ‘g8aWOY L JueICUId N 118D 19ng
juswa ansea W unoar) uadp 8D 19ng 1e 38ej[0A Ajtsua jud IIn)) durIqQWIdN
swty

] ] A A S R $# S e e A A A AR A R e O e " 3 T [

AIYALNISTHL NO

(*INOD) I 318Vl

[T}
SISIL TT1AD TINA LNVIIDINDIS HYOW 40 XAVINNNS

38

SM-46221-Q3



TABLE II

COMPARISON OF RESISTANCE FOR STANDARD
NON-IMPREGNATED MEMBRANE AT VARIOUS TEMPERATURES

Resistance - (Ohms)

Temperature °c 25°C 65°C
Thickness mm Fuel Cell Test No. Fuel Cell Test No.

0.00 -~ 0.50 0.29/

3

0.50 - 0.75 0.66/ 0.29/

1 (b)
0.75 -.1.00 0.74/ 0.33/
(a) 2

(a)From Reference (2) - Fuel Cell Test No. 1
(b)From Reference {2) - Fuel Cell Test No. 5
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TABLE III

RESISTANCE COMPARISON AT 65+ 2°C AND VARIOUS TIME INTERVALS

L L e L L T | L L ____J T | N N 2 | | L___}

FOR CONCENTRATIONS OF PLATINUM BLACK IMPREGNATED IN

THE OUTER ONE-THIRD LAYERS

Resistance (OHMS) at 65+ 2°C

Time (Hours) 0-5050-100 100-150 150-200 200 -250 250- 300

%-Pt Test No.

10 9 0.62 0. 62 0.55
20 10 0.33

30 11 0.36 0.32 0. 32 0.35
40 12 0.27 0.27 0.36

SM-46221-Q3

0.51

0.41
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TABLE IV

COMPARISON OF RESISTANCE AT 100+ 2°C AND VARIOUS TIME
"INTERVALS FOR 10 AND 20 PERCENT PLATINUM BLACK
IMPREGNATED IN THE OUTER ONE-THIRD LAYERS

Resistance (OHMS) at 100+ 2°C

Time (Hours) 0-5050-100 100 -150 150-200 200-250 250 - 300

%-Pt Test No.

10 21 0.40 0.56 0.50

20 19,23 0.24 0.36 0. 37 0. 35

SM-46221-Q3
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TABLE V

COMPARISON OF RESISTANCE FOR 20 PERCENT PLATINUM BLACK
MEMBRANE IMPREGNATED IN THE OUTER ONE-THIRD LAYERS

Tempoerature
C

(2)

Resistance (ohms)

Membrane Thickness

(mm)

Fuel Cell Test
Number

AT VARIOUS TEMPERATURES

Resistance - (OHMS)

65 + 2 85 + 2 100 + 2 125 £ 3 148 + 2

0.33 0.30 0. 35 0.45 0.72
0.93
1.15 1.06 1.43 1.43 1.43
19
10 16 23 23 23

(a) After approximately 50 hours

SM-46221-Q3
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TABLE VI

COMPARISON OF RESISTANCE AT 100 + 2°C AND VARIOUS TIME

INTERVALS FOR 20 PERCENT PLATINUM AND PALLADIUM-BLACK

CATALYST IMPREGNATED IN THE OUTER ONE-THIRD LAYERS

Time (Hours)
Catalyst

% Pt. Test No.

20 19,23
% Pd.
20 20

SM-46221-Q3

Resistance (OHMS) at 100 + 2°C

0 - 30 30 - 40 40 - 50 50 - 60 60 - 70 70 - 80

0.34 0. 37 0.40

0.41 0.33 0.33

43



(sanoy 721) 21 °ON 3so] 1192 o1 - 2 dvusaoyoyg woif (o)
G 'ON 3189T 11®D [ond - 7 @dueaeyey word (q)
*sanoy g Ar9jewrxoxdde io3ye voqu (e)

I2A®] PIY3}-9UO
19O ut Mo®'(q-id

90 1 0€ "0 91 ST°1 €€°0 01 pejeuSaadwy 907
L9°0 1€°0 (@) 0020
¥L°0 9¢ "0 (2) 88°0 €2°0 2 piepue}g
wiwa swyQO ‘ON 38597, wiwa swiyQ *ON 189 uotjisodwo)
SS9UMOIY L @0ur}sisay 112D 1°endg $saUWO1YJ, 2oUue]}sIsay 112D 1°0 SQUBIqUWIDN
wﬂﬁhn,&oz OG@HQEOE
D¢ F €8 D,7 F 59

DoZ? F 28 ANV Dol ¥ 69 IV SUHAV']I UIHI-ANQO ¥AILNO HHI NI
AATLVNDIIIWI IOV Td WANILVTId INADYAI 0z HLIM
ANVIIWENW AV INVIIININ AIVANV.LS ,m@mmeZ/w.HmHmmm NOSTavVamoOD

IIA HTdV L

44

SM-46221-Q3




‘ajerd dn->oeq ajoy-gH JO SN pasjoau] (2)
‘aje(d dn-yoeq 2joy-p$ Jo asn paajoau] (q)

-aje(d dn-)deq U8BIDS YSIW I/ JO ISN PIA[OAU] (e)

sa9Ae[ pa1yl-auo 13no
yjoq ut %0z — q2'lH wnu

1€ &4 006°0 8% °0 005°0 0°0¢ 1 %821 2571 -ueld yum pareudazdug (q)%?
siaA®e] paryj-auo 133no
yioq ut 907 — }d>e[d wnu
05 12 o%6 "0 £€v°0 s 0 0°9¢ Z2F €6 el -ueld yim pajeudazduw] ?t:
o1¢ £66°0 ¥2°0 529°0 LoLS
161 GE6°0 ¥z'o s€9°0 L°LS
9% 1 596 0 92°0 959 °0 S 09 szaA®e[ Yjudj}-a3uo 1ano
€21 $96°0 92°0 S¥9°0 2°LS Yioq ut %07 — qIE(Y wnu
01¢ 66 $96°0 sZ°0 S$9°0 7765 1F69 0L°0 -ueld ynm pajeudaadw] (@)*!
20¢ 268°0 02°0 00L "0 0°08
6L2 268°0 02°0 20L°0 0°08
i 474 006 "0 0Z°0 LOL"O 0°08
0€? 006 "0 0Z°0 00L°0 0°08
¥l S06°0 02°0 LOL"0 0°08
811 806 "0 0zZ°0 LoL "0 0°08
06 006°0 02°0 00L°0 0°08 d
LOg k43 006 "0 02°0 00L 0 0°08 1¥499 0s°0 jusuijeay yerdads oN Auvw
611 088 °0 1€°0 9€9°0 0°1¢g
06 826°0 Le°o 269°0 §°LS
i4 4! ka4 €¥6°0 92°0 899°0 9°29 1§49 L0 juswiesd [eroads oN ?:h
8L €66°0 s5°0 0ss 0 0°Le
11 Ly 688 "0 29°0 62670 0°¢€ 199 QL 0 jusuuyea 1y Te1dads oN Advo
uny Jo aw], sanoy S310A swyo 83104 NEU\ME o] S§5aWOIY L :oﬁmmu osa(gd "oN 1821
‘uny jo ji1ei§ woay ‘aBejjop ‘aduesIsay ‘pwd/eW Of ‘A G0 lE o.:dmuoomﬁo.ﬁ saurIqUIdN dueaquadW 113D 1°ndg
JUIWIINSBINW nnoat) wedpo (12D 19nd je afiejjop  4Aj1suaQ uwdIand
Jo suut],

EEEEEEO
Q020 ANVEENAN w0 NOTOAZy — A1V DIMORJISOH — JAIXOId WOINODYIZ
AdIYILNISTYS NO SLSAL T1dD TANS INVIIJINDIS TYON 40 AYVINNAS

IIIA 3TV L
L ]

Manme SRR 20 I|'I>|I||I|||.III|I SN ] F SR ShERNS - ...

45

SM-46221-Q3



TABLE IX

(2)
COMPARISON OF RESISTANCE FOR THE COMPACT FUEL CELL

DESIGN USING VARIOUS BACK-UP PLATE CONFIGURATIONS

Fuel Cell
Test Number

8

9

10

Tempgrature Resistance

Type of Back-up Plate C Ohms
20 gauge stainless steel screen 65 + 1 0.62
44 -Hole stainless steel 1/8" 65 + 1 0.26
thick disc
92-Hole stainless steel 1/8" 65 + 1 0.20
thick disc

(a) Noted after approximately 50 hours.

SM-46221-Q3
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