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ABSTRACT

The principle objective of the work done under this contract
was to meximize performance in alkaline matrix-type fuel cells in order
to reduce the weight to power ratio. Toward this objective ,.l_'iew catalyst
materials, including high-area platinum blacks » and platinum-rhodium
mixtures were prepared and evaluated. Various asbestos matrix materials 5
both cammercial and proprietary, were investigatedﬂ.n"

A study of modifications in electrode composition and structure
led to the development of new high-performance electrodes, designated as
High-Loading electrodes. The rerformence of these electrodes was investi-

gated over a wide range of temperature, pressure, and electrolyte concentration.

Life tests conducted in 2" x 2" cells showed these electrodes to
be capable of stable operation for 1000 hours or more at tsmperatures in
the range 70-100°C. A scaled-up cell having a 6" x 6" active area vas
constructed and operated successf‘ully;i

Xe kilowatt fuel cell battery system, incorporating the High-Loading

electrodes éri this stud?__{ together with novel bipolar separator plates, was
designed. The weight of this system (exclusive of fuel and tankage) was
estimated to be approximately 50 lba/kw. A mathematical analysis was used
to predict, for two alternative cooling m;::s » the temperature and concenfra:bion

gradients within this system, and to determine the gas flow rates required to

maintain these gradients within acceptable li.m:l.'!;s”.:,.j

v




1.

2.1
2.2
2.3
2.k

3.

3.1
3.2
3.3
3.4

L,
k.1
k.2
h.o2.1
h.2.2
k.2.3
b2k
42,5

5.
5.1

5.1.1

TABLE OF CONTENTS

SUMMARY

—————

INTRODUCTION

Prior Work
Objectives
Scope

Significance

MATERIALS

High Area Plstinum Catalysts
Platinum-Rhodium Electrodes
Matrix Materials

Corrosion Studies

ELECTRODE DEVELOPMENT

American Cyanamid Type AB-1 Electrodes
Electrode Modifications

Platinum Loading

Nickel Support Screens

Alternate Support Screen Materials
Waterproofing level

Porosity

SMALL SCALE TESTING

Test Cell Development

2" x 2" Cell - Atmospheric Pressure Design

5.1.1.1 General Configuration

5.1.1.2 PFace Plate Design

_

11

12

12

13
1k

22
22
22
23
2k
25

27

3k
34
3k
3k
35



5.1.2
5.1.3
5.2
5.2.1
5.2.2
5.2.3
5.2.4
5.2.5
5.2.6
5.2.7
5.2.8
5.2.9
5.3
5.3.1
5.3.1.1
5.3.1.2
5.3.2
5.3.3
S.3.k

€.

6.1
6.2
6.3

6.4

TABLE OF CONTENTS

(Continued)

2" x 2" Pressure Cell

One-Inch Cell

Performence vs Operating Conditlons
Polarization Curves

Matrix Thickness

Cell Ascembly Pressure

Electrolyte Loading
KOH‘Concentration

Temperature

Gas Pressure

Electrode and Matrix Type

Maximum Performance Obtained

Life Testing

Electrodes with Corrosion Resistant Support Screens
Tests at 100 ma/cm?

Tests at 200 snd 300 ma/cm®
Pressures abcve Atmospheric
Carbonate Build-Up During Life Tests

Examination of Electrodes Used in Life Tests

BATTERY SIZE CELL OPERATION

Choice of Operating Conditions
Design of 6" x 6" Cell
Operation

Pressure Drop

36
36
36
39
38
39
39
L0
L2
Li
ks
L6
L6
48
L8
50
52
53
sk

9k
oL
96

97
100



T.

T.1

7.2

Te3
T.3.1
7T.3.1.1
T.3.1.2
T.3.2
T.3.2.1

TABLE OF CONTENTS

(Continued)

BATTERY SYSTEM

System Design

Systems Operation

Mathematical Simmlation
Develomment of the Model

Physical Picture a.nd‘ Assumptions
Derivation of Performance Equetions
Solution of the Equations

Gas Cooling

T.3.2.1.1 Linear Solution

T.3.2.1.2 Analog Solution

Te3.2.2
7.3.3
7.3.h
T.3.k.1
7.3.h.2
T.3.4.3
T.h

8.

Gas-Liquid Cooling

Restrictions on Cell Operation

Regions of Battery Operation

Geas Cooling

Ges-Liquid Cooling

Camperison of Gas and Gas-Liquid Cooling

Weight Per Net Power
REFERENCES

APPENDIX - Nomenclature for Mathematical Analysis

Page
106
106
108
109
109
109
112
123
123
123
126
126
132
135
135
136
136
137

159

160



Table
3-1
3:2
3-3
34
)
hep
b3

Ll
k=5
b6

5-2
5-3
5=l
5=5
5-6
5-T

6-1

6-2

T-1

T2

LIST OF TABLES

Title

Performance of Platinum-Rhodium Electrodes

Density and Void Volumes, Asbestos Matrices

Metals in Corrosion Testing

Corrosion Test Data

Performance of Modifications of Type AB-1 Electrodes
Performance of High-Loading Electrodes

Evaluation of High-Loeding Electrodes vs. Standard
Counter Electrodes

Evaeluation of Expanded Nickel as Electrode Support

Polarization Date - Teflon Screen Electrodes

Evaluation of Electrodes with Dual Water-proofing Structure

Performance of High-Loading Flectrodes vs. Electrolyte
Concentration and Temperature at 100-200°C

Performance vs. Gas Pressure

Life Test Conditions - 2" x 2" Cells

Life Test Performance Data - 2" x 2" Cells

Effect of Carbonate Concentration on Cell Performance
Carbonate Build-Up in Life Tests

Examination of Electrodes Used in Life Tests

Operating Conditions for Scale-Up

Tnitisl Performance, 6" x 6" Cell

Operation of Fuel Cell Battery with Auxiliary Cooling

Battery System Weight/New Power

17
18
19
20

28

29

30
31
32
33

58

59
60
6l
67
68
69

101

102

140

1k1



3-1
5.1
5-2
>=3
5=k
5=5
5=6
5=T
5-8
5=9
5-10

5-13

5-1k4

2=15

5-16

5-17

5-18
5-19
5-20

LIST OF FIGURES

Title

Range of Performance, Platinum-Rhodium~Carbon Electrodes

Gasketing Arrangements, 2" x 2" Cell
Exploded View, 2" x 2" Cell
Face Plate Design,2" x 2" Cell

2" x 2" Pressure Cell

Cell Internal Resistance vs. Matrix Thickness

Voltage vs. Matrix Thickness - Fuel Cell Asbestos

Voltage vs. Matrix Thickness - ACCO Asbestos

Cell Internal Resistance vs. KOH Concentration - T0°C

Cell Internal Resistance vs. KOH Concentration - 100°c

Cell Performance vs. KOH Concentration
Fuel Cell Asbestos, T0°C

Cell Performance vs. KOH Concentration
ACCO Asbestos, T0°C

Cell Performance vs. KOH Concentration
Electrodes, Fuel Cell Asbestos, 70°C

Cell Performance vs. KOH Concentration
Electrodes, ACCO Asbestos, 70°C

Cell Performance ve. KOH Concentration
Fuel Cell Asbestos, 100°C

Cell Performance vs. KOH Concentration
ACCO Asbestos, 100°C

Cell Performance vs. KOH Concentration
Electrodes, Fuel Cell Asbestos, 100°C

Cell Performance vs. KOH Concentration
Electrodes, ACCO Asbestos, 100°C

- AB-1 Electrodes,

- AB-1 Electrodes,

High-Loading

- High-Loading

= AB-1 Electrodes,

= AB-1 Electrodes,

High-Loading

High-Loading

Cell Internal Resistance vs. Temperature

Cell Performance vs. Temperature: 13N KOH

Cell Performance vs. Temperature: 5N KORH

Page
21
T0
71
72

73
Th
75
76
7
78

79

80

81

82

83

8L

85

86

871
88

89



5-21
5-22
5-23
5-2k

6-1
6-2
6-3

7-1
7-2
7-3
7-h
7-5
7-6
7-7
7-8
(=

T=10

T-11

T-12

LIST OF FIGURES

(Continued)
Title
Maximum Performance with High-Loading Electrodes
Life Tests at 100 ma/cm® - 2" x 2" Cell
Life Test at 200 ma/em® - 2" x 2" Cell

Life Test at 300 ma/em® - 2" x 2" Cell

6" x 6" Cell Design
Life Test, 6" x 6" Cell

Pressure Drop vs. Flow Ratio,6" x 6" Cell

Flow Sheet - Dynamic System with Auxiliary Cooling
Bipolar Cell Plate, 2 kw Battery

Battery and Pressure Casing Assembly, 2 kw Battery
General Assembly, 2 kw Battery

End Plate and Gasketing Details, 2 kw Battery

Cell Configuration for Mathematical Model

Vapor Pressure Data Correlation

Cell Configuration - Auxiliary Cooling

Temperature Profiles - Auxiliary Cooling

Minimum Flow Ratio vs. Temperature and Concentration at

Cell Outlet = 60°C Coolant

Minimum Flow Ratio vs. Temperature and Concentration at

Cell Outlet - 40°C Coolant

Operating Flow Ratios - Gas Cooling - 110°C, 250 ma/cm®

Page
90
91
92
93

103
10k

105

142
143
1hb
145
146
147
148
1kg

150

151

152

153



7-13
7-1k4
7-15

T-16

T=17

LIST OF FIGURES

(Continued)
Title
Operating Flow Ratios - Gas Cooling - 110°C, 400 ma/cm?
Operating Flow Ratios - Gas Cooling - 100°C, 400 ma/cm®

Operating Flow Ratios - Auxiliary Cooling - 100°C,
250 and 40O ma/cm?

Electrolyte Concentration Gradients vs. Flow Ratio
For Gas Cooling and Auxiliary Cooling

Pressure Drop vs. Flow Ratio for Proposed Battery Design

154
155

156

157
158



2 s
L& e

)

1. SUMNARY

Under this contract research effort was directed toward developing
and evaluating electrode systems for use in matrix-type fuel cells having
weight-to-power ratios substantially below 150 pounds per kilowatt. The
experimental program enccmpassed catalyst and matrix studies s electrode
develomment, investigation of operating parameters, and life-testing. Based
on these studies a 2 kw battery system was designed, and & mathematical
analysis mede of its operating characteristics.

The major findings of this program are summerized below:

| a. Msaterials Investigations

(1) Catalyst Studies

Unusually high surface area platimm blacks were prepared by

w reduction of chloroplatinic acid with aramstic substituted silanes. These
blacks, having specific areas of 40-60 na/g, tended to be pyrophoric end
sintered readily. Performance did not exceed that of camercial blacks.

Platinum and rhodium codeposited on carbon at low loedings had
rreviously been shown to operate synergistically when used as an anode
electrocatalyst in the base cell. However, at high loadings s no performence
advantage was found over commercial platinmum black.

(2) Matrix Materials

Various forms of asbestos sheet were tested as matrix
materials, including a rroprietary asbestos sheet and several commercisl
grades. The proprietary sheet, designated as "ACCO Asbestos", and the
camercial material known as "Fuel Cell Asbestos” were used as standard
matrix materials in life-testing and scale-up programs. ACCO Asbestos

is more porous than the commercial materials. It allows & lower cell
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internal resistance and higher performance, but has a relatively low
"bubble pressure" (2-3 psi as compared with 10-15 psi for 20 mil Fuel
Cell Asbestos).

(3) Corrosion Studies

Corrosion and electrical resistance measurements were made
on a series of metals of interest for use &s catalyst supports and spacer
screens. On exposure to 35% KOH and oxygen at 110°C, only nickel |
protected by 1-2 micro inches of gold showed both negligible corrosion

rate and change in resistance.

b. Blectrode Development

Sinece the seversl catalyst studies indicated no significant
advantages over cammercial platinum black, the latter material was used
exclusively in further electrode development. Variations in pletinum
loeding, screen support, waterproofing level, and degree of porosity were
investigated.

A study of platinum loadings in the renge 9 to 80 mg/cm2 indicated
that 40 mg Pt/cma supported on a single 40 mesh nickel screen gave optimum
electrode performance. Electrodes of this type were designated "High-
Loading Electrodes" and along with standard 9 mg Pt/cm? electrodes (Type AB-1)
were used in studies of cell operating variables.

A variety of support screens and expanded metal screens were
evaluated singly and in "sandwich structures". These tests indicated
no advantage of expanded metal or "sandwich structures", and that a single

screen selected to accommodate the desired catalyst loading should be used.
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Levels of Teflon waterproofing between 8 and 50% were investigated.
In our electrodes the proper level seems to be about 25%. Wo advantage was
found for electrodes with graded waterproofing, nor did controlled variations

in porosity influence electrode performance.

c¢. Small Scale Testing

(1) Initial Performance

In order to determine operating conditions which should result
in a battery system of minimm weight per net power, the initial performance
of the four electrode-matrix systems based on AB-1 and High-Loading electrodes,
and ACCO Asbestos and Fuel Cell Asbestos matrices, was investigated. Cells
having an active aree of 5 ecm® (one-inch diameter) or 25.8 cm? (2 inches x
2 inches) vere used in this work.

Optimum matrix thickness, cell assembly pressures and electrolyte
loadings were established. "The effects of temperature in the range 70-100°C
and of KOH concentration in the range 1-17TN were found to be interdependent.
With High-Loading electrodes » increasing concentretion and temperature
simultanecusly from 5N and TO°C to 13K and 100°C increased cell output
by 80100 millivolts. High-Loading electrodes with ACCO Asbestos performed
stably at 1000 ma/cm® and 0.7 volt in short-term tests, whereas with
standard AB-l electrodes, limiting current densities were reached at about
300-400 ma/cm2, Thus, the performance advantage of High-Loading electrodes

vas clearly indicated.
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In exploratory studies, operating temperature was extended to’
200°C and electrolyte concentrations to as high as T5% KOH. It apfears
that operation at temperatures of 140-150°C and electrolyte concentrations
of 17-19N is possible and may lead to performance as high as 0.9 volt at
400 ma/cm>.

The general effect qf increasing reactant gas pressure
to 15-45 psig was to increase cell performance by 20-100 mv at current

densities up to 40O ma/cm®.

(2) Life-Testing

Using the several components described above, a total of
68 life tests were run at temperatures of 70-100°C, current densities of
100-400 ma/cma, and with dry and presaturated reactant gases. In most tests
downward trends in performance of 50-100 mv/1000 hours were observed. This
decline was usually accompanied by a gradual increase in cell internal
resistance, which was found to be due primarily to gradual oxidation of the
cathode support screen. Much improved life performance was achieved in tests
performed with platinum or with gold or rhodium plated nickel support screens,
declines were observed amounting to 0-15 mv/1000 bours in test run at 100
ma/em® and T0°C.

Reasonably stable performance was obtained at 200 and 300 me/cm®
although further investigations are required to determine conditions
for optimum performance at these high current densities.

A limited study of life operation under pressures up to 25 psig
was made. In general, the initial level of performance was higher than
observed st atmospheric pressure, but performance declined at a rate of
25-50 mw/lOOO hours. Again, further investigations are required to determine

optimum conditions of operation.
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It was shown that build up of carbonate in the electrolyte
can become significant in tests run at high current densities for
prolonged periods, e.g., 100 rms,/cm2 for 5000 hours. For cells with an initial
KOH concentration of 30-35%, conversion of about half the KOH to carbonate
causes a loss of performance of 40-50 mv. Greater conversion can result in
a major loss of performance.

Used electrodes from the life-testing program were examined for
evidence of change of physical or electrochemical properties. It was
noticed that the anode developed a grey appearance on the matrix side.
There is some evidence that a loss of surface area can occur also.
The effect of these changes on performance has not been firmly established,
but does not, in general, appear to be serious for tests up to several

thousand hours duration in the temperature range T0-100°C.

d. Battery-Sized Single Cell

Based on the study of operating variables and a preliminary
analysis of battery system weights, conditions were chosen for scale-up
to battery-sixed (6" x 6") cells. Temperature was selected to be 100°C
and pressure 45 psig. Two electrolyte concentrations, 5N and 13N , were
chosen.

A 6" x 6" single cell was designed and constructed employing
a gas distribution system based on controlled flow through a series of
orifices in the face plates. This design was first proven satisfactory
by plastic models. Polarization curves obtained in this cell using High-
Loading electrodes and ACCO Asbestos matrix at 100°C » atmospheric pressure,
and 13N KOH showed good agreement with data obtained in one-inch diameter
cells,
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The 6" x 6" cell was operated under the above conditiors for.
a total period of 420 hours at current densities of 100, 200, 300, and
300 ma/cm®. At all but the latter current density, performance was relative-
1y steady. At 400 ma/cm® operational difficulties were encountered.
Measurements made in the 6" x 6" cell indicate that in battery

operation, pressure drop in the recirculating hydrogen stream should not

exceed 0.1 psi.

e. Battery Systems

A 2 kilowatt battery system incorporating the thin, light-weight
electrodes of this study, and based on dynamic removal of product heat
and water from the battery into a recycle hydrogen stream was designed.
The system features bipolar separators based on the design of the face plates
of the laboratory 6" x 6" cells, and on the mathematical analysis described
below. Essentially, they consist of thin parallel plates with gas distributis
and coolant channels between them, and gas distribution orifices in the faces
With this design the critical pressure drop in the circulating gas stream
ocecurs at the orifices. Two system modifications were developed, one in whie
cooling is accomplished entirely by the recirculating gas stream, and the
other in which an auxiliary liquid coolant is passed through the bipolar
separator.

A mathematical analysis was made to determine theoretically the
magnitude of gradients in electrolyte concentration, electrolyte loading,
and temperature which would occur in a given cell in a battery stack.
General differential mass and energy balances were set up and solved for
the system employing dynamic beat and water removal from the battery both
with and without auxiliary cooling. Based on this analysis, feasible region

of cell operation were established in terms of required ges circulation
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ratés to maintain specified minimum matrix concentration gradients. It
was shown that gas circulation rate can be reduced by a factor of 3 or &
if auxiliary cooling is provided.

A comparison of the two cooling systems was made on the basis
of estimated weight per net power for the 2 kilowatt battery. For both
systems the estimated weight (1ncluding all auxiliaries except fuel and
tankage) vas approximately 50 1bs/kw. The weight and parasitic power
requirements of hydrogen blower and liquid coolant pump essentially
compensate for one another in the two designs. Auxiliary cooling appears
to be preferable, however, because it permits operation at higher electrolyte
concentrations @d smaller concentration gradients and » therefore, offers

a greater degree of operational control and flexibility.




2. INTRODUCTION

2.1 Prior Work

Prior to the inception of the National Aeronautics and Space
Administration Contract NAS 3-2786 (this contract) American Cyanamid
Company had conducted a research and development program on thin, high-
performance gas diffusion electrodes suitable for matrix cells. This
work included polarization and endurance studies on several types of
electrodes as well as investigations of practical methods for their
manufacture. It included also development of promising matrix materials.
Based on the demonstrated performance in five square centimeter cells of
80-100 watts/ft2 at 0.8 volt, it was possible to predict that a substantial
improvement in battery weight~-to-net power could be achieved over the

existing state-of-art.

2.2 Objectives

The chief objective of fuel cell research for space flight
applications is the reduction of the weight-to-power ratio. A fuel cell
utilizing hydrogzen and oxygen reactants is of considerable interest to
NASA because of its high electrical work output per unit weight of
reactants. The efficiency of hydrogen-oxygen fuel cells is 60% or
better in practical cells. These cells have a power plant weight of
approximately 150 pounds per kilowatt neglecting reactants and tankage.

An important factor in determining the fuel cell weight is the
weight of the electrode and its supporting structure. The intent is to
support research and development efforts directed towards obtaining electrode
systems which will produce a higher electrochemical reaction rate per unit
weight of electrode and assembly while maintaining a satisfactory fuel

consumption efficiency.
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While this program suggests that high-performance, light weight
electrodes are the basic interest, it should be understood that the weight
and efficiency of the entire power plant must be included to, in fact »

achieve the purpose of this effort 5 namely, the reduction of the fuel cell

weight-to-power ratio.

2.3. Scope

The scope of work to be done by American Cyanamid Company is
shown in the following description which is a condensation of the
Schedule of Work for Contract NAS 3-2786.

Aveilable materials shall be evaluated and new or modified
materials developed as required to permit incorporation into components
of high-performance hydrogen~oxygen fuel cells of improved power-to-weight
ratio. Such components shé.ll include catalysts, supports » and matrices.

Catalyst investigations shall include studies of degree of
uniformity and despersion of platinum either as platinum black or as
supported on a carbonaceous or fiber substrate. Synergistic effects of
catalytic materials, effect of substrates » and physical characterization
of promising catalysts shall be included.

Wire and expanded metal screens of various deminsions shall be
evaluated as catalyst supports and electrode matrix materials.

Matrix investigations shall be devoted to improvement of the
characteristics of asbestos matrix material by modification of asbestos

type or physical properties or by admixture of other fibe_rs in the
asbestos paper.
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American Cyanamid Company Type A, B and C electrodes shall
be evaluated, and modified electrodes fabricated and tested to the extent
pecessary to permit selection of candidates for extended testing. Type A
electrodes consist of a porous layer of platinum black and waterproofing
agent spread uniformly on a suitable screen. Type B electrodes consist
of carbon extended catalysts and waterproofing agent spread uniformly
on a suitable screen. Type C electrodes consist of fiber extended catalysts
and waterproofing agent formed into a sheet by paper-making techniques.

Selected electrodes shall be tested for performance in suitable
laboratory matrix type cells to provide service experience and design
data for single cell prototypes and battery modules. Initial performance
testing shall be conducted in cells having an active area of five square
centimeters. Cell structure and operating variables shall be studied.
Extended evaluation of promising electrodes shall be made in cells of
2" x 2" active area. A minimum of five cells shall be operated at battery
design loads for 1000 hours to study component stability and operating
variables.

Single cells of approximate battery dimensions shall be
developed and tested as prototypes of ultimate battery structure.
For a single preferred design, as agreed upon by the NASA technical
representative and the American Cyanamid Company, experiments will
be conducted and data developed to determine heat transfer, mass transfer,
and pressure drop of the fuel cell. A configuration and operating
condition will be proposed which will maximize power-to-weight ratio for
the system. A preliminary control system analysis will be made.

Based on the above developments a fuel cell will be designed
having a weight-to-power ratio substantially lower than those presently

available.
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» 2,4 .Significance

The experimental investigations and theoretical analyses
described herein indicate clearly that weight-to-power ratio for a
2 kilowatt fuel cell battery system (excluse of fuel and tankage )

can be reduced to approximately 50 1bs. ver kilowatt net power.
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3, MATERIALS ) :

3.1 High Area Platinum Catalysts

In attempts to prepare & more active platinum for use &8s a fuel
cell catalyst, platinum blacks with surface areas up to 60 m2/g were pre-
pared by silane reduction in alcohol(lA). These high area blacks had
crystallite sizes estimeted by X-ray measurement as low as 40 )\ ( corresponding
values for commercial platinum black are about 30 m2/g surface area and
100 ! crystallite size).

Higher performance in & fuel cell electrode was not achieved,
however, with these samples probably for several reasons. It was found
that the process for meking electrodes on screen caused 8 relatively larger
decrease in effective surface area with high area platinum than with
comercial platinum black(ZA). Also, the high area platinum semples were
more sensitive to sintering on alternate exposure to hydrogen or oxygen
even at room temperature and below(lB). The conclusion was reached that

while high areas platinum blacks can be made, so far we have been unable

to take advantage of this property in an operating fuel cell.

3.2 Platinmum-Rhodium Electrodes

Tt had been found in previous work that at very low total
catalyst concentrations, mixtures of pletinum and rhodium were more
effective at the hydrogen electrode than either metal slone. A series
of experiments was performed to try to retain this synergistic advantage
at higher catalyst loadings and thus Improve the total cell performance(lc).
The data are shown in Table 3-1 and Figure 3-1. At high loedings of the

mixed catalyst performance no better than that obtainable st an equivalent

loading of platinum black was observed. It was concluded that, using the
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presént system for making electrodes, an increase in the smount of platinum
and rhodium in the electrodes did not produce any significant performance

increase on the hydrogen side of a base cell.

3.3 Matrix Materials

Various forms of asbestos were tested as matrix materiels,
including a proprietary asbestos sheet as well as several commercial
grades(lD). These materials are listed in Table 3-2.

Mineralogical examination shows that the Johns-Manville asbestos
samples are both of the minerai form chrysotile, (Mg6(OH)BSihOlO)’ but
differ in the type and amount of impurities present. The Fuel Cell
Asbestos Board is an Arizona chrysotile, and contains an estimated 2-h%
of carbonate minerals such as calcite (CaCOsz) and dolomite [caMg(C05)5].
The Quinterra asbestos is a "de~-ironed" Cenadian chrysotile, containing
very low carbonate impurity (probably less than 0.5%), but with traces
of chromite (FeCrp04). Analysis of the Quinterra paper showed 1.97% Fe,
as compared with 0.34% Fe for the Fuel Cell Asbestos Board.

The "ACCO" asbestos sheet is an experimental material made from
a caustic-leached tremolite [CaeMgSSiBng(OH)a] asbestos, with 10% poly-
vinyl aleohol fiber as a binder. It is more porous than the commercial
materials, as shown by the data in Table 3-2.

Preliminary evaluation of these materials showed that 30-mil
Fuel Cell Asbestos Board used as a matrix had a relatively high internsl
resistance, and gave poor performance at high current densities. 1In the
life-testing program, some difficulties were experienced with the thinner
asbestos sheets (Quinterra and 10-mil Fuel Cell Asbestos)in atmospheric
pressure cells. These matrices exhibited a tendency to permit cross-leskage

of gas(EB).
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The ACCO Asbestos and the 20-mil Fuel Cell Asbestos were.
evaluated in more detail. Cell internal resistance and performance
were determined over a wide range of cell assembly and operating variables.
The results of these studies are summarized in Section 5.2 of this report.
In general, the ACCO Asbestos, because of its greater porosity, gave a
lover cell resistance and higher level of performance (about 30-40 mv
higher at 200 ma/cmz) than did the 20-mil Fuel Cell Asbestos.

Some preliminary data have been obtained on the maximum pressure
differential that asbestos matrix materials will withifand before allowing
gas to pass through. Tests were conducted at 70°C in an assembled fuel
cell, using 8N KOH in the matrix. Gas pressure was applied to one side
of the cell while monitoring the other side for leakage. In preliminary
tests, 20-mil Fuel Cell Asbestos withstood differential pressures in
the range 10-15 psi. whereas 25-mil ACCO Asbestos permitted gas leakage
at about 2-3 psi. Thus, the more open structure of ACCO Asbestos may
be a disadvantage in cells operating above atmospheric pressure, in
which differential pressures of as much as 2-3 psi may be difficult to
avoid. It may be possible to modify the structure of the ACCO Asbestos
to reach a better compromise between performance and gas permeability.

This will be a subject for future investigation.

3.4 Corrosion Studies

In the life-testing program carried out under this contract,
a considerable increase in performance stability has been observed when
platinum rather than nickel screens are used as electrode support and
spacers. 1t appears that formation of surface oxides on nickel screens
leads to a gradual increase in cell internsl resistance and decrease

in cell voltage.
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Several approaches toward finding & practical substitute for
nickel cell parts were investigated:

(a) Plating of nickel parts with precious metals.

(b) Substitution of more corrosion-resistant non-precious metals.

(c) The use of Teflon electrode support screens.

(a) Development of conductive oxide films by lithiation.

To evaluate various possible materials, & corrosion-testing
Program was set up, in which metal coupons were partially submerged in
a 35% KOH solution at llO°C, with oxygen bubbling through. Twelve metals,
mostly chromium-nickel alloys, were selected for testing after a survey
of the literature. These metals, and their nominal composition, are listed
in Table 3-3. Since it was felt that the problem probably involved the
formation of surface oxide films, the metals listed in Table 3-3 were
exposed for short periods of time and then examined qualitatively for
tarnishing. All of the samples showed some degree of tarnishing within
ten days of exposure. Some of the metals which showed least tarnishing,
together with a gold-plated nickel specimen and a lithiated nickel coupon,
were exposed for longer periods of time. For these samples, weight loss
determinations, and electrical resistance measurements were made, The
gold-plated sample was prepared by an "electroless” process in which s
very thin layer of gold, on the order of 1-2 micro-inches, was deposited
on a nickel coupon. The lithiated nickel specimen was prepared by
sintering a low-carbon nickel coupon coated with lithium hydroxide at

800°C for 15 minutes.
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Corrosion rate and resistance measurements on the sbove
samples are sumarized in Table 3-4. The weight loss data indicate a
negligible corrosion rate (< 1 mil per year) for all specimens tested.
Actually, tests for shorter periods indicate that, in general, the
corrosion rate is essentially zero, within experimental error, after the
first 100 hours or so of exposure.

The electrical resisfance measurements were made through the
thickness of the 2" x 1" x 1/16" coupons, thus including the resistance
of the bulk metal plus two surface oxide layers. The deta in Table 3-k
show that, except for the gold-pleted and lithisted coupons, the resistance
of the exposed coupons was at .leest two orders of magnitude grester than
that of the clean specimens. For the gold-plated specimen, there was
virtuslly no loss in weight during the test exposure, and no increase
in electrical resistance. Similarly, the lithiated nickel showed no
significant welght loss or resistance increase. In this case, however,
because of the heavy oxide layer built up during the lithiation treatment,
the resistance of the "clean" specimen was very high compared to that of
bere metal. The epperent decrease in resistance for the lithiated coupon
during exposure is well within experimental error, and ghould not be

considered significant.
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TABLE 3-2

DENSITY AND VOID VOLUMES, ASBESTOS MATRICES

Skeletal Bulk Calculated Void Volume
Material Density Density % cc[g
g/cc g/ce
"ACCO" A (A)
sbestos 3.0 0.37 88 2.4
(B)
#10 Quinterra 2.5 0.5k 78 1.4
Fuel-Cell As‘oestos-(B)
10-mil 2.5 0.78 69 0.88
20-mil 2.5 0.85 66 0.78
30-mil 2.5 0.81 68 0.83

(A) American Cyanamid Co.

(B) Johns-Manville Co.



Monel
Hastelloy R-235
Hastelloy B
Hastelloy C
Carpenter 20 Cb
Nimonic 75
Incoloy 80k
Inconel
Alloy 25

Nickel A

15

19

Nickel L (Low Carbon)

Zirconium

TABLE 3-3
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METALS IN CORROSION TESTING

Ni
67

65

56
a7

by
7

16

2.5

Major Constituents, Wt. %

Cu
31

3.5

51 .

15

|~
v lg
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TABLE 3-k

CORROSION TEST DATA

1)
Electrical Resistance()
(ohms)
Exposure(a) Corrosion  Clean After Test
Time Rate Specimen Exposure
(hrs.) (mils/year)
Nickel A 1004 0.2 0.0002 .015
Low-Carbon Rickel 1004 0.2 0.0002 .01k
Monel 209 0.5 - -
Carpenter 20 Cb 336 0.5 0001 20.(¢)
Nimonic T5 1003 0.1 0.0023 0.120
Incoloy 80k 1003 0.2 0.0022 0.180
Zirconium 1025 0.6 0.0048 > 1000
Gold-Plated Nickel(d) 308 <0.1 0.0003 0.0003
Lithiated Nickel 1148 <0.1 300 160

(a) Exposure (partially jmmersed) to 35% KOH and oxygen at 110°C.

(b) Measured through the thickness of 2" x 1" x 1/16" thick specimens.
Clean specimens measured at 30°C, test specimens at 100°C.

(¢) Measured at 30°C

(@) Totally immersed.
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4. ELECTRODE DEVELOPMENT

The principal objective of the work done under this contract
has been to maximize performence in the alkaline fuel cell system.
Toward this objective, modifications in electrode composition and
structure were studied. Inasmuch as the investigations reported in
Section 3 did not lead to more promising catalytic materials, commercial
platinum black (obtained from Engelhard Industries, Inc.) was used in
this work. Typical properties for this platinum black are: surface ares,

27-32 m2/g; crystallite size, 95-110 &; bulk density (settled), < 1 g/cec.

4.1 American Cyansmid Type AB-1 Electrodes

American Cysnamid Type AB-1 electrodes were taken as a

standard for comparison of modified electrode structures. These electrodes
are formulated to contain 9 mg Pt/cm2 of superficial electrode aree, and
use 100 mesh 2 mil wire nickel screen as a catalyst support. Teflon, at

a nominal level of 25% (1 part Teflon, 3 parts platinum), 1s used as &
binder-waterproofing agent. The waterproofing allows optimum contact
between gas, catalyst, and electrolyte. A high degree of porosity in

the electrodes provides & large exposed catalyst area and aids in gas-

liquid contacting.

4.2 Electrode Modifications

For the electrode development program, variations in platinum
loading, in screen support, in waterproofing level, and in degree of
Porosity were 1nvestigated(IE). Not all of these varisbles are independent.
For example, wide variations in catalyst loading cannot be achieved with-

out changing the screen support.
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Electrodes prepared for this program were evaluated by running
polarization curves at 70°C using s filter paper matrix satureted with
SN KOH. In most cases the test electrodes were used &t both enode and

cathode. Preliminary evaluation data are given in Table L1,

4,2.1 Platinum Loading

Platinum loedings were increased to 20 and 40 mg/cm® on a
variety of nickel support structures, and to 80 mg/cm2 using several
layers of expanded metal. The data given in Table k-1 show an increase
in performance with increasing loéding up to LO mg/cm2, for electrodes
prepared with single-layer support structures. The performance obteined
with 4O mg Pt/cm2 on a single LO-mesh nickel screen support was the best
observed for any of the electrodes evaluated in this program. Additional
electrode samples of this type were prepared with varying waterproofing
levels(gc). Performance of these samples, &s compared with standard AB-1
electrodes, is shown in Table 4-2. Electrodes containing 40 mg Pt/cm?
were designated as High-Loading electrodes, and were used extensively in
the life-testing and scale-up programs. A more comprehensive evaluation
of High-Loading electrodes, with asbestos matrices, and over & range of
temperature, pressure, and electrolyte concentration, is reported in
Section 5.2.

To determine whether the improvement in performance noted for

High-Loading electrodes was assoclaled with

&1
o hydre

en or the oxygen

-

electrode (or both), a series of tests was run in which High-Loading
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electrodes were tested against Standard AB-1 countef-electrodes(QD). These
tests (see Table 4-3) indicated that at low current densities, improvemént
in performance is associasted with the oxygen electrode, and at high cﬁrient
densities, with the hydrogen electrode. Thus it would appear thet wﬁile
the reaction mechanism at the oxygen electrode mey be performance-limiting
at low current densities, the ability of the hydrogén electrode to handle

a high rate of water production may be critical at high current densities.

L.2.2 Nickel Support Sereens

In preparing electrodés with varying catalyst loadings, nickel

woven wire screens in the following sizes were utilized:
100 mesh, 2 mil wire
70 mesh, 4.5 mil wire
4O mesh, 10 mil wire

These were used bofh singly and, in some cases, as a "sandwich"
structure in which the catalyst was held between two layers of screen(lE).
In addition to the woven wire, a variety of expanded nickel screens were
evaluated as catalyst supports(lE’eE).

Because of the interdependence of screen-support amd cetalyst
loading, it was not possible to make direct comparisons between different
single screens at a given platinum level. In general, however, it appeared
that single screen structures were significantly better than sandwich
structures (see Table 4-1).

Expanded nickel sheets with from 25 to 625 openings/in2 and

thicknesses from 5-23 mils were evaluated. Electrode ‘sheets were prepared

with single or multiple thicknesses of expanded metal (sandwich structures),
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with totel platimm loadings fram 10 to 80 mg/ecm2, and Teflon levels from
10-40%. These electrodes were tested at ambient temperature as oxygen
electrodes versus & Standard AB-1 hydrogen electrode. The data are
shown in Table 4-4, In no case was performance superior to that for an
AB-1 oxygen electrode. Thus, from the standpoint of initial performance,

expanded metal supports appear to offer no advantage over woven-wire screens.

4.2.3 Alternste Support Screen Materials

In view of the apparent need for an electrode support material
more stable than nickel in the base system, the use of (1) gold-plaeted
nickel screens, and (2) Teflon screens was investigated.

Gold-plating was applied to the nickel screens by an electroless
process, to & thickness of approximately 1.5 micro inches. At this thickness,
the nickel substrate is not completely covered, as can be demonstrated,
for example, by immersing the plated screen in concentrated HCl. Coverage
should be sdequate, however, to eliminate or minimize the increase in cell
resistance which, with unpleted nickel screens, has been attributed to
build-up of oxide-films at points of electricel contact. Screens plated
in the above manner have been used successfully in the life-testing program
(See Section 5.3).

Electrodes utilizing a woven Teflon support screen have also
been used in the life-testing program with some success. Although the
meflon support screen is not electrically conductive, good performance
can be achieved by using a close-meshed current collector. As shown in

Table 4-5, performance very close to that of AB-1 electrodes was obtained



)
wka

-

with an electrode containing approximaetely 12 mg Pt/cm2 on a 100 mesh
Teflon screen. While this performence was very encouraging, further
development of these electrodes (toward higher catalyst loadings) was not
undertaken in view of the more attractive alternative afforded by gold-

plating.

L.2.4 Waterproofing Level

A number of electrode sheets were prepared with high cetalyst
loading (40 mg Pt/em2), but with the waterproofing reduced from the
standard level of 25% to 14% and 8% Teflon. Preliminery testing indicated
that at the 8% level, performance was erratic, and poorer than with
Stendard AB-1 electrodes. More extensive data (Table 4-2) obtained on
electrodes containing 14% Teflon showed these to be comparsble to
electrodes with 25% Teflon ét low current densities. At high current
densities (200 m.a/cm2 and higher) however, performance was lower and
less reproducible for the 14% Teflon electrodes. Thus, there appears
to be no advantage to lowering the Teflon level fram the standard 25%.

Electrodes with a 10 mg Pt/cm2 catalyst loaeding, but with a
high Teflon level (SO%) were evaluated in the life-testing program
(Test 2-38, Tables 5«3, 5-4). After several hundred hours on test,
the voltage began to decline and resistance to rise at an accelerated
rate. After gas reversal, the cell ran stably for aprroximately another

250 hours, but then started another period of accelerated decline.
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The accelerated trends in this test are believed to be associated Qith
" gver-waterproofing” in the electrode. Thus, increesing the waterproofing
level to as high as 50% Teflon does not appear to be desirable.

Several electrodes having & graded waterproofing structure were
also prepared and evaluated(gD). In these electrodes, the Teflon level
was 35% on one face and 8% on the other. They were tested with the low-
waterproofing face toward the matrix. The data are shown in Table Lh-6.
Performance of these electrodes was equivalent to that for electrodes

having similar support structure but with uniform waterproofing.

4,2.5 Porosity

By proper ad justment of the electrode formulation and processing
conditions, some variations in "porosity" can be achieved. For this
progrem, two electrodes having a relatively less dense or more Open
gtructure were prepared and evalueated (see Table 4-1). In both ceses,
polarization performance was equivalent to similar electrodes having

standard "porosity".
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TABLE L-L

Evaluation of Expanded Nickel as Electrode Support

As Oxygen Electrode vse.Standard Hydrogen Electrode

1" Diameter Cell; Ambient Temperature; SN KOH; Filter Paper Metrix

Expanded Ni(l)

Total Teflon Cell Potential,
Mesh, Open-~ Single Tayer No. of Platinum, Volts at
ings/in®  Thickness, Layers in mg/cm? %
mils Sandwich 40 ma/cm? 180 ma/cm®
Standard AB-1 9 25 0.925 0.835
Expanded Nickel
25 21 3 ho 4o 0.93 0.76
65 1h 3 Lo ko 0.945 0.82
65 14 6 80 Lo 0.945 0.73
120 13 2 10 30 0.92 0.81
120 13 1 20 30 0.95 0.835
120 13 2 20 30 0.93 0.785
120 13 1 ko 10 0.92 0.78
120 13 1 Lo 30 0.95 0.82
120 13 2 ko 50 0.94 0.80
120 13 2 8o 10 0.95 0.79
120 13 2 80 30 0.95 0.79
120 23 1 Lo 30 0.9k 0.82
120 23 1 Lo Lo 0.93 0.81
300 10 1 Lo 30 0.93 0.80
300 10 2 80 10 0.94 0.79
300 23 1 20 30 0.92 0.795
300 23 1 Lo 20 0.9k 0.795
300 23 2 40 30 0.92 0.79
200 23 2 80 10 0.90 0.68
300 23 2 80 20 0.95 0.775
300 23 2 80 30 0.95 0.79
625 5 3 4o 14 0.9h4 0.81
625 5 6 8o 1 0.92 0.75

(1) obtained from Exmet Corporation, Bridgeport, Connecticut

No.

S~6792

75-1

Th-1
75-2

61-1
Sh-1
62-1
53-1
h7-2
56-1
50-1
31-1
k-2
55-1

u8-2
29-2
48-1
45-1
50-2
29-1
31
k31

195-1
192-1
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TABLE 4-5

Polarization Data - Teflon Screen Electrodes

Electrolyte: TN KOH
Temperature: 70°C

Matrix #42 Filter Paper 20 Mil Fuel Cell Asbestos
Electrode: AB-1  Teflon(2) AB-1  Teflon(®)
Current Density | Working Potential, volts
ma/cm?2
5 1.01 1.00 0.99 1.00
20 0.97 0.97 0.96 0.96
40 0.9k 0.94 0.93 0.93
100 0.90 0.90 0.88 0.86
200 0.84 0.85 0.80 0.77
400 0.66 0.76 0.65 0.55

(a) Approximately 12 mg Pt/cm® on 100 mesh Teflon screen.
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5. SMALL SCALE TESTING

2.1 Test Cell Development

Small-scale fuel cells have been designed and built in two
sizes for the evaluation of electrodes and matrices. Cells having a
one-inch circle active area (5 cm?) were used for obtaining polarization
data. For life-testing, cells having a 2" x 2" active area (25.8 cm?)
were constructed in two types, one for testing at atmospheric pressure,

and another for pressures up to sbout 50 psig.

5.1.1 2" x 2" Cell - Atmospheric Pressure Design

5.1.1.1 Genersl Configuration

Figure 5-1 shows schematically the general relationship of
parts in 2" x 2" matrix-type fuel cells utilizing two different gasket-
ing arrangements. The face plates serve as housing, gas distributors,
and current collectors. The matrix, sandwiched between the electrodes
and saturated with electrolyte, permits ion transport between electrodes
and prevents gas mixing. The spacer screens carry current fram the
electrodes to the face plates and also insure adequate contact between
the electrodes and the matrix. The gaskets define the gas space, and
prevent liquid or gas leakage out of the cell.

The cells are heated by flat heating elements cemented to the
outside of the face plates. The cell temperature is regulated to within
+ 0.5°C by an on-off thermistor-type controller and is measured by an
iron-constantan thermocouple. Probes for the controller and thermocouple

are inserted into the face plates.
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Figure 5-1 shows two different gasketing arrangements which
have been used in this program. The Type I arrangement, used in the early
phases of the life-testing program, utilizes silicone rubber gaskets
covered with Teflon tape, flat spacer screens, end a polvethylene film
seal around the edges of the matrix(lF). An exploded view of a test
cell with the Pype I gasketing arrangement is shown in Figure 5-2.
The Type II arrangement, using solid Teflon gaskets, represents & modi-
fication designed to eliminate the possibility of contamination from
degradation of silicone rubber or plastic film(aF). The use of
corrugeted screens in this design eliminates the close thickness tolerance

required for the spacer screens in the earlier design.

5.1.1.2 Face Plate Design
The face plate design finally edopted for the 2" x 2" cells to

be used for life-testing at atmospheric pressure is shown in Figure 5-3.
The general configuration is similar to that shown in Figure 5-2, but
the outside dimensions have been increased, and the number of bolts
increased from four to six to prevent bowing of the plates during
assembly. The geas distribution pattern remains the same, the ges
entering from holes in a manifold st one end of the cell active eresa,
flowing through the spacer screens across the baek of the electrode,

and out through the exit manifold. The spacing between the inlet and
exit gas manifolds was reduced from 2" to 1-3/L", however, to eliminate
difficulties associsted with having the gas enter at the very edge of

the electrode.
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5.1.2 2" x 2" Pressure Cell

A cell was designed and constructed for operation at pressures
up to 50 psig, and with differential pressures between Ho and 05 of at
least 5 psig. Figure 5-4 shows the basic design features. The active
area, as with the standard cell, is 2" x 2". Ges distribution within
the active area (not shown in the figure) is also the same as in the
standard cell. Sealing against cross-leskage of gas is accomplished
by compression of the matrix between the lands in the grooved area
surrounding the active area of the cell. The grooves permit electrolyte
to be squeezed out during cell assembly, thus preventing hydraulic rupture
of the matrix. Leakage of gas or electrolyte out of the cell is prevented

by an O-ring seal.

5.1.3 One-Inch Cell

The one-inch cell is similar in general design to the 2" x 2"
cell described in section 5.1.1, except that the gasket opening is a
1-1/16" circle to accommodate 1" circular electrodes and spacer screens.
In using the one-inch cell, the matrix is usually cut as a 1-1/2" circle.
A Type I gasketing arrangement is used, but since this cell is used only
for tests of short duration, the silicone rubber gaskets are not usually
protected with Teflon tape, nor are the edges of the matrix sealed with

polyethylene f£ilm.

5.2 Performance vs. Operating Conditions

In order to determine the electrode-matrix system and the
operating conditions which should result in a battery system of minimum
welght per net power, the initial performance of four electrode-matrix
systems was investigated in one-inch and two=-inch cells. These systems

are as follows:
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Electrodes Matrix
Standard AB-1 ACCO Asbestos
Standard AB-1 Fuel Cell Asbestos
High-Loading ACCO Asbestos
High-Loading Fuel Cell Asbestos

The effect of the following important variables on initial
performance was determined.

(1) Matrix thickness

(2) Cell assembly pressure

(3) Electrolyte (KOH) loading

(k) KOH concentration

(5) Tempersture

(6) Gas Pressure

This report summarizes the principal observations and conclusions

of this study.

5.2.1 Polarization Curves

Polarizaetion curves were determined at increasing current
densities up to the maximum obtainable. All voltages reported are
working voltages. At each current density, the voltages were considered
initially stable 1f they remained constant within 3 mv for two minutes.
Constant electrolyte concentration was maintained by setting the gas flow
reates at each current density to remove product water as fast as it was
formed. After reaching the maximum current density, the first polarization
curve was checked by running a second curve, again at increasing current

density.
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With Standard AB-1 electrodes, the second polarization curve
was nearly always the same as the first. In a very few runs, the voltages
of the second curve were 20-40 mv greater than those of the first. In
these runs, the maximum current density of the first polarization curve
was 500-600 ma/cm®, campared with the usual value of 300-400 ma/cmz.

With High-Loading electrodes, maximm current densities of
1000-1400 ma/cm? were attained. In nearly all runs st 70 and 100°C,
the second polarization curve voltages ranged from 20-40 mv above the first
out to about 500-600 ma/cmz, but this difference tended to disappear at
still higher current densities.v Running & third polarization curve produced
no further voltage change. These voltage increases occurred at all
electrolyte concentrations and so probably were not the result of electro-
lyte concentration changes during a messurement. The voltage increases
probebly arise from some activation of the electrode at high current
densities or relatively low voltages. While the long-term permesnence
of this effect was not established, stable performance for at least
four hours at the increased voltage level was demonstrated. Since no
further changes occurred during third polarization curves, the performance
reported for High-Loading electrodes in Sections 5.2.2 to 5.2.9 is that of

the second polarization curve.

5.2.2 Matrix Thickness

The influence of matrix thickness on cell internal resistance
and performance was investigated(aA). Figure 5-5 shows the effect of
thickness on cell resistance for ACCO and Fuel Cell Asbestos matrices,

using High-Loading electrodes and 13N KOH at 100°C. With both metrix
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materials, the cell internal resistance is proportional to the unconpressed
matrix thickness and extrapolates to zero resistance &t zero thickness. The
resistivity of ACCO Asbestos (1.49 ohm-cm) is substentially below that of
Fuel Cell Asbestos (3.86 ohm-cm), probably a result of the greater porosity
of the former (Section 3.3).

Figures 5-6 and 5-7 show the effect of matrix thickness on performance,
At equal matrix thickness and (total) electrolyte loading the two matrix
materials yield comparable voltages at current densities up to 200 ma/cm2
at least for matrix thickness less than 20 mils. Above this current density,
ACCO Asbestos gives increasingly higher voltages than Fuel Cell Asbestos.
This is also true at a matrix thickness greater than 20 mils even at low
current density. This is partly due to the lower internal resistance of
cells using ACCO Asbestos metrix. In studies of other operating variables,

a 20 mil matrix was used.

5.2.3 Cell Assembly Pressure

With either matrix materisl, and over wide ranges of electrolyte
loading, the electrolyte distribution throughout the cell, the cell internal
resistance, and the cell performence, are all generally independent of cell
assembly pressure(&) in the range 60-180 psi(3B). Below 60 psi, cell
resistance is high and cell performance poor, probably because of insufficient

contact among cell components.

5.2.k Electrolyte Loading

The effect of initial electrolyte loading (g KOH solution per
grem of dry matrix) on the distribution of electrolyte throughout the cell

after assembly is similar for the two matrix materials(SB). The smount of

(a) Assembly pressure is calculated from torque applied in tightening
bolts when cell is assembled.
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‘electrolyte remaining in the matrix after assembly is nearly proportional
to the initial loading; 12-33% of the initial electrolyte loaded is pressed
out of the matrix into the electrodes and spacer screens. The amount
retained in the electrodes increases relatively little with loading and amounts
to 14-28% of the dry electrode weight (compared with a saturation level
of about 40%).

The lowest cell resistance and the highest performance are
obtained at initial electrolyte losdings of 1.5-3.0 g/g end 1.0-1.5 g/g
with ACCO Asbestos and Fuel Cell Asbestos, respectively. Since ACCO Asbestos
is about one-half as dense as Fuel Cell Asbestos, these ranges correspond to
approximately the same total quantity of electrolyte solution loaded into the
matrix. At lower loadings, cell resistance is high and cell performance
1s poorer because of dry areas in the matrix. These results are the same
for both electrode types.

In all studies of other operating varisbles, the cell was
assembled at 150 psi, with electrolyte loadings within the optimum

ranges given above.

5.2.5 KOH Concentration

The dependence of cell resistance on KOH concentration is
generally similar for all four electrode-matrix systems. Figures 5-8
and 5-9 show the dsta obtained at 70°C and 100°C, respectively!20»3C),
Cell resistance decreases sharply in the concentration range 1-3N but is
little affected@ by concentration in the range 3-13N. The resistance-
concentration curves have essentially the same shape a&s that of free
electrolyte, computed from conductivity data(h), which indicates a broad
minimum between 7 and 11N (see Figure 5-9). Cell resistance is generally
the same for the two electrode types but, at all concentrations, is approximately
one~half as great with ACCO Asbestos &s with Fuel Cell Asbestos. As stated
in Section 5.2.2 this is probably due to the greater porosity of ACCO

Asbestos.
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The dependence of performence on KOH concentration was investi-
gated in detail for the four electrode-metrix systems &t 70°C and 100°, &nd

at KOH concentrations up to 13N(2G’3C).

The data are shown in Figures 5-10
through 5-17. Highest performance in this renge of temperature and
concentration was obtained with High-Loading electrodes and ACCO Asbestos.
Using High-Loading electrodes some exploratory studies were also made at
higher temperatures (to 200°C) and concentrations (to approximately 75%(3D)l
Performence data for these conditions are given in Table 5-1.

The general conclusions drawn from these studies are summerized
below:

(1) Open circuit voltage increases by 20-90 mv with increasing
KOH concentration in the range 1-13N, exceeding in some instances the
theoretical increase of 30 mv in the reversible emf for the same concen-
tration change(S).

(2) Performance increases markedly with increasing concentration
in the range 1=-3N or 1-5N, depending on the metrix material. At 1N, the
maximm current density does not exceed 100-200 ma/cmz. This poor performance
is probably the result of gas concentration polarization resulting from the
high vapor pressure of water.

(3) In the concentration range 5-13N, cell voltage generally
increases continuously by 20-90 mv with increaesing concentration except
at very high current densities. At very high current densities highest

performance occurs at concentrations (5-9N) which correspond to the

condition of maximum electrolyte conductivity.
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(k) At 100°C, increased concentration in the range of 13-17N
generally results in small increases in performance at current densities
up to 300-400 ma/em2, but results in substantial decresses in the performance
at current densities of 400-1000 ma/cm2.

(5) At 140°C, performance generally increases with increassing
concentration over a somewhat higher concentration range (up to 17-19K)
and up to much higher current densities (500-1200 ma/em2) than at 100-120°C.
From KOH solubility-temperature data‘6) it was calculeted that the meaximmum
concentrations employed at 140°C were 5-17% below the solubility limit
(72%).

The varying effects on cell performance of changes in KOH
concentration at different levels of concentrationm, temperature, and
current density described in results (1) to (5) arise fram the combined
effects of concentration and temperature on the reversible emf, the
internal cell resistance, and on various polarization phenomena. Based
on these concepts, qualitative explanastions of the observed effects can be
derived. However, this analysis will be deferred until additional experimental

data can be obtained.

5.2.6 Temperature

Cell resistance decreases with increasing temperature, more
rapidly at higher KOH conéentration (13F) then st lower concentration (S5N),
as shown in Figure 5-18. At both KOH concentrations, the resistance-temperature
curves parallel the equivalent curves for free electrolyte, which indicates

that changes in cell resistance depend primerily on changes in electrolyte

conductivity.
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Figures 5-19 and 5-20 illustrate the dependence of cell performance
on temperature in the range 50-100°C for High-Loasding electrodes - ACCO *
Asbestos matrix system. With 13N KOH, (Figure 5-19) performence increases
with increasing tempersture at all current densities. The increase in
performance is especially marked at high current densities and represents
a substantial improvement in electrode efficiency, since the resistance
factor can account for only 5-25% of the voltage increase at all densities.
At 50°C, the polarizations operating in the cell are severe enough to limit
the maximum current density to 600 ma/cm2 compared to 1000-1400 ma/em® at
T0-100°C. With 5N KOH, (Figure 5-20) performance also increases as the
temperature increases, although less strongly than with 13N KOH. This is
due in part to a smeller dependence of cell resistance on temperature at
the lower concentration.

Performance at temperatures in the range 100-140°C of High-
Loading electrodes in combination with the two matrix types can be seen
from the exploratory data in Teble 5-1. At 100-140°C, performance
increases with increasing temperature at KOH concentrations (17-19N) which
approach the solubility 1imit at 100°C,whereas performance is unaffected at
a lower concentration (13N). As at 50-100°C, the increase in performance
is due in part to a decrease in cell resistance, and in part to an improvemen!
in electrode efficiency. This is indicated in Run 137 in which simultaneous
increases in temperature (100-140°C) and KOH concentration (13-18N) increased
cell performance at current densitles up to 300 ma/cng cell voltage increase

by 20 mv despite a resistance increase equivalent to a voltage loss of 42 mv.
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. At higher current densities, the resistance factor apparently predominates
and performance decreases. A similar effect is evident from Run 140 in which
the temperature was increased from 100-200°C simultaneously with a concen-
tration increase from 50% (13N) to approximately 75% KOH while the current
density was maintained at 100 ma/cma. It can be seen that cell voltage is the
same at 180°C as at 100°C despite an increase in resistance equivalent to a

voltage loss of 33 mv.

5.2.7 Gas Pressure

The effect of total gas pressure on performance is shown in
Table 5-2 for various electrode-matrix systems. Some difficulties with
sudden cell failure at 30-45 psig were encountered with the ACCO matrix.
While some varietion in cell performence was encountered from run to run,
the general effect of increasing pressure in the range 0-45 psig is to
increase cell performance by 20-140 mv at current densities up to
400 ma/cm? and by 100-260 mv at 500-1200 ma/cm2. For the most part,
these geins in performance are considerably greater than the theoretical
increase in reversible emf (30 mv) with increased pressure, which shows
that increased pressure fram 0-45 psig substantially decreases polarization
effects.

As indicated in section 5.2.5, the low performence of the
High-Loeding electrodes-ACCO Asbestos matrix system at 100°C and 3N KOH
(Figure 5-17) is probably the result of gas concentration polarization caused
by the high water vapor pressure and correspondingly low partial pressure
of reactant gases (ca. 100 mm Hg). This view is supported by the marked
gain in cell voltage (60 mv at 100 ma/cm® and 130 mv at 200 ma/cm2) and by

the marked increase in maximum current density (from 200 me/cm2 to 1200 ma/cm?)
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caused by a relatively modest increase in pressure from 0-15 psig (Runs 13,
16, 24 in Table 5-2). These voltage increments are substantially above
those obtained for the same pressure increase at 100°C and 13N KOH (10-30 mv
at 100 ma/cm? and 0-LO mv at 200 ma/em?). In the latter case (Run 93) the

partisl pressure of reactant gases at O psig is much greater (580 mm He).

5.2.8 Electrode and Matrix Type

The performance data discussed in sections 5.2.2 = 5.2.7 show
that High-Loading electrodes (L0 mg Pt/cm®) give substantially higher
initial performance at all current densities then do Standard AB-1 electrodes
(9 mg Pt/cm?®), with either ACCO Asbestos or Fuel Cell Asbestos as the matrix,
and et all combinations of matrix thickness, cell assembly pressure,
electrolyte loading, electrolyte concentration, temperature, and ges
pressure which were gtudied. (This is true even if the increase in
performance caused by running the first polarization curve out to high
current densities (section 5.2.1) is neglected.) The range of current
densities over which only small veriations of voltege with KOH concentra-
tion are observed is considerably greater for High-Loading electrodes
(up to 1200 ma/cm2) than for Standard AB-1 electrodes (up to 300 ma/cm®).
Thus, High-Loading electrodes should be capeble of opereting at higher
current densities with smaller voltage changes caused by KOH concentration
fluctuations.

The ACCO Asbestos matrix generally gives higher initial performance
then does an equel thickness of Fuel Cell Asbestos, with either High-Loading
or Standard AB-1 electrodes at nearly all combinations of the operating
variables mentioned above.

Consequently, on the basis of initial performance, the High-
Loading electrodes - ACCO Asbestos matrix system appears to be the best

of the four.
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5.2.9 Maximum Performance Obtained

The work done under this contract has shown that increased
performance can be obtained with light-weight fuel cell electrodes by
Judicious choice of components and operating conditions, as discussed in
the previous pages of this section.

The best performance test (also reported in Table 5-2) is
shown in Figure 5-21) for operation at 140°C and 15 psig pressure. For
comparison the polarization curve for AB-l electrodes at 100°C and 15 psig
is also shown. Results close to this highest performance were obtained under
other combinations of conditions. The best obtained at 100°C and 45 psig
is also shown in Figure 5-21.

It should be emphasized that these very high results are for
initial polarization only and sustained performance for more than several

hours has not yet been investigated.

5.3 Life.Testing

During the course of this investigation, test cells were
developed, life~testing procedures established, and & total of sixty-
eight life tests run. Test conditions and performance data for these
tests are summsrized in Tables 5-3 and 5-L.

Most of the early tests were run with Standard AB-1 electrodes,

(lG’EH). Various asbestos matrix

at 70°C and 100 ma/cm2, using dry gases
materials, both proprietary and commercial, were evalusted. Both Johns-
Manville Fuel Cell Asbestos and ACCO Asbestos in 20-25 mil thickness gave

satisfactory performance in tests at 70°C, the ACCO Asbestos, because of its

more open structure, giving a slightly higher level of performance.



47- e t

In all of the early tests, downward trends in performance vere
noted. In most cases, upward trends in cell resistance with time were
also observed. Losses in voltage of 50-100 millivolts in 1000 hours at
100 ma/cm2 were typical, with approximately half of this loss being
directly attributable to the increase in cell resistance. These same
trends were observed in tests with High-Loading electrodes, in tests
utilizing partially saturated inlet gases, and in tests run in cells in
which the silicone rubber gaskets and polyethylene matrix-seals were
replaced with Teflon.

Tt was observed in Tests 2-71, 19 and 2k that reversing the
gases (hydrogen on the oxygen side and vice-versa) hed a beneficial effect
on both voltage and cell resistance(el). Following ges reversals, stable
operation for several hundred hours or more would typically be observed
before the usual trends again beceme evident. This pattern suggested the
possibility that oxidetion of nickel cell parts might be responsible for
the observed trends. Therefore tests were run in which platinum was substi-
tuted for nickel in electrode support and spacer screens. In these tests
(2-39, 46) operating at TO°C and 100 ma/cm?, very little decrease in voltage
(< 2 mv/100 hours) was observed(3E).

Two life tests (2-10, 22) were run with experimental silver
oxygen electrodes, and one (1-1) with a nickel black hydrogen electrode(zJ).
While these electrodes run successfully for several hundred hours or more,
performence was not as high as can be obtained with platinum, end no

further tests were scheduled as part of this program.
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Using both Standard AB-1 and High-Loaditig electrodes, some
exploratory tests were run at higher temperatures and current densities.
One test (2-33) using AB-1 electrodes ran well at 100°C and 100 ma/cm2
dropping only about 30 millivolts in 1000 hours. Other tests (2-45, 51, 59)
at this temperature exhibited a more repid decline in performance s however,
and were terminated after only a few hundred hours. Several tests were
run at 70°C and 40O ma/em® (2-29, 32, 3k and 40). Tn all of these latter
tests, there was a relatively repid downward trend in voltage, as well
as wide fluctuations within the overall trend.

During the final phase of the life-testing program, attention
was focused on evaluation of various practical means for overcoming the
increase in cell resistance apparently associated with oxidation of nickel
cell parts. Electrodes Prepared on gold-plated or on Teflon screens were
used extensively. Continued emphasis was placed on testing at higher
temperatures and current densities » and some exploratory testing st

Pressures above atmospheric was initiated.

5.3.1 Electrodes With Corrosion Resistant Support Screens

5.3.1.1 Tests at 100 ms/cm2

As indicated ebove, very stable performance at 70°C and 100 m;a/c:m2
was achieved in tests with Platinum electrode support and spacer screens.
Life test 2-46 > In which the electrode screens were platinum but the spacer
screens were nickel, was continued for 1056 hours with a total drop of only

about 15 millivolts » and very little if any increase in cell resistance.
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This suggests that the major problem is in the electrode screen rather .than ,
the specer screens under these test conditions. To further pin point the
problem, life test 272 was set up with a platinum electrode support screen
on the oxygen side, but with all other cell parts of nickel. Again, Very
gtable performance was obtained with virtuaslly no loss in voltage or incresase
in resistance in 1000 hours.

In view of these excellent results with platinum screens, other
more practical corrosion-resistant materiels were sought. Life tests were
run using electrodes made on nickel screens plated with gold, rhodium, oOr
tin-nickel alloy, and on Teflon screens.

The gold-plated screens, as discussed in Section (h.2.3), had
a very thin layer of gold (about 1.5 micro inches ) deposited by an
"alectroless' procedure. Rhodium-plated screens were prepared by
J. Bishop and Compeny. Rhodium thickness was approximately 15«20 miecro
inches. Electrodes made fram gold-plated screens were tested at TO°C
and 100 ma/cm2 in life tests 2-73 and 2-89. Life test 2-T3 utilized
Fuel Cell Asbestos, High-Loading electrodes on gold-plated screens, and
gold-plated spacer screens on both sides. Life test 2-89 was run with
ACCO Asbestos; gold-plated electrode and spacer screens were used only
on the oxygen side. As with the tests using pletinum screens, very
stable performance was obtained, although in the test 2-89 there was 8
glight downward performance trend amounting to sbout 1.5 mv/lOO hours.
Figure 5-22 illustrates the excellent performance obtained in these

tests.
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i Several tests were run with electrodes containing approximately
10 mg Pt/cm® supported on & 100 mesh Teflon screen. Test 2-53 (70°C,
100 ma/cm®), ran stebly at .83-.84 volts for about 300 hours but then began
to decline and was terminated after 528 hours. A second test under the
same conditions (2-T4) showed a similar but more gradual decline after 300 hours,
and a resistance rise similar to that observed in tests with nickel support
screens. Following gas reversal at 460 hours, performance improved, but
& gradual drop in voltage and incresse in resistance was noted as the test
was continued to 2014% hours. In life test 2-76, electrodes with Teflon
support screens performed very poorly at 100°C, Thus, the use of Teflon
screen to replace nickel screen as s catalyst support does not appear promising
in this application.

In life test 2-70, the face plates as well as the electrode and
current collector screens were plated with 0.2 mils of a tin-nickel alloy.

This test ran poorly, declining at an average rate of about 16 mv/lOO hours.

5.3.1.2 Tests at 200 and 300 ma/cm2

Using electrodes with both gold-plated and platinum support
Screens, s number of tests were run at 200 and 300 ma/cmz. Cell temperature,
matrix material, inlet gss humidity, and ratio of hydrogen to oxygen were
varied. In none of these tests was performance as stable as that obtained
at 100 ma/cmz. Downward &oltage trends occurred in all tests, gradual and
relatively uniform in some cases, and others rapid at the beginning and
then more slowly. In most of these tests, cell internal resistance
remained relatively constant, although a slight upward trend wes noted
occasionally, for example, in tests 2-79 and 2-9k,

Best performence (with respect to stability) at 200 ma/cm?
was obtained in test 2-60, with 10 mg/cm?® platinum losding on platinum

support screens. In this test the voltage declined et an average rate
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of about 2.2 mv/100 hours over the 1000-hour period, while the cell
resistance remained essentially constant (Figure 5-23). Test 2-93,
in which virtually all product water was removed on the hydrogen side,
declined from .835 volts to .808 volts in the first 100 hours, and then
remained essentially constant for the next 400 hours. After 500 hours
total time, however, performance began to decline more rspidly, although
there was no corresponding increase in internal resistance.

At 300 ma/cm2, two tests were run for 1000 hours. Initiel
and final voltages were about the same for the two tests, but whereas in
test 2-9Lk there was a gradual decline in performance over the whole
period, test 2-75 ran stably at .Thk=.755 volts after the first 150 hours.
The best level of performance at 300 ma/cm2 was demonstrated in test 2-05
(Figure 5-24). This test was run at 100°C with ACCO Asbestos, 11.5N KOH,
and rhodium-plated electrode support and spacer screens on the oxygen
side. Performance declined from .83 to .79 volts during the first 160 hours,
and then was maintained at .79 - .80 volts for approximately 300 hours until
the test was terminated because of internal gas leakage. Cell resistance
remained essentially constant during this test.

These tests show that reasonably stable performance can be
maintained at current densitles as high as 300 ma/cmz. Further investigation
would be required, however, to determine conditions for obtaining optimum

performence at these high current densities.
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5.3.2 Pressures Above Atmospheric

Using the pressure cell described in Section 5.1, & number of
tests were run at 100 ma/cm2 and at gas pressures of 15 and 25 psig. In
all tests hydrogen and oxygen pressures were maintained equal (within 0.5
psi.). Teflon supported electrodes were used in test 2-68. Difficulty
in controlling the hydrogen flow was experienced in this test. Performance
declined rapidly and the test was terminated after 335 hours. In test 2-77
& platinmm support screen was used for the oxygen electrode but the spacer
screens were of nickel. This test ran more stably, but there was a gradual
decline in voltage (approximately 5 mv/lOO hours ) and increase in cell
resistance (0.6 milliohm/100 hours). The remaining tests of the series
were run with High-Loading electrodes using gold-plated support screens
on the oxygen side. Downward trends in performence were noted in these
tests too. Test 2-86 was terminated after 24 hours because the cell had
flooded due to an incorrect gas flow setting. In test 2-88, voltage
dropped rapidly from .94 to .81 voltsin 2k hours, and then more slowly.
Cell resistance rose initially from .01l to .018 ohms and then stayed
nearly constsnt. After approximately 200 hours the gas pressures were
dropped to atmospheric on the hydrogen side and 2 psig on the oxygen side.
Cell resistance dropped sharply to about .007 ohms and the voltage improved
slightly. Thus, under thése particular conditions, btetter performance was
obtained at essentially atmospheric pressure than at 25 psig.

In the final test of this series (2-/8) thg initial performance
was high but again a dowmward trend in voltage (2.5 mv/100 hours) and en

upward trend in resistance (2 milliohms/lOO hours) were evident.
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In these tests the initial improvement in performence obtained .
by operating under pressure hes not been sustained over a prolonged period.
In general, there has been a sharp drop of 10-20 millivolts or more at the
beginning of the test followed by a more gradual decline in voltage and
{ncrease in cell resistance. The latter trends may be associated with
oxidation of the nickel spacer screens used in these tests, although tests
at atmospheric pressure under similar conditions of temperature and current

density (2-46, 2-72) gave stable performance with unplated spacer screens.

5.3.3 Carbonate Build-Up During Life Tests

Data obtained during this investigation(zx’3F) on the effect on
cell performance of carbonate in the KOH electrolyte are shown in Table 5-5.
These data indicate that in the range 0-200 ma/cmz, performance is governed
largely by the total KOH concentration but changes 1ittle for KOH concentration
above 15%. TFor a cell with an initial KOH concentration of 30-35%, operating
at 100 to 200 ma/cmz, conversion of approximately half of the hydroxide to
carbonate should cause & loss in performance of not more than about 4050
millivolts. Conversion of more than half of the hydroxide to carbonate
would probably result in a major loss in performance.

Tn the life~testing program, gas flows &s high as 4 to 8 times
stoichiometric were used, depending on cell temperature and degree of
saturation of the inlet gases. Since these gases were not recirculated,
even trace quantities of carbon dioxide passing the Ascarite scrubbers in
the inlet gas lines could lead to a considerable build-up of carbonste in
very long tests, or in tests at very high current densities. To determine
how much carbonate does build up under varying test conditions, analyses

were made at the end of & number of life tests. The results are shown
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in Table (5-6). In test 2-2k4, which ran at 100 ma/cm® for 5008 hours,
nearly 4O% of the KOH was converted to carbonate. Undoubtedly this high
level of carbonate was s significant factor contributing to the somewhat
reduced stability of this test toward the end of the 5000 hour period.

The data in Table 5-6 show an approximately linear relationship
between the total gas flow during the test and conversion of KOH to carbonate.
Fram this relationship it may be estimated that the cerbonate build-up is
equivalent to removal of approximately 2 pmm carbon dioxide fram the inlet
gases.

The above analytical results show that build-up of carbonate
can be a significant factor in very long tests particularly at high
current densities. For these conditions the use of &n aqueous KOH scrubber

is recammended.

5.3.h Examination of Electrodes Used in Life Tests

During the course of the life-testing program, it was observed
that the hydrogen electrode almost invariably developed a rather uniform
grey discoloration on the side facing the electrode. This "greying" was
not observed on the gas side of the hydrogen electrode, or on either side
of the oxygen electrode. An electron microscope study( 36) of the surfaces
of used electrodes showed that only on the matrix side of the hydrogen
electrode was there any discernible difference befveen used and unused
electrodes. At this surface the platimm particles appeared coarser and
more campact than on the other surfaces » and indicated that some sintering
of the platinum in the hydrogen electrode surface may occur under life test

conditions.
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To determine what changes in electrode activity may have
occurred during life-testing, polarization data were obtained on &
number of used electrode pairs. The data were obtained on one-inch
discs cut from the water-washed electrodes and reassembled in a cell
with a new matrix end fresh electrolyte. Table 5-T suwmarizes the
polarization data obtained on used electrodes, in terms of the difference
between the voltage obtained at 100 ma/cm? with the used electrodes and
that expected for nevw electrodes of the same type, using the same
matrix and operating conditions.

Also reported in Table 5-7 are surface area values determined
for some of the used electrodes, using the BET nitrogen adsorption method.
Surface areas were measured directly on a piece cut from the electrode.
The amount of platinum present was estimated from the weight of the seample
piece, allovwing for the weight of the screen and the Teflon content.

As shown in Table 5-7, "greying" of the hydrogen electrodes
appears to be a function of both time and temperature, & very grey
appearance being noted even in relastively short tests at 100°C. At 70°C,
there appears to have been very 1ittle loss in activity of the electrodes,
even for long tests in which the matrix side of the hydrogen electrode
became very grey. The magnitude of the voltage differences indicated
for tests at 70°C, 12 millivolts or less, is within experimentel error.
Sinee all the values are downward, however, & slight loss in performance
is indicated. This does not necessarily mean & loss in activity of the
catalyst. Other factors, such as small losses of platinum on removing
and reassembling the electrodes, or partial blockage of electrode area by

traces of asbestos may influence these results.




» -56-

At higher temperatures, the data are somewhat inconsistent.
In several cases, apparently significant losses in performance are indicated.
In at least one case (2-95), the loss in rerformence appears to be associsted
with the oxygen rather than the hydrogen electrode. On the other hand,
in life test 2-63, which ran for 1000 hours at 100°C, very little loss
in performance is indicated for either electrode.

The platinum black used in meking the electrodes for these
tests has a surface area consistently in the range 27-32 mz/g. Area
measurements on fresh electrodes generally range from about 22 to
29 m2/g Pt. In a group of eleven new electrode samples ranging in loading
from 9 to 40 mg/em2, the average measured surface area was 25 m?/g.Pt,
with standerd deviation of 2.6 mz/g. Uncertainty with respect to the
tare weight of the screen and to the exact ratio of Teflon to platinum
in the catalyst solids, as well as the small sample size con£ribute to
the variability of the data.

Most of the surface area data on used electrodes shown in
Table 5-7 fall in the range 18-33 m2/g Pt and should probebly not be
considered significantly different from that for fresh electrodes. In
several cases, however, the surface ares measured for the hydrogen electrode
was in the range 10-13 m2/g. A value this low appears to be beyond the range
of experimental uncertainty, and to indicate & true loss of surface area.
These low values were observed in test 2-2L, which was run for 5000 hours
at 70°C, and tests 2-33 and 2-63, each of which was run for 1000 hours at
100°C. None of the oxygen electrodes checked showed a significant loss

of surface area.
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There appears to be no direct relationship between loss of
surface area and loss of performance. In tests 2-24 and 2-63, for which
a significant loss in surface area at the hydrogen electrode 1is indicated,
there was very little loss in performance. Further, in test 2-65 there
appears to have been & significant decrease in performance without a
corresponding decrease in surface aresa.

The overall picture shown by these studies on used electrodes
is by no means clesr. It does sppear, however, that changes in appearance
and in surface area occur at the hydrogen electrode, and that these
changes became more pronounced as the temperature and duration of test
are increased. The effect of these changes on performance has not been
firmly established, but does not, in general, appear to be serious for
tests up to several thousand hours duration in the temperature range

70-100°C.
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TABLE 5-

Effect of Carbonate Concentration on Cell Performance

Wt.%
KOH

38.5
3k
30
30
27
23
19
16.5
15
1k

Electrodes:

Matrix:

Temperature :

Pressure:

20
34

Standard AB-1 (9 Mg Pt/Cm?)

20 Mil Fuel Cell Asbestos

T0°C
1 Atm.

Volts at Indicated Current Density

+925

91

29

«915

915

91

«90
.885

100 200 ma/cm®
875 .19
875 .81
.865 .80
875 .81
.86 . T65
.85 .TT5
.8k TT
.835 .76
.825 .76
61 .51
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TABLE 5- 6
Carbonate Build-Up in Life Tests
Total Gas Conversion
Life Test Current Gas fl?w Flow during to
No. Time Density Rate\® Test Carbonate,(b)
(hrs) (ma/cm?) cc/min (liters)
2-32 112 L0oo 820 5700 2.9
2-29 354 Loo 310 6600 7.9
2=T2 1099 100 132 8700 Tolt
2-75 1000 300 294 17,600 20.0
2-24 5008 100 120 36, 000 39.k4

(a) Total rate for hydrogen and oxygen.

() % of total K' present as carbonate.
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FIGURE 5-1

~70=

GASKETING ARRANGEMENTS - 2" x 2" CELL

(Schematic — not to scale)

TYPE | CELL - SILICONE RUBBER GASKETS

L j“=—— NICKEL PLATE
w——— NICKEL SCREENS
" ) B SILICONE RUBBER GASKET
— _— (covered with Teflon tape)
— —+—— POLYETHYLENE FiLM
——E (heat—sealed at edge)
— — C: ™ ELECTRODE

TYPE Il CELL ~ TEFLON GASKETS

NICKEL PLATE

CORRUGATED NICKEL SCREEN

- W [ ~——— TEFLON GASKET

—— NICKEL SCREEN
C ~Je———— MATRIX

TEFLON GASKET

ELECTRODE
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CELL INTERNAL RESISTANCE (Ohms)

=Tha

CELL INTERNAL RESISTANCE vs. MATRIX THICKNESS

FIGURE 5-5

UNCOMPRESSED MATRIX THICKNESS (Mils)

.20 [ ' I [ [
1" Cell, Active Area: 5 cm?2

Jd8 | —

Electrodes: High-Loading (40 mgPt/cm?2) O

KOH Concentration: 13 N

Temperature: 100°cC. Fuel Cell
16 b——  Pressure: 0 psig Asbestos

Electrolyte Loading: 2.0 g. KOH Solution

g.Dry Matrix
a4 1 —
12
O
a0 ]
.08 o
o
06 | —
ACCO
Asbestos
-
04 /o
O /
o-
02 L / |
O~
7/ - -
/7~
00 le” I I l
0 20 30 40 50 60 70 80 90



WORKING POTENTIAL, Volts

iy

VOLTAGE VS. MATRIX THICKNESS-FUEL CELL ASBESTOS

1.1

I ' I I I

Current Density, ma/cn?

@)

Sfable O—
. CUI’re
S~ o \\ nt
O\

0.3 Electrodes: High-Loading (40 mg. Pt/cm? ) S

koH Concentration: 13N S

Temperature: 100° C. ~ ~

Pressure: 0 psig ~
0.2 Electrolyte Loading: 1 g. KOH Solution O

g. Dry Matrix
0.1
0.0 | I I I
0 10 20 30 40 50 60 70

UNCOMPRESSED MATRIX THICKNESS (Mils)

FIGURE 5-6



WORKING POTENTIAL, Volts
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VOLTAGE vs. MATRIX THICKNESS — ACCO ASBESTOS

I [ |
Current Density, ma/cm?
100
‘/—f O
O 200
@]

e TON
300 \

|
O \\
© \\
O\\ '\O
\

\O %,

N

~~ '00
~ »

O
N N
1000 ) \ NN
N @)
O
T~ 1200
b
Ty,
-~
”
-

\ Cuﬂe\“ ’
— ple - —
\ O ~-S‘°-
Electrodes: High-Loading (40 mg. Pt/cm?)
KOH Concentration: 13 N
- Temperature: 100 °C.
Pressure: 0 psig 2 g. KOH Solution ]
Electrolyte Loading : '
g. Dry Matrix
B —
| I | l
0 10 20 30 40 50 60 70 80 90

FIGURE 5-7

UNCOMPRESSED MATRIX THICKNESS (Mils)



CELL INTERNAL RESISTANCE (Ohms)
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CELL INTERNAL RESISTANCE vs. KOH CONCENTRATION - 70°C

FIGURE 5-8

4 T T ] T T T T T T T T
- O STANDARD ELECTRODES - 20 MIL FUEL CELL ASBESTOS -
2 L A HIGH-LOADING ELECTRODES - 20 MIL FUEL CELL _
ASBESTOS
A
@ STANDARD ELECTRODES - 20 MIL. ACCO ASBESTOS
1 O HIGH-LOADING ELECTRODES - 20 MIL. ACCO ASBESTOS __|
.08 : g \ e wmm sem KOH SOLUTION — NO MATRIX — CALCULATED FROM i
o L \\ DATA OF: ZHUR NEORG. KHIM. 4, 2130 (1959) _A
\\ o — o
\\ —~ o
04 - \ o—--—’ _
\ o —g “"
02 L \ ¢ i
\\
-
N -
01 - Cy — ;—A -
.008 p— e s o | smmun - -
.006 | -
.004 | -
TEMPERATURE: 70°C
B 1"CELL, ACTIVE AREA: 5 cm? -
002 | -
L | ] ] ] 1 ] | | 1 | 1
0 2 4 6 8 10 12

KOH NORMALITY




CELL INTERNAL RESISTANCE (Ohms)
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CELL INTERNAL RESISTANCE vs. KOH CONCENTRATION —100° C.

| I I ' B | | ‘ |
B O Stondard Electrodes —~ 20 Mil Fuel Cell Asbestos
A High-Loading Electrodes — 20 Mil Fuel Cell Asbestos
N @ Stondard Electrodes — 20 Mil Acco Asbestos
0 O High-Loading Electrodes ~ 20 Mil Acco Asbestos
\\ — —KOH Solution — No Matrix— Calculated From Ddta of:
N ZHUR.NEORG. KHIM. 4 -
L \ 2130 (1959) -
A © -
\\ - -
- fA / ‘42_
- .\ Al a _
N °
\ o .//
B E’\ a—T  _ <0 7
\ =
\
N\
AN
— \\ —
- ~ -
~ -
~,
: \-‘--~-—~--———”” :
| Temperature: 100°C. —
1" Cell, Active Area: 5 cm?2
| | | | | | l
0 2 4 [ 8 10 12
KOH NORMALITY
FIGURE 5-9
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CELL PERFORMANCE vs. KOH CONCENTRATION

RN 1 L T L o4+—3
Current Density, ma/cm” | O
O =1
0 o) -
O o—t 4
1.0 ——=0 O =t O ——
/O/
——’O——-
0.9 40 /O/ —
Ol =" O o) 0]
100 o—1"0
/O/
0.8} —o=—— o— o —]
/200‘/ 9 \O~
Q. o o
07— / 400 \o\ o
= o~ SN
° O
>
=
z
w
-
(@
a
o 05}— ]
z
= 0
g
0.4 O
03 Electrodes: Standard AB-1 _
el Matrix: 20 Mil Fuel Cell Asbestos
Temperature: 70 °C.
Pressure: O psig
0.2
01 -]
0.0 L1 I | 1 | I l
0 2 4 6 8 10 12 14

FIGURE 5-10

KOH NORMALITY



WORKING POTENTIAL, Volts
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CELL PERFORMANCE vs. KOH CONCENTRATION

KOH NORMALITY

FIGURE 5-11

l ol I I l O
Current Density, ma/cm2 o hy
o O=—4—0
O.—_——‘—' ‘
40 o o Oet—0
o—1+—
f— /O"-—" _—lgo___o o) O @)
o/ —
O O = O PO
A o=
500 O v N
| © P © ~w o\\\o
o / \\ \
/ / | o o
7
/ o
@]
O
Electrodes: Standard AB-1
Matrix: ACCO Asbestos
Temperature: 70°C
Pressure: 0 psig
| | l | I | |
0 2 4 6 8 10 12




WORKING POTENTIAL, Volts
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CELL PERFORMANCE vs. KOH CONCENTRATION

1 ! |
Current Density, ma/cm? |O—f 0 l | o l
Ommg— 01" | o
5
40 o
— O o~ O-\
o—T ° 0 | O
cn— O-
|
400 .
bme—— O -
=0 O o
600 o
A/ o™ ~\
O
—
o~
800 o
s aa—— —
/
o~
1000 =~ O
0"
+~
B Electrodes: High—Loading (40 mg/cm2)
Matrix: 20-mil Fuel Cell Asbestos
Temperature: 70°C
Pressure: 0 psig
| l | | | |
0 2 4 6 8 10 12

FIGURE 5-12

KOH NORMALITY




CELL PERFORMANCE vs. KOH CONCENTRATION

~82a«

1.1 T T 7 1 I o
Current Density, ma/em? o 0 O Lbe—T"
0O 0 @] o
54_ O .__——//
09 O o J © —
T oO—T" 200 o o
L O —
o~ o—t0° o
400 O
_ 0—t o
0.8 O =
o— 600
= 800 o
v 1000
(=]
> O/ _~ o] \
-l
= 06 <
e
= C/ o]
£ 1400
o 0.5 O e
e o)
=
0.4
Electrodes: High—Loading (40 mg. pt./cm?2)
0.3 Matrix: ACCO Asbestos
e Temperature: 70°C. -
Pressure: O psig
0.2
0.1 |—
0.0 | | | | I |
0 2 4 6 8 10

KOH NORMALITY

FIGURE 5-13




WORKING POTENTIAL, Volts
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CELL PERFORMANCE vs. KOH CONCENTRATION
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1

|

0 CURRENT DENSITY, Ma/cm 2 o 1~0
O——
O g P “
o—T 0
// a0 o AO‘/
O O s O
. a/
/O 100 5 o o
o/'/ o
‘/" 200 o) o+
/ ° o
300
0 oT—°
o)
400
@) O\\
O
500 \O
6000

Electrodes: Standard AB-1
Matrix: 20 Mil Fuel Cell Asbestos
Temperature: 100°C.

L Pressure: 0 psig

FIGURE 5-14
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WORKING POTENTIAL, Volts
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CELL PERFORMANCE vs. KOH CONCENTRATION

I T | | | | i
Current Density, ma/cm? o
O
/O/L- ° O !
5
// 70 OJE_O#Q
O O o~ I
// a0 @) O
O 1
o~ O OT"" Qoo o
/ O,f
] // © ,
e O 200 o o
o~ e o O ©
C// © © /o_r OO |
O 500 ®)
Electrodes: Standard AB-1
Matrix: 20 Mil Acco Asbestos
Temperature: 100°C.
Pressure: 0 psig
| | L | | | |
2 4 6 8 10 12 14

FIGURE 5-15

KOH CONCENTRATION




WORKING POTENTIAL, Volts
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CELL PERFORMANCE vs. KOH CONCENTRATION

1 | I ' ] |

Current Density, ma/cm?

.’

O i ®)

e

— O

1000

1200

Electrodes: High-Loading (40 mg. Pt/cm?)

Matrix: 20 Mil Fuel Cell Asbestos
Temperature: 100 °C.
Pressure: 0 psig

l | ! |

1

FIGURE 5-16
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CELL PERFORMANCE vs. KOH CONCENTRATION

T

T

I

1400

— O ey
O \\O

@) )O‘ﬁ
Current Density, majem?2 0 O =
N O—"_—
—’O - o u— O emmpmme ()
/
100
0 g S
/ o 200 O// O/‘—O\\O—
O 0 300 “O/— O ] o
o /O o 260 4_0.—-/ \\O
o] 600
O on o N ]
o~ 800 \O\
o /—’O—f o \ 0
O 1000 o
o 1200 \ \O
foaearenns — ()

O
Electrodes: High-Loading (40 mg. /Pt/cm?)
Matrix: 20 Mil Acco Asbestos
Temperature: 100°C.
Pressure: 0 psig —_
l I I I l | |
2 4 6 8 10 12 14 16
KOH NORMALITY
FIGURE 5-17



CELL INTERNAL RESISTANCE (Ohms)

-87-
CELL INTERNAL RESISTANCE vs. TEAPERATURE

TEMPERATURE (°C.)

FIGURE 5-18

A 1" Cell, Active Areg; 5 em?
09+ Electrodes: High-Loading (40 mg. Pt/cm?) _
08 Matrix: 20 Mil Acco Asbestos -
07 + _
.06 _
.05
041 20 Mil _
ACCO .\
.03 FAsbestos \ )
(@)
\ o
.02 — il \ -
20 Ml .\ \\.13NKOH
KOH - -~ ) s
Solution” -~ e 5 N KOH
-~ - -
01 O~ — »—~
0091 e~ 0= ~eo~— -
008} = ‘(L~§_ T~ —~@ 13N KOH -
0071 Om o /) _
006 O 5N KOH |
.005
.004}- _
.003| -
* Calculated from Data of:
0021 ZHUR.NEORG.KHIM. 4 2130(1959) -
.001 ]
50 60 70 80 90 100




WORKING POTENTIAL, Volts
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CELL PERFORMANCE vs. TEMPERATURE: I3N KOH
1.1 é)CURRENT DENSITY, ML/cm2 0 !
o O O o)
1.0
100 /O———O
e 0™ 300 | O e ©
// —_ s O
'e) 0 @] l
o o) o)
0.8 o 7~ 600 | s 1 ]
° l
/ 800 /O
0.71— O
1000
0.6 / O/
O
0.5|— ©
1400
0.4 / 0
O
0.3} _ )
Electrodes: High-Loading (40 mgPt/cm 2)
Matrix: 20 Mil Acco Asbestos
Pressure: 0 psig
KOH Concentration: 13N
0.2
0.1}—
0.0 | l l

50 60 70 80 90
TEMPERATURE (°c.)

FIGURE 5-19
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WORKING POTENTIAL, Volts
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CELL PERFORMANCE vs. TEMPERATURE: 5N KOH

I | [ |
1.1} Current Density, ma/cm?
0
® 0 © O
1.0 ?
100
o 200 | /O_/.
e O _———"‘"’é -0 _—-—-—‘?
Q- ﬂ’ o O O
0.8 ™ 0 ! !
D
/ O 800 ?—f o Cl)
0.7 — o /O o
1009 o
/ 0
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/1400 — 0
O / o
0.5}— o)
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0.3 _ 2
Electrodes: High-Loading (40 mg Pt/cm®)
Matrix: 20 Mil Acco Asbestos
Pressure: 0 psig
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FIGURE 5-20
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CELL RESISTANCE, ohms
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6. BATTERY SIZE CELL OPERATION

6.1 Choice of Operating Conditions

It is desirasble to select an electrode-matrix system, cell
assembly conditions, and operating conditions which will lead to minimum
weight/net power of an entire battery system, including battery, all
auxiliary equipment (for heat and water removal and power control), and
fuel plus associated tankage. Where the weight of fuel plus associated
tankage is an overriding factor in system weight (long missions), maximum
voltage output at reasonable current density is desired. Where fuel and
associated tankage weight is not an overriding factor, the higher battery
humidity obtainable with lower KOH concentrations is degirable (even though
cell performance is slightly lower) because of lower weight and power
consumption of equipment for.removing battery heat and water.

With these two cases in mind, Teble 6-1 sumarizes the
combinations of electrode-matrix system, cell assembly and Opersting
conditions which the performance data, described in Section 5, indicates
to be at or near optimum. The reasons for the choice of the electrode-
matrix system, matrix thickness, cell assembly pressure, and electrolyte
loading have been discussed.

The temperature (100°C) was selected from the point of view of
achieving maximum performance and maximum battery humidity at a given KOH
concentration., At this temperature stable operation can be expected without
excessive material problems. While the data of Section 5.1.7 shows that still
higher initial performance may be attained with high KOH concentrations at
temperatures asbove 100°C, this regime must be explored in detail before

adaption to battery operation can be considered.
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A gas pressure of at least 45 psig is specified since, compafed
with atmosphere pressure, operation at 45 psig yields higher performance
and in addition should decrease the weight and parasitic power consumption of
the gas recycle pump. While increased pressure tends to increase the weight
of the battery, design considerations jndicate that this increase would be
insignificant at pressures up to 45 psig. At higher pressures, the optimum
pressure would be determined-by a trade-off between battery weight, fuel
plus related tankage weight, and the weight and power consumption of the
hydrogen recycle pump. Nevertheless, operation at atmospheric pressure
might still be attractive since it would avoid the safety problem posed
by possible matrix rupture as the result of a differential pressure control
failure during pressure operation.

Two electrolyte concentratioms, SN and 13N are shown. The
higher concentration corresponds to maximum performance and low battery
humidity, hence to minimum weight/net power of a battery and its fuel
plus related tankage. The lower concentration corresponds to performance
somewhat below the maximum, but to maximum practical battery humidity,
hence to minimum weight/net power of equipment for removing battery heat and
product water. At both concentrations, performence daeta are shown at both
pressures (O psig and L5 psig) which, for the different reasons discussed

above, would be attractive.
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6.2 Design of 6" x 6" Cell

A fuel cell weas designed and constructed for evaluating the
performance of scaled-up electrodes (6 inch square) at pressures above
atmospheric(3H). The nickel face prlates were designed to provide uniform
gas distribution over the electrodes by manifolding fraom s 1/4 inch diemeter
header through evenly spaced 1/8 inch dismeter channels, and then through
1/32 inch diesmeter orifices spaced at 1 inch intervals along the length of
each channel (Figure 6-1). Ges discharge is through an identicsl manifold
with channels running parallel to and alternate with the channels of the
inlet manifold., The naninal path of gas flowing through each inlet orifice
over the electrodes is 1 inch. Experimental work with 1 inch diameter and
2 inch square electrodes indicates that this yrath length is sufficient to
saturate each gas with water vapor without causing electrolyte concentration
gradients large enough to affect cell voltage adversely.

Gas distributions were measured experimentally in a plastic
model of the face Plates of the scaled-up cell over the entire expected
range of total hydrogen and oxygen flow rates (70-8000 cc/min.). The flow
rates smong the manifold channels were found to vary by a meximum of 15% at 1000-
8000 ce/min. total flow, and by a maximm of 20% at TO-kOO ce/min. The flow
rates emong the rows of orifices varied by a maximum of 15% at average flows
of h87-ll30 cc/min. in the channels. Only at very low flows in the channels
(15-167 cc/min.), was the varistion among the rows of orifices as high
as 25-30%. These experimental data indicate that the 6" x 6" cell design

affords sufficiently uniform gas distribution.
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6.3 QOperation . .
An initial study was made of the operation of the High-Loading
electrodes - ACCO Asbestos matrix system in the battery-size cell.
Esch electrode was separated from its face plate by one flat
nickel screen pressed against the electrode and by one corrugated nickel
screen pressed against the face plate. The gaskets were of silicone rubber,
encased in 3 mil thick Teflon tape. The dimensions of internal cell components
are listed below.
Blectrodes: 6" x 6" x 29 mils thick

Matrix: 8" x 8" x 20 mils thick - peripheral 3/L4" encased
in polyethylene film.

Spacer Screens: Flat: 40 mesh - 6" x 6" x 25 mils thick
corrugated: 60 mesh - 6" x 6" x 16 mils thick

Gaskets: 10" x 11 3/4" x (65-70) mils thick, with a
6" square opening in center

Each face plate was heated by a flat 8" square heating element (5 watts/in2).
Cell temperature was measured by thermocouples in the face plates and controlled
by an on-off controller to within # 1°C.

Provision was made for humidifying the inlet hydrogen stream by
sparging through & saturator containing a 12 inch column of water at a
temperature controlled to + 0.4°C. Preliminary work showed that hydrogen
left the saturator saturated with water vapor at the liquid temperature,
over the range of flow rates required for operation of the cell.

Currents up to 110 amps (480 ma/cm2) could be drawn through
a load circuit camprising one variable resistor end six fixed resistors
in parallel. The latter could be put into the circuit through knife

switches.
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The cell was first assembled and operated at atmospheric
pressure under conditions which had been shown previously to give highest
initial performance. These conditions are given below:

Electrolyte (KOH) concentration - 13N

Electrolyte loading - 2.2 g KOH solution/g dry matrix

Cell assembly pressure - 180 psi

Temperature - 100°C

The flow of hydrogen and oxygen was countercurrent. Initial operation
was on dry gases at flow rates set to maintain the electrolyte concentration
at 13N.
The initial performance is shown in Table 6-2 and compared with
the initial performance obtained with the same electrode sample and under
the same operating conditions in & one-inch cell (1 in. in diameter electrodes ).
Although the internal resistance ( in ohm-cm2) of the 6 inch cell was slightly
higher than that of the 1 inch céll, rerformance was essentially the seme.
The performance of the 6 inch cell during 420 hours on
both dry and humidified hydrogen and at varying current densities is
shown in Figure 6-2. A condition of “dead-ended" oxygen was approximated
by using an oxygen flow rate only slightly in excess of the stoichiometric
requirement; 90-95% of the rroduct vater was removed by the hydrogen
stream. Operating with dry gases » the voltage at a current density of
100 ma/cm® declined by 25 mv during 66 hours, following which a reversal
of gases (in both polarity and direction) , immediately increased the
voltage by 35 mv. Following gas reversal » the voltage declined by 22 mv

over a Ui nour reriod. Fram then on, the cell was operated with hydrogen
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saturated with water at 45°C, simulating battery operation with a recycle
hydrogen stream from which water is condensed at 45°C., At 100 and 200 ma/cmz,
the performance was relatively steedy, at 0.90 and 0.84 volts respectively,
during successive 30 and 20 hour periods. During this time, the hydrogen
f£low was set to maintain the KOH concentration at 11.6-12.8K. At 300 ma/cm2,
a potential of 0.815-0.805 volts was maintained over a 60 hour period by
operating at 8N KOH. At k0O mﬁ/cmz, the voltage in this test fluctuated
between 0.75 and 0.78 volts over & 7 hour period and was extremely sensitive
to small changes in flow rate. Voltage decline at 400 ma/cm? was not caused
by any electrode deterioration since lowering the current density to 300 ma/cm2
gave steady performance during & 12 hour period at the szme voltage level as
had been maintained earlier. Likewise, as seen in Figure 6-2, the initial
voltages at 200 and 100 ma/cm? were the seme as at the conclusion of the
earlier periods of operation at these current densities. Further operation
at 100 ma/cm® produced & decline of 20 mv over & 165 hour period. During

the total 420 hour period the cell {nternal resistance was maintained between
0.5 and 0.85 milliohms, with no apparent trend with time. This run demon-
strates the sbility of High-Loading electrodes to give high and reasonably
stable performance over prolonged periods at current densities st least up
to 300 ma/cmz, in a battery-sized single cell operating with dynamic water
removal in the hydrogen stream. As discussed in Section 5.3 life test data
obtained in 2" x 2" cells indicate that time dependent voltage declines of
the magnitude encountered here can be eliminated by the use of gold-plated

nickel screens on the oxygen side.
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6.4 Pressure Drop

To aid in the design of a prototype 6" x 6" bipolar plate,
pressure drops through the cell were measured at dry hydrogen flows up
to 5 c.f.m. and at dry oxygen flows up to 2.5 c.f.m. These flows are
equivalent to approximately 130 ( for hydrogen) and 65 (for oxygen) times
the totel stoichiometric gas requirement (hydrogen plus oxygen) for
a current density of L0OO ma/cmz. Three different spacer screen configurations
were used; flat 20 mesh screen (30 mils thick), flat 4O mesh screen (20 mils
thick), and a flat 40 mesh screen backed up by a corrugated 60 mesh screen
on each side of the cell. Measurements were made at 100°C with no current
being drawn fram the cell. To keep the matrix from drying out, the flow of
gas was maintained only while pressure measurements were made, generally for
10-15 seconds per measurement. The effect of flow rate on pressure drop is
shown in a logarithimic plot (Figure 6-3). Except at hydrogen pressure drops
below about 0.15 psi the Pressure drop varied as the 1.7 power of the flow
rate. This is reasonably close to the theoretical value of 2 for flow through
orifices. At a given volumetric flow rate the pressure drop for oxygen was

generally 8 times that of hydrogen.




Electrodes:
Matrix:

Electrolyte Loading:
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TABLE 6-1

Operating Conditions For Scale-Up

High-Loading (40 mg Pt/cm?)
ACCO Asbestos, 20 mils thick
Cell Assembly Pressure: 150 psi

2g Solution/g Dry Matrix

Temperature : 100°C

Polarization Data:

Electrolyte Concentration SN(l) _J_.ﬁ

Gas Pressure, psig 0 45 o ks

Current Density, ma/cm? Working Voltage
100 0.9k 0.98 0.98 0.01
200 0.89 0.9k 0.94 0.98
300 0.87 0.91 0.90 0.9k
Loo 0.83 0.88 0.88 0.92
500 0.80 0.8k 0.85 0.89

(1)

(2)

For minimum weight/net power of battery and auxiliaries
except fuel and tankage.

For minimum weight/net power including fuel amd tankage.
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Table 6-2

Initial Performance in Six~Inch Cell
Compared with One=Inch Cell

High-Loading Electrodes - 20 mil ACCO Asbestos Matrix
13N KOH, 100°C, O psig

Internal Working Voltage at Indicated
Resistance Current Density (ma/cm?)
{ohm-cm=) 0 100 200 300 800
Six Inch Cell 0.118 1.06 0.93 0.89 0.8k 0.78

One Inch Cell 0.071 1.07 0.94 0.89 0.83 0.Th
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PRESSURE DROP vs. FLOW RATIQ
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T. BATTERY SYSTEM

T.l System Design

Two battery systems which could incorporate the thin, light-
weight electrodes of this study were designed. These systems are based
on dynamic removal of product heat and water from the battery into a
recycle hydrogen stream, either with or without auxiliary liquid cooling.
As described in Section 5, the performance of a battery system, operated
at a given total pressure, would depend on the electrolyte loading,
electrolyte concentration, and temperature. It is expected that during
steady state battery operation, gradients in these three variables will
exist over the face of the electrodes and through the thickness of the
electrode-matrix sandwich. For optimum performence of the battery
system, the battery should be designed and operated to limit these
gradients within the boundaries defined by the data of Section 5.

The effect of battery design and operation on the magnitude
of these gradients was simulated by a mathematical model. Genersl dif-
ferential mass and energy balance equations were derived. Solution of
these equations, and a computer estimation of temperature and electrolyte
concentration gradients in the battery for both types of cooling are
reported.

Weight per net power was estimated for both battery systems.
The estimate was based on the detailed battery design, on the mathematical
simulation of temperature and electrolyte concentration gradients, on
detailed performance data, and on the weight and power consumption of

& special hydrogen blower.
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Figure T-1 shows schematically the arangement of the fuel cell
battery with its auxiliares, in the system using auxiliary cooling. The
actual physical picutre of the battery system is given in the design
drawings shown in Figures T-2 through T=5.

The battery itself is composed of thirty-four individual fuel
cells connected electrically in series. The bipolar plates separating
the cells (Figure T-2) not only serve to make this connection but also
act as the distributor channels for the hydrogen and oxygen. For the
case of auxiliary cooling, the liquid coolant is also introduced through
channels in this bipolar plate. The hydrogen and oxygen streams are
menifolded through the cells in parallel. This also applies to the coolent
stream when auxiliary cooling of the fuel cell 1is used. To provide room
for manifolds and fittings and to increase the mechanicel stability of
the battery stack, the orientation of the individual cells is alternated
through ninety degrees (Figure.7-3).

The battery stack and hydrogen blower are encased in & shell
(Figure 7-4) which allows operation of the system at four aimos-
pheres pressure absolute. The gas space inside this shell also serves
to manifold the hydrogen which is being fed to the battery. Hydrogen
leaving the cells 1s collected by & manifold and taken outside the shell.
A portion of this stream 1is admitted to the annular space of a finned
double pipe heat exchanger and the remaining portion is introduced back

into the gas space of the shell on the suction side of the hydrogen blower.
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Make-up hydrogen is added to the shell behind the blower. These three
streams, the cooled and by-passed streams and the make-up hydrogen, then
pass through the hydrogen blower which restores the Pressure lost across
the system. The cage or fan space of the blower unit fills the entire
cross section of the shell.

Additional components of the system include the oxygen inlet
and outlet manifolds and the cooling system. In practice the oxygen is
dead-ended; however, an occasional purge is used to avoid build up of
impurities. For the case in which all heat removal from the cell is by
excess gas flow only the single pass of coolant through the inside tube of
the condenser is used. When auxiliary cooling is added a portion of the
coolant leaving the condenser is added to a loop which recycles coolant
through the cell. The coolant flow is shown schematically in Figure T7-1,
vhile the actual piping and pump arrangement is shown in Figure T-k. A
high recycle of the coolant through the cell is used to control closely
the coolant temperature (and maintain a small temperature rise in the
coolant across the cell). For this latter case an additionsl pump is
required. The power for this pump and the blower must be subtracted from

the gross power output of the battery.

T.2 System Operation

A mixture of hydrogen and water vapor enters through the open
ends of the hydrogen "in" distribution channels (Figure 7-2). The
mixture enters the individual cell hydrogen compartments along the center
line of the cell and flows outward. As it travels through the cell a

portion of the hydrogen reascts at the electrode surface to yield electrical
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power, water, and heat. Part of the heat is removed by wveporization of
the water into the hydrogen-water vapor stream. The remaining heat is
removed as sensible heat. If no liquid coolant is used all of the addi-
tional heat leaves with the hydrogen. Coolant channels can be provided
and in this case some of the sensible heat is transferred from the
electrode to the hydrogen stream and through to the coolant. Use of
coolant minimizes the temperature gradients, and consequently the concen-
tration gradients, in the electrolyte across the cell. In order to avoid
condensation of water vapor in the hydrogen stream within the cell, and
yet to insure that the coolant can pick up heat, the coolant temperature

must obey the restrictions:

To maintain the coolant temperature within these limits a portion of the

T T
hydrogen stream dew point < coolant < hydrogen stream

coolant is recycled through the cell.

The hydrogen and water vapor content of the hydrogen stream,
as well as its temperature, change along the path through the cell. The
magnitude of these changes and their dependence on operating conditions

are treated in section T.3.

7.3 Mathematical Simulation

T.3.1. Development of the Model

T.3.1.1. Physical Picture and Assumptions

The actual cell design has not been chosen at this point so
it will be necessary to utilize a suiteble general model which can be

easily adapted to different designs. The cell configuration, flow scheme,
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and coordinate system chosen for this simulation are shown in Figure 7-6.
It is assumed that the hydrogen enters from a channel which distributes
gas uniformly along the line x = O. Similarly, gas is removed unifromly
along the edges of the cell at x = £ 4. Equations will be written for
one unit of this cell, i.e., fromx =0 to x = a. Other cell configura-
tions, which may contain more inlet and exit channels, can then be built
up from this single unit.

An actual fuel cell battery will consist of a number of individual
cells in series. At rresent, a twenty-eight volt unit with approximately
thirty cells is envisioned. This simulation will cover a single cell
in the midst of such s battery: <that is, there will be no transfer of
heat to adjoining cells. Referring to Figure 7-6, a single cell is
composed of:

a. the hydrogen half of the distributor plate;

b. the hydrogen gas space, containing a screen to distribute
the flow and also keep the electrode pressed against the
electrolyte membrane;

C. the hydrogen electrode;

d. an asbestos membrane containing the electrolyte, a potassium
hydroxide solution;

e. the oxygen electrode;

f. oxygen gas space screenj;

g. the oxygen side of the distributor plate.
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The sandwich formed by the thin electrolyte membrane and the
two thin electrodes comprises a compact unit on which heat and mass bal-
ances may be taken. Hereafter in this section, this "sandwich" will be
referred to as the matrix(l),

The screen in the gas space touches the electrode asnd distributor
at points which are but a smail percent of their total surfaces. The screen
will, however, increase the effective heat transfer area of these surfaces
in the same masnner as a fin or other extended surface. The heat and mass
transfer coefficients will be increased by the continual mixing action of
the screen. It is assumed that all effects of the screen in the gas space
can be accounted for by suitable choice of the transfer coefficients.

It is further assumed that the gasket material which separates
the cells is a poor conductor of heat and thus that the matrix end distri-
butor plates are insulated at the edges y = +py for all velues of x. It
will be shown that the heat conduction terms will be small compared with
the other heat transfer terms so that this assumption will be justified.
Concentration gradients through the thickness of the matrix will be
neglected: that is, although such a gradient probably does exist, this
analysis will be concerned only with the concentration on the hydrogen
gside vhich affects the vapor pressure of the water evaporating into the
hydrogen stream. The above assumptions greatly aid in the solution
of the performance equations because they result in a problem which is

one~-dimensional.

(a) Elsewhere in this report "matrix" refers to the electrolyte membrane
only.
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The assumptions are summarized as follows:

1. Hydrogen enters uniformly along the center line and
leaves uniformly at the edges.

2. The matrix, consisting of the two electrodes and the
electrolyte membrane, can be treated as a single unit.

3. The effects of the screen in the gas space can be accounted
for by suitable mass and hest transfer coefficients.

L. The matrix is insulated against mass and heat transfer at
all boundaries.

5. Concentration and temperature gradients through the thickness
of the matrix are neglected.

6. The distributor plate is insulated along y = h. Thus, there
are no gradients normal to the direction of flow.

T.. The cell is one of a stack comprising a battery.

Te3.1.2 Derivation of the Performance Equations

The six differential equations which describe the temperature
and concentration profiles in the fuel cell were obtained by making energy
and mass balances on differential elements across the cell and perpendicular
to the direction of hydrogen flow. Energy balances were written for the
matrix, the hydrogen stream, and the distribution plate. Mass balances were

written for the hydrogen stream, the water in the hydrogen stream and the
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water in the matrix. These statements are surmerized in the following
table which also shows the equation mmbering system which will be used

in the subsequent derivations.

. Energy Balances Mass Balances
-Hydrogen Water

Matrix
(Equation 1) - Matrix

(Equation 2)
Hydrogen Stream Hydrogen Stream Hydrogen Stream
(Equation 3) (Equation k&) (Equation 5)
Distributer Plate - -

(Equation 6)

A teble defining the nomenclature used in this mathematical

analysis is given in the Appendix.

1. Energy balance on the matrix. (Equation 1)

It will be recalled thet the matrix refers to the "sandwich"
camposed of the hydrogen electrode, the membrane filled with electrolyte,
and the oxygen electrode. Consider a volume element of this matrix which is
t centimeter thick, one centimeter wide in the y direction, and of length 4 x.

The heat entering this volume element is given by

X g;ll; . ? Gr (I) » A x + ¢ (T - R)IE + co('l'o-R)I-';- - c,(T, - R)If
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The first term represents heat in by conduction. The second is the
irreversible heat of the reaction. This term depends on the current
density, I ma/cma, directly in that this sets the rate of reaction
and indirectly since the irreversibility is measured by the difference
between open cell voltage and the actual cell voltage. The latter is
read from a polarization curve which is a function of the operating
conditions, particularly current density. R is a reference temperature
for the heat of reaction, and the last three terms represent the hest
required to heat the hydrogen and oxygen up to this temperature and then
leave the liquid water product at the temperature of the matrix. The
factor f converts current density to gram moles per hour per square
centimeter.

The heat leaving this volume element is given by

daT
m

~kn

+ hoax(Ty, - T) o+ haax(Ty - Ty) + ko 'Ax[P(N,Tm)
dx X + Ax

~Pwh] ‘P“Kr voe (T, - Thﬂ
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The first term is the conduction out at x + A x. The second end third
terms are convective losses to the hydrogen and oxygen streams. Since the
oxygen is dead-ended and the stoichiometrically required oxygen is very small,
this latter term will be small compared to the convective losses to the
hydrogen stream. Since we are first considering cases with hydrogen flows
geveral times stoichiometric, we will neglect the oxygen convective term
for the present. The last term represents the heat lost by vaporizing the
water in the matrix at point x and transferring it into the hydrogen stream at
T, and partial pressure of water Py . P(N,Tm) is the vapor pressure of water
at the matrix temperature T, and over a KOH solution of normality N. Since
the oxygen is dead-ended, there is no vaporization on that side of the matrix.

Since we are looking for a steady state solution, the accumulation
of heat in this volume element must be zero. Setting the heat out equal to
the heat in, dividing by A x, and taking the 1limit as A x approaches zero

gives the first differential or performance equation

2p
X Z—x@ﬂ = Gp(I) + on(Th - R)If + c(To - R)Ig- - cy(Ty - R)If

- (T, - Tp) - hy(Ty - Tp) - ke A By [P(N,Ty) - Pynl- (1-1)

The heat of reaction varies slightly with temperature over the range of
temperature in a particular battery. Thus, if we take the reference
temperature equal to the locael matrix temperature, the only approximetion
jnvolved is that of using & heat of reaction based on an average matrix
temperature. Accordingly, our equation beccomes

d £
p E;TE e Gp(TI) - (cpIf + ho)(Ty = Ty) - (Co IT + (T, - Tg)

-k, [P(N,Tp) - Pyy] (8 By + (T, = T (1-2)
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This equation can be simplified by considering the magnitude of
certain of the terms. The heat capacity of hydrogen or oxygen is about 7 cal/g-
mole °C. Current densities have been measured up to 1400 ma/cm%'but the
usual operating range will probably be less than 500 ma/cmg. The hydrogen

consumed is

3600§%% « l-g-equivalent . 1 g-mole 1 amp 1%
964904 amp.sec 2 g~equivalent 1000 ma em

= 1.865 x 1071 %—3,

thus the conversion factor

£ = 1.865 x 1077 ;—‘—;m—c?—mie

and the quantity

= . cal
eIf = 7 x 1400 x 1.865 x 10 = 0.18 s en2%a

as a maximum. For laminar flow between rarallel plates the quantity
. /k & 8 (1-3)
The equivalent diameter for parallel plates is twice the spacing or 0.4

centimeters maximum. For hydrogen,k = 1.82 cal/hr‘cmoc,so that

n gl _ 36 ____9_&,120_
min 0.k hr+ecm™ ¢ (1-4%)
or
h>) eIf. (1-5)

In addition, the sensible heat required to raise the vaporized water from
the matrix temperature to the stream temperature is small compared with the

latent heat, that is

AR ) e.(t -T) (1-6)
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since T - Ty will certainly be less than ten degrees. Inequalities (1-5)
and (1-6) state that the sensible heat terms involving reactants and product
going between the stream and matrix temperatues are negligible.
The performance equation becomes
kmdsz= G(I)'hg(T-—T)-kAHEP(N,T)-P] (1-7)
—_— m m h 27 v m wh

d.x2

The cell is symmetrieat x = 0 and the matrix is clamped in place
with gaskets so that it is esséntia.]_'l.y insulated at x = a. Thus we have

the boundary conditions

aTy 0 X =€) (1-8)

P ——

dx
5. Water balance in the matrix (Equation 2)
Iet Nw be the flux of water in the matrix in the x~-direction,
g-moles/hr~cm2. Then, considering the same matrix volume element, the
water formed is fI and the total entering is given by
N, o+ r1hx

The water leaving is

Ntlew ax * k" Ax |p(x,T) - Pwh]
Again, setting these two expressions equal, dividing by A x, and teking the

limit as A x approaches zero gives the second performance equation
dn = _
- £1 - k, [P(N,Tm) - Pwh] (2-1)

Now ,

Nw = - bnw E%W + XW(Nw + NKOH) (2-2)
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At steady state,the molar flux of KOH, NKOH’ will equal zero. Thus,
NW = = *’Dw . de ,
- X dx (2-3)
and the performance equation becomes
ax
t{mw d%(w - 1 Y1 = f£1- kE[P(N,Tm) - Pth (2-4)
l-XW d.x2 l-XW dx
with boundary conditions
By -0 at x {: , (2-5)
dx

since the matrix is insulated at the edges and the cell is symmetric.
3. Energy balance on the hydrogen stream. (Equation 3)

Consider next an element of the hydrogen stream of unit width and
of length A x flowing between the distributor plate and the electrode or

matrix surface.

heat
3
' ?
flow in 5 7 T Tt flow out
A N
e Iy
heat H20 H2




-119-

The enthalpy in is given by

(W thﬂw)| L bytAx(T - Ty) + kAKX [P(N’Tm) - Pwh] K

W’

where the terms represent the enthalpy in with the flowing stream, the
convective transfer from the metrix, and the enthalpy associated with

the water evaporating into the stream, respectively. The enthalpy out is

(E + W BN o vax? b Ax(Ty - Ty) + £1- Ax-H,
where the terms represent the e_nths.lpy out with the flowing stream, the
convective transfer to the distributor, and the enthalpy out with the
reacting hydrogen. Equating these two expressions, dividing by A x and

letting Ax spproach zero glves

d(Whﬂh N thﬂw)

ax = hy(T, - T - by (T, - Tg)
+ X, [P(N,Tm) - Pwh] B, - fIE (3-1)
Differentiating the left side gives
aw,
ii_lih..‘.wdHWh“L dwh+de;h'
Wh dx wh dax dx
Now,
aE _ & .4T _ oI ]
3 - ar & | @ & (3-2)

end fram the hydrogemn and water balances on the hydrogen stresm

aw
b e (k-2)

W =k, [P(N,Tm) - rwh] . (5-1)
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Thus the performance equation becomes simply
daT _
(WhFh * w&hcw) —EE‘ - hE(Tm Th) h1(Th Td)° (3-3)
The inlet hydrogen stream temperature will be known 80 that the boundary
condition is

T, = Th(in) at x =0 (3-L4)

L. Mass balance on the hydrogen stream. (Equation 4)

The flow rate of hydrogen per unit width, Whg—moles/hr-cm, de-
creases in the direction of flow as the hydrogen is consumed in the electrode
reaction. Referring to the same unit volume used in the previous section,

a steady-state hydrogen balance may be written

Wh x wh X+ AX + I Ax (§-1)
or
Wy pr, (k-2)
dx
with the boundary condition
W, = Wh(ln) at X = 0. (4-3)

The solution to this equation is simply

W = Wh(in) - fIx.

h (b-k)
If we define the flow rate in terms of the parameter
F o= hydrogen fed to th? cell : s (k=5)
hydrogen consumed in the reaction
then the solution becomes
W, = fI(aF - X), (4-6)

where a is the length of the cell in the direction of flow. The change
in flow rate across the cell becomes negligible for the case when all cooling

is done by excess hydrogen flow.
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5. Water balance on the hydrogen stream. (Equation 5)
The product water from the cell reaction is removed by evaporation
into the hydrogen stream. The flow rate of water in this stream, wwh g-moles/

hre-cm, increases with x. Considering the same volume element, & water

balance gives

th‘ x+ AxX wwh‘ x +k2AX [P(N’Tm) _Pwh]’

which ylelds the differential equation

aw _ _P -
d;h =k, [P(N,Tm) wg]. (5-1)

This is & nonlinear equation since the partial pressure of water in the
hydrogen stream, Pwh’ is a functlon of the water and hydrogen flow rates

and the total pressure,‘ﬂ' , L.e.,

P = Y_"il.___'fr. (5-2)

wh Wh + th
The partial pressure of water in the inlet stream will be known so that the

boundary condition for equation (5-1) 1is

Wy = W, (in) at x =0 (5-3)

6. FEnergy balance on the distributor plate. (Equation 6)

Heat can be transferred to the distributor plate from both the
hydrogen end oxygen streams. If coolant is being pumped through channels
in the distributor plate, there will be transfer to this stream also. This
will apply only to those points along x where coolant 1s flowing. To
denote these areas let the function S(x) be defined such that

0 if there is no coolant flowing at x

s(x) = (6-1)
1 if there is coolant flowing at x .



-122-

Let 1 be the distributor thickness and kd be an effective thermal con-
ductivity in the x directlon. Then the heat input to a volume element

of unit width, 1 thickness, and 4 x length is given by :

ar
BT By A (T, - 1) by, A x(T, - T,)-

The heat out is given by

- k,1 Ty + 8(x)n A x(Td -T)
dx X +AX ¢ ¢
This leads to the performance equation
d2T '
k1 dxd = hl(Td - Th) + hu(Td - TO) + S(x)hc(Td - TC) (6-2)

There 1s a restriction on this equation and therefore also on the hydrogen
stream equations which must be mentioned at this point. If the coolant
which is flowing in the distributoris too cold it will cause the water in
the hydrogen stream to condense. This must be avoided from an operational
viewpoint, so we introduce the restriction

Ty > T (sat), (6-3)
where Th(sat) is the dew point of the hydrogen stream.

Since the hydrogen enters from a channel in the distributor at

X = 0, a reasonable estimate for the initial condition on Td is

T,(0) = T, (in) at x = 0 (6-4)
The boundary condition at x = g will depend on the final design. For some
type of fin extended from the distributor or for a coolant in a channel

along the edge,the end condition might read

Ty = Td(a) at x =a . (6-5)
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For the cases of gas cooling alone or gas cooling with internal cooiant
channels the end condition becomes

aTy
dx

[}
o

at x = a.

7.3.2 Solutions of the Equations

T.3.2.1 Gas Cooling

For this case, the f£1low rate of hydrogen can be from twenty to

one hundred-fifty times the stoichiometric requirement. The heat transfer
terms on the oxygen side may be‘safely neglected. In additionm, there
ijs no coolant flowing in the distributor plates so that these terms in
the performance equation (6-2) are deleted.

The performance equations developed in the preceding section
lend themselves to considerable simplification. As a first approximation
to the solution, all the diffusion terms were neglected. This leads to the
1inear solution described in the next section. These approximations are
not as severe as it first appears. The cross sectional area available for |
diffusion of heat snd mass in the matrix is very small. The thickness of
this unit is only about 0.06 inches. In its present state of development,
the distributor plate is conceived to be of thin sheet metal with comparatively
large gas spaces. Thus, its effective thermal conductivity in the x-direction
is quite low. An analog computer was used to solve the complete performance
equations. The results of this simulation verify the assumptions of
negligible water diffusion in the matrix and negligible heat conduction
in the distributor plate, and show that the linear solution can correctly be
used in the design of a gas-dried gas-cooled fuel cell system.

7.3.2.1.1 Linear Solution

For this solution it is assumed that the diffusion of water and
heat in the matrix and the conduction of heat in the distributor plate

are negligible. The performance equations become
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Gn = h2(Tm- Th) + AHfI (1-9)
W

= - -6

fI k2 [P(N,Tm) w;rh+ WWh‘n’] (2-6)

a h(T -T) - h (T -T)

el T AL (3-3)
h'h wh w

T, = T,(n) at x=0 (3-4)

W, = W(in) - fIx (-4)

EZ;;_h > [P(N,Tm) —Pwh] (5-1)

W, = th(in) @ x=0 (5-3)

0 = (T - Ty (6-2)

Combining (5-1) and (2-6) gives

Wen = r1 (7-1)
i

and solving, using (5-3),

W = th(in) + fIx . (7-2)

Combining (1-9), (3-3) and (6-2) yields

R ' (7-3)
ax thh + W’thW

and using the results (4-4) and (7-2)
aT, G - AH I

oy oo AEA (1)
dx [Vh(injch + th(ln)cw.J + fI(e, - cﬁTi

This equation can be solved, but a further simplification is possible.
For gas cooling, the hydrogen rate is at least twenty times stoichiometric,
l.e.,

Wh(in) » 20a(fI).
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In order to avoid drying the membrane, & high water content of the hydrogen

stream is maintalned so that th is ususlly greater than twenty percent of

]

L In addition, e_= 8.1 cal/g—moleoc and e 6.95, but (cW -¢) =1.15

h
so that in the range of x under consideration,

[wh(m)ch + th(in)cw] S fI(t:W - ch)x . (7-5)
Thus, the solution to equation (7-4) is simply
T = T,(im) + Gy - AHSI x . (7-6)

Wh(in) ch + th(in)c-w

The temperature of the matrix is found by solving Equation (1-9) to give

- Gy - AHTI
Tw =T * - (7-7)
2

The vapor pressure of water over the matrix, P(N,Tm), is given

by a polynomial in N times the vapor pressure of pure water at Tm (Ref. 7

B P, (T,) (7-8)

P‘(N,Tm)

1 - 0.0350N - 0.0034158F, N {6

fl

P () (7-9)
1.1836 - 0.0962N + 0.001685F, N $6

A curve of By versus N is glven in Figure T-T. Solution of (2-6) for

P(N,Tm) glves

wh —
P(N,Tm) =

Yn* "n 2
So the quantity

W
wh - + I
(w T W )Tr k_
= wh h 2

Po(Tp) ’

Px

can be computed for any point x and then N can be determined by reference

to Figure T-T.
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Te3.2.1.2 Analog Solution

To obtain an actual solution, the set of differential perfor-
mance equations was programmed for an analog computer. The results of
this solution verified that the diffusion of water in the matrix and
diffusion of heat in the distributor plate were completely negligible.
The effect of heat conduction in the matrix was slight. Temperature
profiles given by the analog began with a zero slope (dictated by the
boundary conditions), but quickly became linear. The temperature of the
distributor was equal to the temperature of the hydrogen stream and
the temperature difference between the matrix and hydrogen was the same
as in the linear solution. For the case of gas-cooling gas-drying, the

temperature and concentratidn profiles are monotonic, with their extreme

values at the end conditions. These values are the same in both solutions.

The differences in the actual profile are smgll and it is concluded that
the linear solution may be correctly used in design of this fuel cell

system.

Te3.2.2 Gas-Liquid Cooling

For this case it is assumed that coolant will be introduced
directly into the cell through channels in the bipolar plate. A possible
construction for the bipolar plate was shown in Figure 7-2. The larger
channels in the center of each half of the plate are the coolant channels.
The area available for cooling is limited by the required space for

hydrogen and oxygen distribution channels.
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Figure T-8 is a schematic representation of this structure.
From the hydrogen inlet (x=0) to the point where the coolant channel
begins (x=A2) the performance equations are exactly the same as for the
case of gas cooling. Thus we can use the linear solution of the previous
case directly. The same holds for the region from the end of the coolant
chennel (x=Ak) to the hydrogen outlet (x=AEND) .

In the case of gas cooling the diffusion terms were shown to
be negligible due to the very small available cross-sectional areas.
In that case, however, the profiles were monotonic and large gradients
did not exist. For the present case the same assumptions may be made
at all points except the discontinuity points where the coolant channel
begins and ends. The inclusion of the diffusion terms, however, makes
the solution and subsequent analysis extremely complex. The assumption
that diffusion terms may be neglected will again be made. It 1s justified
at this point when the emphasis is on finding satisfactory region of
cell operation. This will be a conservative assumption since in all
cases diffusion would tend to smooth the profiles slightly.

In the region of coolant flow (x=A2 to x=A4) the parameter
s(x) equals one, by definition. The performence equations for this

region become:

Cm(I) -8Hy fI = h2 (Tp-Tn) + hs (Tm-To) (8-1)

for the water in the matrix

Wyh
I = ko E(N,T ) - - ] (2-6)
Wyh + Wn
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and for the hydrogen stream temperature

dTy, hz (Ty-Ty) - h (Ty,-Td)
—_— . (3-3)
dx WnCh + Wyhey

The equations and solutions for the water and hydrogen content of the
hydrogen stream remain the same: namely.
Wy = Wn(in) - fIx (4-4)

and

Wop = Wy (in) + £Ix (7-2)

A modification must be made to the equation for the bipolar or distributor
plate temperature. Due to the construction of this plate there are two
distributor plate temperatures of interest, one on the hydrogen side, T.. ,
and one on the oxygen side, T3y. (See Figure T-8).

Since we are neglecting resistance to heat transfer in the
metal, we can write for the heat transfered to the coolant from the hydrogen
side

% = by (Ty-Tap) = hy (Tg-T.) . (8-2)
Eliminating the bipolar plate temperature and defining an overall hesat

transfer coefficient on the hydrogen side, Ups we have

@ =hy (Ty-Tgp) = Uy (T,-T.) (8-3)
where
hph
Uy = < . (8-L)
hy + he
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The flow rate of oxygen is very small and the oxygen stream
is essentially adiabatic. Thus the heat transfered to the coolant from

the oxygen side can be written

Q = hs (Ty-To) = ha (To-T4.) = he (Tao~Te) (8-5)

Again forming an overall coefficient on the oxygen side, Uy, we have

Q = ha (Tp-To) = Us (Tn-Te) (8-6)
where

1 =1 +1 +1

o o1

Combining Equation (8-1), (3-3), (8-3), and (8-6) gives,
for the hydrogen stream temperature in the range A2 to Ak

dTh = G(I)'AHV £I - Uh (Th“rc) B Uo (Tm-Tc) . (8'8)

dy Wpeh + WyhCw

It can be shown(3I) that due to the high rates of heat transfer which
occur in a compact fuel cell, the actusl values for the heat transfer
coefficients have a relatively small effect on the temperature and
normality profiles in the cell. Using this fact, it can be shown that
the difference between the hydrogen and matrix temperatures is small
(about one-half degree or less) and for the system we are considering,
the oxygen overall coefficient is about one-fourth the value of the

hydrogen overall coefficient. Thus we can make the simplification,

Uy (Tp-T)=0.25 Uy (Ty-Te) - (8-9) -
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This approximation will later be shown to have negligible effect.

Equation (8-8) becomes

9Th _ Gy(T) - MHfT - 1.25 U, (T, - T.)
I When  *+ Woncy

. (8-10)

The solution of (8-10) depends on the temperature distribution
of the coolant. The temperature of the coolant, and thus of the hydrogen,
will vary in both the x and y directions. The camplete solution of this
problem is not included in this analysis since maximum and minimum temperatures
end normalities do not occur in this region (A2 <x<Ak). This can be shown
by referring to Figure 7-9. The minimum flow ratio corresponds to the case
in which the temperature of the hydrogen rises from the inlet temperature to
its maximum value (set by the maximum allowable cell temperature) at the
point x = A2. At this point the coolant begins and the hydrogen temperature
decreases from x = A2 to x = Ak, The extent of this drop depends on the
coolant temperature distribution at the Yy coordinate. From x = Al to the exit
the hydrogen temperature again rises.

One restriction on the coolant temperature is that at the point
x = A4 and the coolant outlet,the hydrogen must be cooled sufficiently so
that it reaches the exit at maximum cell temperature. The other restriction
occurs at X = Ak and the coolant entrance. At this point the coolant temperature
must be above the dew point of the hydrogen stream. In general, the external
heat balance is more easily accamplished if the exit hydrogen stream is as
varm as possible. Thus the first restriction generally sets the coolant
temperature. In practice the coolant flow rate in the cell would be adjusted

to give an exit hydrogen temperature just under the maximum.
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To predict the coolant temperatures we can gsolve Equation 8-10
for one actual coolant temperature distribution. At the coolant entrance

the coolant temperature will be constant. Solution 8-10 gives

T, = Th(A2) (8-11)

(1) - 8By T (p (a2) - Te] (L-exp =L.25Un (xh2) )
1.25 Uy, Wnen + Wycy

Substituting mmerical values for the case
I = 250 ma/cm?, E = 0.85 volts and F = 45 ylelds (8-12)

™, = T, (A2) + [0.92 - Ty(A2) + 7. 1(1-76-4%)

Thus the hydrogen temperature reaches an equilibrium value of 0.92
Centigrade degrees warmer than the coolant temperature soon

(about one-half a centimeter) after it enters the region of coolant flow.
This agrees with our previous observations that the rates of heat

trensfer within the cell are very high and thus exact values for the

heat transfer coefficients are not necessary for analysis of the cell
operation. For now we will neglect the exact shape of the profiles within
the liquid cooled region and assume a cooleant temperature and flow rate
sufficient to ensure that the hydrogen leaving the cell does not exceed
its maximum value. We can do this by gtarting with the maximum temperature
at the cell outlet, using the linear golution to calculate the hydrogen
temperature at x=Al, and then using the equilibrium approech to find

the required coolant temperature. Civen the above conditions, the

exact profiles and coolant flow rates have a negligible effect on regions

of operability.
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7.-3.3 Restrictions on Cell Operation

In attempting to optimize the performance of this fuel cell
system it is desirable to minimize the hydrogen recycle rate since this
is a major consumer of parasitic power. Let us consider the lower
limits imposed on the variable F, the ratio of hydrogen fed to hydrogen
consumed.

Consider first the limits set by the water balance, the maximum
cell temperature and the available coolant temperature. The focal point
of the analysis will be the outlet of the cell. Consider a cell operating
at a given current density and with a specified maximum cell temperature ’
me.' The maximum temperature occurs at the cell outlet. As a parameter,
let us now assume the normality at the cell outlet. We can now calculate
the vapor pressure of water over the electrolyte at the outlet

P(N,™m)put1et = Py out * Po (Tpay) . (9-1)

Since all the water formed must be evaporated,

P(N,Tm) is related to the water flow rate in the hydrogen stream, LAY
by Equation 2-6
W.
f1 = k2 [F(N,Mn) - —to_p7 (9-2)
Wy + wwh

Applying this equation to conditions at the cell outlet,
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Wwh(out) £T
Wh(out) + Wyn(out) T out = Pyn(out) = ?(N:Tm)out “kz (9-3)

Under the conditions we have assumed we can now calculate th(out) using
the expression on the right.

Consider next the flow rate terms on the left. The hydrogen
rate out is

wh(out) = (F-1) W, (consumed) (9-k)
since W (consumed) is the gram moles hydrogen consumed. (F is the ratio
hydrogen in/hydrogen consumed.) This term is also equal to the gram moles
of water formed so that

th(aut) = W (in) + Wy (consumed) -
Solving for the water entering the cell

Wy (in) = Wy (consumed) |(F-1) ---3313-(:;‘:3-)----- - ].(9-5)

7r(out) ™ ¥ (out)

The minimum value of F thus corresponds to the minimum value of W (in).
The minimum amount of water entering the cell would correspond to the case
when the entire steam leaving the cell was passed through the condenser
and cooled as much as possible by the available coolant. This would con-
dense out the ma.ximum quantity of water. Let us neglect the fact that in
most cases the heat balance would not be satisfied since some of the steam
would usually have to by-pass the condenser. If we take a five degree
Fahrenheit (2.8°C) approach at the condenser exit we can calculate the water

content of the hydrogen stream leaving the condenser. Since the hydrogen at

this point is W (out) and the water rate is W, (in)

(in)
min

7
. (out) g Tin) condenser
h min vh min

wwh

= Po (T, +2.8). (9-6)

available
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‘
Solving for thin)

o (T 2.8)

c +
availgble

Trcondenser ( cavailable

Ww{‘lin )m;nwh( out) . (9-7)

Setting the fraction on the right side equal to B and rewriting in terms

of F

wwgl:ln)min = Wh( consumed ) (i;i) B . (9-8)

The minimum water flow rate can now be eliminated between equations (9-5)

and (9-8) to give

Pw( ‘out) 21

wh( consumed ) (Fmin'l) B = Wy,(consumed) (Fmin -1) — , (9-9)

Y - P
(out ) i ( out)
Solving for Fmin gives
1

F =1 + P . (9"10)
w (out) B

T (out) ~ P‘{Qut)

Note that theb hydrogen consumed, wh( consumed), is cancelled in going from
Equetion (9-9) to (9-10). If we now neglect the effect of current density
given by Equation (9-3), then the minimum flow ratios calculated by Equation
(9-10) are independent of current density. This is perhaps more obvious

if we consider that we are dealing with the flow ratio, F, and not an
absolute flow rate. The last assumption is quite valid since in Equation
(9-3) the term involving current density, f£I/k» equals 0.023 psi for I=250

ma/ em® and 0.037 for I=400 whereas the term P(N,T™m) is of the order 3 to
10 psia.
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A set of curves for F, 4, as a function of outlet normalit& at
58 psig for two available coolant temperatures (60°C and 40°C) and for
three meximum cell temperatures (90, 100, 110°C) is shown in Figures 7-10
and T-11. Minimum flow ratio decreases with decreasing coolant temperature,
increasing maximm cell temperature, and decreasing outlet normality.
For a given coolant temperature and a given meximum cell temperature there
is a maximum outlet normelity which can be attained.

It will be recalled that, aside fram the coolant approach in the
condenser, no mention of heat transfer methods or restriction was mede.
Thus the curves in Figures 7-9 and T-10 represent limiting flow ratios

for both gas cooling and combined gas and auxiliary cooling.

7.3.4 Regions of Battery Operation

The previous section has dealt with restrictions imposed by
the water balance on cell operation for ges cooling or gas-liquid cooling.
The results of that discussion have been ccmbined with solutions to the
performance equations to define the possible regions of cell operation for

both cases.

7.3.4.1 Gas Cooling

The performance equations for gas cooling were solved with
the aid of the computer for & large mumber of cases under & variety of
operating conditions. For each case the current density, cell voltage,
meximm cell temperature, outlet normality and flow ratio were specified.
Total pressure for all cases was 58 psia. The progrem then calculated
the normality profile in the cell and the temperatures and flow rates
throughout the system. These results showed that the first restriction which
was encountered as the flow ratio decreased was &n inlet normelity below the
allowable minimum(m). The results of these runs are presented in Figures T-1

7-13, and T-l4 as a plot of inlet normelity versus flow ratio and outlet norme
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The parameters differentisting these figures are:

Figure number T-12 7-13 T-1k
Current density, ma/cm? 250 Loo 400
Cell Voltage 0.85 0.8 0.8

Maximum cell temperature, °C 110 110 100

On each of these figures a curve has been drawn corresponding
to an inlet normality of 3.0 and thus also indicating the minimum allow-
able flow ratios. The possible regions of cell operation are then above
this curve and to the left of the curve set by the water balance
restrictions. The inlet normelity for other conditions within this
region may be estimated by drawing lines of constant inlet normelity

such as those shown for an inlet normality of 6.0,

T.3.4.2 Gas-Liquid Cooling

Using the methods outlined in section 7.3.2.2 the performance
equations were solved to give the operating conditions and profiles for
8ix cases. As summarized in Table T-1, these involve 2 maximum cell
temperature of 100°C and current densities of 250 and 400 me/cm2, The
results, plotted as inlet normalities as a function of outlet normality
and flow ratios, are shown in Figure 7-15. More cases would be needed

to define completely the region of operability.

T.3.4.3. Comparison of Gas and Gas-Liquid Cooling

Operating regions for gas and auxiliary cooling have been
sumarized in Figures 712 through T-15. Although runs have not been

mede under all possible operating conditions these figures show the
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effect of type of cooling, maximum cell temperature, flow ratio, normality

level and current density. Based on these figures reasonable estimates

of operating regions may be mede over a wide range of these variables.
Normality ranges and approximate normality profiles are shown

in Figure T-16 as a function of flow ratio and type of cooling. This

figure allows a direct comparison of the flow ratios required by gas

and auxiliary cooling under similar conditions. For example, at

a current density of 250 me/cm” the flow ratio required to give a normality

range of 4 units (5 to 9 for gas cooling, 6 to 10 for auxiliary) is F = 150

for gas cooling and F = U5 for auxiliary cooling. The curves are for

a primary coolant temperature of 60°C. A lower coolant temperature

would permit operation at higher pormalities as can be seen from

Figures 7-10 and T-11.

7.4 Weight Per Net Power

A comparison of the two cooling systems on the basis of
estimated weight per net power for a 2 kw battery operating at 250 or
4oo ma/cm2 is shown in Table T-2. Stable operation has been demonstrated
in single cells operating at the lower current density but not as yet at
the higher (Section 5.3 and 6.3). The flow ratios shown are those
indicated to be reasonable by the mathematical simulation. A maximum
cell outlet temperature of 100°C and a system pressure of 58 psia were
considered.

For both cooling systems the estimated weight per net power
is close to 50 1b/kw. Each system is lighter by b 1b/kw when operated
at 40O ma/em” rather than at 250 ma/cn® because of a smaller battery
cross section. No accompanying decrease in the weight of the shell
casing is indicated gsince the shell casing size is considered to be

l1imited by the arrangement of auxiliary equipment and pumping.
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At both current densities, the estimated weight per net power
is nearly the seme for both types of cooling. While gas-liquid cooling
requires a much lower recycle rate and hence a lighter blower than does
gas cooling, this weight-saving is }argely offset by the weight of the liquid
coolant and its pump. The estimated rarasitic power is nearly the same
for both cases because (1) the greater parssitic power of the hydrogen
blower required by gas cooling is mostly compensated for by the parasitic
power of the coolant pump (60 watts) , and (2) the parasitic power for
pumping gas or gas plus coolant is estimated to be only 35% of the total
parasitic power, the remainder being consumed by the static DC/AC inverter.
The low parasitic power for ges circulation arises from the low estimasted
pressure drop for the overall system, including the battery and the
condenser. The pressure drop through the battery alone, as estimated
from the standard orifice equation combined with pressure drop dats
obtained in the 6" cell (Section 6.4) was only 0.01-0.15 psi at the
flow ratios and current densities considered (Pigure 7-17).

The differences in weight per net power between the two cooling
methods are not large enough tc exclude one at this point. However, the
gas-liquid cooled system will be more edvantageous if the system pressure
drop should be substantially higher than anticipated or if total pressures
substantially below S8 psia are considered. Furthermore, as indicated
in Figure (7-16), gas-liquid cooling will permit operation at higher average
electrolyte concentrations and with lower concentration gradients, factors
which should improve performance. If electrode erosion by flowing gas
should prove to be significant, the lower recycle rates required by gas-

liquid cooling must be considered another potential advantage. Lastly,




-139-
although control questions have not been investigeted at this time, the

extra degree of freedom inherent in gas-1iquid cooling should result in

closer control of temperature and electrolyte concentration than can be

achieved by gas cooling.
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CELL CONFIGURATION FOR MATHEMATICAL MODEL
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FIGURE 7-6
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VAPOR PRESSURE DATA CORRELATION
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TEMPERATURE PROFILES - AUXILIARY COOLING

100

TEMPERATURE,°C
4
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TEMPERATURE
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80 |- .
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FIGURE 7-9
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MININUM FLOW RATIO vs. TEMPERATURE AND CONCENTRATION AT CELL OUTLET
1000 l l T T T T

Coolant Temperature: 60°C.

5001 — Total Pressure: 58 psia _

=
=]
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KOH NORMALITY AT CELL OUTLET

FIGURE 7-10
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MINIMUM FLOW RATIO vs. TEMPERATURE AND CONCENTRATION AT CELL OUTLET
| | I | I I

Coolant Temperature: 40 °C.
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FIGURE 7-11
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OPERATING FLOW RATIOS — GAS COOLING
110 °C. , 250 ma/cm?
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FIGURE 7-12
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OPERATING FLOW RATIOS — GAS COOLING
110 °C, 400 ma/cm?
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FIGURE 7-13
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OPERATING FLOW RATIOS — GAS COOLING
100 °C., 400 Ma/cm?
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OPERATING FLOW RATIOS — AUXILIARY COOLING

100° C., 250 and 400 ma/cm?2
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ELECTROLYTE CONCENTRATION GRADIENTS
vs. FLOW RATIO

GAS COOLING AND AUXILIARY COOLING
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PRESSURE DROP vs. FLOW RATIO
FOR PROPOSED BATTERY DESIGN
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9. * APPENDIX

Romenclature for Mathematical Analysis

Symbol Definition Units
a one-half electrode length in x-direction cm
b one~half electrode length in y-direction om
ey heat capacity of J cal/g-mole*C
D, diffusivity of water in matrix cm?/hr
D, diffusivity of K* ions in matrix cm2/hr
f moles Ho consumed per hr. per ma of current g-moles/hr. ma
F moles Ho fed/mole Ho reacted
GR(I) heat generated due to irreversibility with
reactants entering at R°C and the product
being liquid water at R°C. cal/hr. cm®
HJ(T) enthalapy of camponent j at temperature T cal/g-mole
0H, Latent heat of vaporization cal/g-mole
hl heat treansfer coefficient at hydrogen
distributor plate cel/hr. em2 °C
hs heat transfer coefficient st hydrogen
electrode cal/hr. em?® °C
ha heat transfer coefficient at oxygen
: electrode cal/hr. cm? °C
hy heat transfer coefficient at oxygen
distributor plate cal/hr. em? °C
I current density ma/cm?
ko mass transfer coefficient at hydrogen
electrode g-moles/hr. cm® psig
k) conversion factor cal/hr. watt
effective thermal conductivity of the
distributor plate cal/hr. cm® °C/em
l& effective thermal conductivity of matrix

composed of screen-electrode-solution
and membrane-electrode-screen

cal/hr. em® °C/em
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Symbol Definition Units
l thickness of distributor plate cm
N normality of KOH solution in matrix equiv/liter
L mass flux of water g-moles/cm? hr.
Mo mass flux of KOH g-moles/cm? hr.
P(N,2) partial pressure of water over matrix at
temperature T and nmlity N psia
P‘,J partial pressure of water in J stream
J=h=hydrogen psia
Q heat transferred to coolant cal/hr.-cm?
R reference temperature | °C
t thickness of membrane + electrodes cm
T temperature °c
U overall heat transfer coefficient cal/hr. cm2 °C
Wy flov rate of ) g-moles/hr. cm of
width
x distance coordinate cm
X mole-fraction cm
distance coordinate cm
total mole concentration of electrolyte g-moles/em3
w total pressure peia
Subscripts
h hydrogen
o oxygen
v water
m matrix
a distributor
] coolant
wh water in the Hp stream
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