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ABSTRACT

A development program was conducted in two phases to define the characteristics and
requirements of an electrochemical oxygen/nitrogen supply technique for space station
application. In Phase I, electrode formulations and structures suitable for use as anodes

in an oxygen/nitrogen generator were experimentally investigated. A one-man model

L R B P,

oxygen/nitrogen generator integrated with a space cabin atmosphere simulator was fab-
ricated and successfully tested in Phase II. Data from these tests were used to update
a computer routine model of the cabin atmosphere control using the oxygen/nitrc, en
generator technique. A specification and preliminary design for a 12-man oxygen/

nitrogen generation system was prepared.
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SUMMARY

A developmen  ogram was conducted concerned with the use of a hydrazine/water
electrolysis technique to provide both the metabolic oxygen for crew needs and the
oxygen and nitrogen for cabin leakage makeup. A laboratory breadboard model one-
man 02/ N2 generation system was integrated with a cabin and metabolic/leakage simu-
lator to provide a testbed for determining cabin atmosphere control cnaracteristics and
for evaluating components.

Experimental electrodes were developed and were successfully operated in the one-man
model system.

A zero-gravity closed reservoir system including a bubble separator was evaluated.

Control of the total pressure and oxygen partial pressure in the cabin simulator was
demonstrated in a series of runs of the integrated system.

" A computer routine model of the 02/ N2 system was updated and revised based or the

experimental data from the integrated system ‘!esting. This updated comput~r modei

predicts adequate control of a 12-man space station under orbital conditions.
A preliminary design and specification for a full-scale 12-man O‘,/N2 system suitable
for space station use yielded a total system weight of 862 1b, including spares, and

power consumption of 7,830 watts with redundancy and sparing to a reliability of 0.998¢
for a 180-day mission.
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Sectien 1
INTRODUC ™OM

For extended space-base and space-station manncd wissions, an oxygen/nitrogen
' cabin atmosphere will be utilized. The inert Jdilu 1t willi reduce the fire hazard of the

oxygen and will enhance the physiological hrhitabisity of the environment.

Oxygen consumed metabolically by the crew is recovered from metabolic wastes in a
water/waste management and regenerative life support system and is recycled to the
cabin. Water electrolysis is a process considered for use in this cycle to recover

oxygen from wnter and provide hydrogen for carbon dioxide reduction.

.. ‘.
- .
g IR LAY, SR R T e e man,

Losses in cabin atmosphere due to cabin leakage necessitate storage of cxygen and ni-

Lo ‘o
Wb Peaw. B g e

trogen for leakage makeup on long-duration missions. For a mission of less than 30

days, it may be practical to carry nitrogen and oxygen onboard the spacecraft using

Llek Mot e N

. either cryogenic or high-pressure gaseous storage. For an extended mission, however,
s : _ the weight penalty associated with cryogenic or high-pressure gaseous tankage is

excessive.

by et

The development program described herein is coacerned with the use of a hydrazine/
water electrolysis technique to provide both the metabolic oxygen for crew needs and

the oxygen and nitrogen for cabin leakage makeun. With this system, oxygen and nitro-

VRS 7% PRI o S I

2T ey,

gen are stored chemically as water and hydrazire in low-pressure (and therefore low-
weight) tankage. This system also has the feature of providing automatic control of the

space cabin total pressure and oxygen partial pressure.

The primary objectives of the program were to acquire test data on a laboratory model
of the cxygen/nitrogen system and to provide a preliminary design for a 12-man proto-
type system. The r: ~—am involved two major areas of effort consisting of (1) electrode

and cell development and (2) the »--~-t:hl, and test of a one-man model system to

1-1
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provide data for the preliminary design. A computer routine model of the oxygen/
nitrogen system control of a space cabin atmosphere, developed previously under Con-

tract NAS1-7706, was updated on the basis of the model system test data.

The specific tasks that were completed in meeting the program okjectives were as

follows:

Electrode active material development
Electrode structure and fabrication techniques
Component selection

Computer analyses

Breadboard system assembly

Breadboard system test

Preliminary design of prototype system

Thase tasks were accomplished by analytical and experimental investigations in the

following areas:

e Experimental electrodes were fabricated using various formulations, structures,
and processing techniques. Performance was evaluated using a potentiostatic
apparatus and an electrolysis cell test facility.

® Performance of system components was evaluated experimentally in a one-
man model system. Performance characteristics were established for an
oxygen partial pressure and total pressure control system, a cabin and
metabolic/leak simulator, a zero-gravity water feed system, a zero-gravity
bubble separator, and a hydrazine flow control system.

e Automatic control of a cabin simulator total pressure and oxygen partial pres-
sure was demonstrated with the model oxygen/nitrogen generation system in
a series of tests.

e Computer analyses were made in conjunction with the system testing to update
the computer routine model. T- st results were used to verify the updated

computer routine,



R
¥
e A preliminary system design effort culminated in the design of a 12-man
. oxygen/nitrogen generation system capable of providing a nominal supply of
26.1 1b/day of oxygen and 8 1b/day of nitrogen. The design includes a maxi-
mum load capability of 33. 2 Ib/day of oxygen and 22. 6 1b/day of nitrogn.
b2 The sections that follow in this report are concerned primarily with the areas of elec-
ﬁ trode development, system testing, and computer analyses. The computer routine and
A ; the preliminary system design have been documented separately with a computer
. ié utilization manual (Ref. 1) and preliminary design and specification report (Ref. 2).
'.‘&
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Section 2
RESULTS AND TECHNICAL DISCUSSION

2.1 ELrCTE JDE DEVELOPMENT
2.1.1 Elect~oae Design Requirements

The electrode, an integral part of the electrolysis unit, must meet rigid electrical and
physical requirements. (Refs. 3 and 4.)

The basic components of the electrode assembly in the LMSC electrolysis unit are:
(2) rim, (b) catalytic surface, and (c) catalyst. Functions of these components are:

e The rim besides serving as a rigid support, provides a path for current
and voltage.
The catalytic surface is the center of the electrolysis process.
The catalyst's primary function is to reduce the chemical activation
overpotential.

The design of the rim and the use of platinum black in a Teflon catalytic surface were
established at the beginning of the program. Accordingly, all developmental effort
was centered on the fabrication and application of a Teflon/platinum (Pt) surface on a

nickel screen.

Theoretically, a catalytic surface can be divided into two main parts, one to provide
physical strength and "fiow through" properties for reaction gases and reactants, and
a second part to ;rovide maxirrum reactive area for the electrolysis process.

In actual operation, the matrix must provide a wettable or hydrophilic surface for the
electrolyte to function and a pore structure with enough hydrophobicity to transfer the




reaction gases and repel the electrolyte. The pore structure must not be too dense

so as to block the gas flow.

Another property that is important is electrical conductivity. Resistance must be low.
Thus, the ideal electrode might be one with a maximum hydrophilic conductive reac-

tion area as well as a porous hydrophobic structure for efficient gas passage.

Attainment of the above with Teflon and platinum is primarily a fabrication problem.
In order to improve application of experimental mixes and conductivity of the final
matrix, acetylinic carboa was added. The carbon also helped reduce the hydrophobic
properties of the Teflon.

2.1.2 Test Facilities

The following two test facilities were available:

e Immersed Electrode Polarization Apparatus
e Laboratorv Model Electrolysis Cell Apparatus

Immersed Electrode Polarization Apparatus. In order to study initial performance
characteristics of the experimental electrodes, the Inmersed Electrode Polarization
Apparatus was designed and built. (See Fig. 2-1.) This apparatus is essentially two
H cells — electrolysis and reference units, respectively — connected by an electrolyte
bridge. The reference unit is equipped with three standard pl-tinum electrodes, two
for hydrogen and oxygen production and the third for a point of reference. The counter

and working (experimental) electrodes are located in the electrolysis unit. The com-
plete cell holds 300 cc of 30-percent potassium hydroxide solution.

A WENKING potentiostat is used to control and measure variations in voltage and cur-
rent between the reference and working electrodes. Both units are vented to the hood.

This apparatus provides a quick and accurate evaluation of the effective surface area
or reaction zone of candidate electrodes prior to final testing in the laboratory model
electrolysis cell.

2-2
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Electrode samples were cut to a 1 X 2 cm size and spotwelded on a nickel lead. Data
points were obtained from the electrode samples by measuring the reference voltage

vs. the working voltage for different current densities.

Laboratory Model Electrolysis Cell Apparatus. The La:otratory Model Electrolysis

Cell Test Facility designed and built by LMSC (Ccntract NaS1-7706) is routinely used
for the purpose of obtaining long-term electrolysis cell data and for general cell
development. In contrast to the Immersed Electrode Polarization Apparatus, this test
facility simulates actual operational conditions. Four test stations are available.
Each station is provided with the necessary inputs of current-controlled electrolysis
power, an auxiliary ac power source, coolant, feed water, and inert gas purge.
Ammeters are used for current readout, and both digital and strip chart readouts are

used for voltage. A complete description follows.

Two test stations are shown in Fig. 2-2. The electrolyte circulation loop components
can be seen in this figure. FElectrolyte leaving the electrolysis cell is discharged into
a reservoir. A magnetically-driven, plastic centrifugal pump is used to circulate the
electrolyte. From the pump, the electrolyte is passed through an all-plastic shell and
tube heat exchanger in which cold ethylene glycol flows through the shell side. A
plastic valve is used to adjust the electrolyte flow as indicated by a flowmeter. Afiter
passing through the flowmeter, the electrolyte is returned to the cell. (See Section

2.2.1 for a complete description of the cell configuration. )

After startup, the operation of a cell is completely automatic. The main control func-
tions are cell temperature and water feed. Cell temperature control is maintained
with a miniature thermoswitch located at the electrolyte discharge from the cell. This
switch provides a signal to a solenoid valve to provide coolant on demand. A heating
circuit also is provided to permit testing at temperatures above ambient. Water feed
control is achieved with a level control switch that provides a signal for liquid water
feed to the reservoir on demand. Because the test stations were designed for auto-

matic operation and unattended operation on a 24-hr a day basis, a number of safety
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functions were built into the control panels shown in Fig. 2-3. During normal opera-
tion, panel lights indicate the e.ectrolyte cooling and heating cycles, that the pump is
operating, and that the purge-gas (Nz) solenoids are closed. Unsafe operating condi-
tions, if they occur, are indicated in the upper row of panel lights. Unsafe conditions
would exist if there were no electrolyte flow; the electrolyte level in the reservoir were

too high or too low; or the cell temperature were too high.

In the event of an unsafe condition, the safety circuit is activated to automatically shut
down the test station. Electrolysis cell power is turned off; the pump, coolant, and
water feed go off; and nitrogen purge to both sides of the cell is turned on. The panel
light for whichever safety function shuts down the station remains on, indicating the
cause of shutdown, until it is reset. All of the safety circuits contain latching relays
to prevent the station from being reactivated automatically before the cause of the un-

safe condition can be rectified.

Differential pressure control between the gas and electrolyte phases is accomplished by
discharging electrolyte from the cell below the level of the inet. This provides a suc-
tion pressure in the electrolyte so that the generated gases can be discharged at ambient
pressure and still maintain a positive gas-over-liquid pressure. Although it is not nec-
essary for maintaining sufficient gas-back pressure, the generated gases are generally
discharged into bubblers with a few inches of water back-pressure to give a visual in-

dication of gas generation.

Cell performance data are automatically re>orded on a continuous basis with an auto-
matic data logging system utilizing a " rli-speed typewriter, digital clock, digital
voltmeter, and multichannel scanre:.

2.1.3 Cell Tests — Operating Parameters

Voltage vs. Current Density. The voltage-current density relationship (polarization

curve) for an electrolysis cell is the primary descriptor of its performance. Because

the gas generation rate is Faradaic, the power required to produce a given amount of
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gas is directly proporticnal to the cell voltage. It is, therefore, desirable to have a
cell with a "flat" polarization curve, i.e., minimum voltage change with increasing

current. This also applies to the small polarization apparatus measurements,

The cell voltage is the sum of four components:

Vcell - Voc * Vir + "02 * 77HZ (2.1)
where
oc = theoretical open-circuit cell potential
ir IR loss
1702 = ' Xygen overvoltage

nH2 = hydrogen overvoltage

The theoretical open-circuit cell potential fcr hydrogen and oxygen is 1.23 V. However,
in an actual device, the open-circuit potential is cleser to 1.0 V due to a mixed poten-
tial at the oxygen electrode. When current is passed between the electrodes, a voltage
drop (or IR loss) is produced because of the cell resistance. For a given cell configu-

ration, the resistance is fixed and the IR loss is proportional to the applied current,

The overvoltage contributions to the cell voltage are a complex function of catalytic
activity of the active electrode material and the mechanism of the reaction at each
electrode. A number of contributions to the literature have advanced theories to ex-
plaiz the existence of overvoltages and mechanisms of the reactions. These theories

have bezen conflicting in most cases and no one explanation has gained universal
acceptance.

While it is possible to determine electrode overvoltages by physical measurement in
bulk elecirolyte (Ref. 5), the use of these data to predict electrode performance in a

practical cell is complicated by the presence of the matrices. A more practical

2-8




approach that was taken in this program was to insert a srandard hydrogen refex once
electrode in the externa! electrolyte circulatior loop. Thc voltages that were ther

monitor=d were related by:

Vcell = VO + VH (2.2)
2 2
where
VO = oxygen electrode potential vs. standard hydrogen
2
VH = hydrogen electrode potential vs. standard hydrogen

Comparing Eq. (2.2) with Eq. (2.1) it is seen that Vg 5 and VH2 each include a part
of the open-circuit potential, VOC , and the IR loss, VIR, in addition to the over-
voltage. At open circuit, Vg 9 is zero and VoC is equal to V02 . Since only the
total cell resistance and not the resistance Adistribution across the cell was measured,
the IR loss contribution to each e'ectrode and absoiute values of overvoltage could not

be determined from the measurements of Vo2 and VH2 .

These potentials, which will be referred to in snbsequent cections as "electrode

‘polarization, " are useful parameters for evaluating electrolysis cell performance and

give additional insight into the operating characteristics of differernt electrode and

matrix materials and the effect of other operating parameters.

A typical electrolysis cell poiarization diagram is shown in Fig., 2-4. The voltages
shown are initial values and do not reflect long-term perfcrmance changes. The
polarization of the oxygen electrode is more than three times as severe as that of the
hydrogen el=ctrode, and it is evident that cell performance improvement is more

likely to be achieved by reducing the oxygen electrode polarization.

Temperature and Electrolyte Concentration. The cell temperature and KOH electrolyte

e e T T T~
b M e ey Lt

concentration are operating parameters that are independent of each other in that each

2-9
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Fig. 2-4 Electrolysis Cell Polarization
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can be set arbitrarily and controlled without regard to the other. Their effects on the
operating characteristics of the cell, however, are interrelated. The first criterion
for choosing the optimum electrolyte concentration is to minimize the internal cell IR
loss. As can he seen in Fig. 2-5, the minimum electrolyte resistance occurs between

25 and 30 weight percent.

The effects of temperature a1e two-fold: first, the temperature affects the operating
cell voltage; and second, it affects the absolute humidity of the generated gases.

2.1.4 Experimental Results and Discussion

A summary of the experimental electrode testing that was conducted is presented in
Table 2-1.

The following materials were used in the experimental work:

Material Source
Teflon (TFE) Powder TL 126 Liquid Nitroen Pr )cessing Corp.
Teflon Industrial Finish E. I. Dupont DeNemours & Co.
50% TFE Teflon Suspension
Black Platinum Englehard Co.
Nickel Powder LMSC
Graphite -
Expanded Nickel Screen Exmet

Diemesh Ccrp.

2.1.4.1 Preliminary Formulations

Initial work was confined to a Teflon/catalyst mix with the follovwsing desired properties:

e It must be easily applied to a nickel screen.
® The final catalytic surface must be hydrophilic, conductive, and porous.

o I must adhere to the screen.

2-11
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Table 2-

EXPERIMENTAL ELECTRODE TEST SUMMARY

18 — 1
i lectrode Catalyst | Anode | Current | Test
Load Type of Test | Voltage Density Time Ccmments
Number 2 2
(mg/cm?) ™) (mA/cm2) | (hr)
T-1 o Ni 87 Conductivity Electrode surface nonconductive
T-2 i Ni 50 Conductivity Electrode surface nonconductive
T-3 ! Ni Processing | Mixture would not adhere to substrate
T-4 Y pt 13 Processing Formed noncunductive film
T-5 Pt 12 Processing Formed nonconductive film
T-6 Pt 9 Processing Formed nonconductive film
T-7 through T-18 Pt Processing No measurements made
T-19 Pt 20 Polarization 1.85 75 Disintegrated
T-20 Ni 20 Polarization Immersed test - see Fig. 2-6
T-21 Ni 20 Polarization 2.00 50 2 Immersed electrode polarization test
T-22 Ni 30 Polarization 2.00 125 2 Immersed electrode polarization test
T-23 Ni 30 Polarization 2.00 150 2 Immersed electrode polarization test
T-24 NMi 45 Polarization 2,90 150 2 Imme rsed electrode polarization test
; T-25 Pt Processing Mixture did not adhere to substrate
T-26 through T-28 Pt Processing
T-29 Pt 16 Polarization 2.00 50 2 Immersed electrode polarization test
i T-30 Pt 20 Polarization 2.00 38 2 Immersed electrode polarization test
! T-31 Pt 20 Polarization 2.00 80 2 Immersed electrode polarization test
" T-32 Pt 40 Polarization | 2.00 5 2 Immersed electrode polarization test
T-33 I pt 80 Polarization 2,00 115 2 Immersed electrode polarization test
T-34 Pt 25 Processing No measurements made
T-135 2t 26 Processing No measurements made
i T-36 © Pt 25 Processing ! No measuremeuts made
! T-37 Pt 26 Processing No measurements made
| T-3S Pt 20 Processing No measurements made
i T-39 Pt 21 Processing No mrasurements made
; T-40 Pt 25 Polarization 1.98 150 2 Immersed electrode polarization test
; T-41 Pt 25 Polarization | 2.00 156 2 ; Lnmersed electrode polarization test
; T-42 Pt 33 | DPolarization 2.00 150 2 Immersed electrode polarization test
‘ T-43 Pt 22 Processing No measurements made
: T-44 Pt 16 Polarization 1.82 150 2 Immersed electrode polarization test
; T-45 through T-52 | Pt Processing No measurements made
T-53 pt 3 Polarization 1.82 150 1 Imincrsed test — see Fig. =-7
! T-54 Pt 30 Polarization | 1.80 150 1 Immersed test — see Fig. -7
i T-55 through T-62 Pt Processing 3 No measurements made
i T-63 Pt 58 Polarization 2,2 150 7 ' Immersed electrode polarization test
; T-64 Pt 35 Prlarizalion 1.8 ' iz0 1 Immersed test; cellulose acetate binder
T-65 through T-70 | Pt ! Processing Scale-up to 18 cm2 size
T-71 Pt 22 | Electrolysis | 2.18 | 150 294 | See Fig. 2-10.18 cm?
;. T-72 Pt 22 | Eectro'ysis | 2.10 | 150 200 | See Fig. 2-10,:8 cm?
! T-73 through T-86 | Pt [ Proccssing Scale-up to 90 cm?2 size
T 87 Pt 20 | Electr.lysis 2.3 150 <1
T-88 Pt 6 | Electrolysis 2.4 150 1
T-89 Pt 11 | Electrolysis 2.3 150 2
T-90 and T-91 Pt 12 Processing No measurements made
! T-42 It 20 Electrolysis 2.5 150 7
! T-93through T-114 | Pt Processing No meastrements made
! T-115 Pt 20 Electrolysis 2.3 170 7
i 1-116 Pt 20 Electrolysis | 2.3 | 150 3
- T-117 and T-118 Pt Processing No measurements made
i T-119 Pt 20 Elcc.rolysis See Fig. 2-10
i T-120 Pt 2 Eleotrolysis 2.3 150 6
i T-121 I opt Processing No measurements made
T-122 I Pt 22 Flectrolysis 2.10 150 136 See Fig. 2-11
l T-123 Pt 22 El~ctrolysis 2.16 150 142 See Fig. 2-11
T-124 Pt 22 Electrolvsis 1.88 150 135 See Figs. 2-11 and 2-12
T-125 Pt 22 Flectroly sis 1.80 150 35 See Figs. 2-11 and 2-13
T-126 pt 22 Flectr«lysis 2.10 150 70 See Figs, 2-11 and 2-14
T-127 Pt 22 Structi:re | See Fig. 2-8
1 |
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Accordingly, many experimental formulations were prepared using various forms of

Teflon and varying amounts of catalyst. Nickel powder and platinum black were used.
The general process was to weigh the ingredients and to mix them with an easily re-
movable solvent such as toluene. The resulting paste was spread on the expanded
nickel screen, dried at room temperature, and pressed, either by rolling o~ pressing

at a relatively high pressure. In some cases, the electrode was heat treated.

The initial electrodes did not meet all of the desired properties. Excessive pressures
rendered the Teflon a completely hydrophobic film, and excess Teflon had the same
effect. Insufficient Teflon did not give the required structural strength to the electrode,
and the catalytic surface disintegrated in the electrolyte. Excessive amounts of carbon
tended to decrease the structural strength.

There were difficulties encountered in the initial application of the paste on the screen.
The fluid paste tended to go through the screen. This problem was solved by backing
the screen with a porous Teflon sheet prior to application of the paste. The sheet was
then stripped off the completed electrode.

Later on, the nickel screen was coated with a microfilm of Teflon prior to application

of the matrix.

The firs: series of electrodes was prepared using nickel as a catalyst rather than
platinum in an effort to reduce experimer. 1l costs. These electrodes were relatively
simple — merely a mix of Teflon, catalyst, and lubricant ~n~olied to a nickel screen.

Electrode number T-20 is an example. Its formulation is as follows:

Teflon Powder (TL-126) 21.7 Percent
Nickel Powder 72.0 Percent
Graphite 6.3 Percent

The three ingredients were blended and approximately 0.1 gm of mineral oil was

added. The resulting paste was rolled on a screen until a smooth catalytic surface

2-14
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was formed. After heat treatment at 300°F for 20 minutes, the electrode was washed

with toluene to remove the mineral oil, then dried at 100°C.

Conductivity and wettability of the electrode were satisfactory. However, it was not

structurally strong. After several test cycles in the immersion polarization apparatus,

the catalytic surface disintegrated when subjected to electrolytic action. (See Fig. 2-6.)

In order to improve the structural strength of the matrix, a commercially prepared

Teflon suspension was used with the TL-126. Electrode number T-20A is an example,

Teflon Powder
Teflon Suspension
Nickel

Graphite

This electrode also disintegrated.

24 Percent
10 Percent
48 Percent

18 Percent

Whiic certain techniques involved in the handling of Teflon mixes were developed in the

work with nickel powder, it was found that substitution of platinum for nickel called for

modification of procedures. Also, a decision was made to concentrate on using the

Teflon suspension rather than the dry Teflon powder.

Formulations T-53 and T-54 were the first experimental platinum electrodes with

electrical and physical characteristics approaching those of the acceptable commercial

electrode. The formulation is as follows:

Teflon Suspension
Black Platinum
Graphite

40 Percent
50 Percent
10 Percent

The platinum and graphite were thoroughly blended in 3 to 5 cc of toluene. Then, the

Teflon suspension was weighed into the mix and the formulation was worked with a

spatula into a homogeneous paste.

The paste was spread on a Teflon-backed screen

2-15
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and rolled gently until it adhered to the screen. The electrode was dried (toluene
removed) at rocm temperature for 2 hr, washed with distilled water, and finally dried

ina 100°C oven,

Both T-53 and T-54 were porous, hydrophilic, conductive, and had sufficient struc-
tural strength to withstand the action of the 30-percent KOH solution. (See Fig. 2-7.)

During this phase of the work some effort was made to improve the porosity by incor-
porating a soluble material into the mix and, as a final step, washing the material out,
leaving a porous matrix. This method was found to be generally unsatisfactory in that

ccmplete removal of the additive was difficult; hence, an impurity in the matrix,

Subsequent mixes using this basic formulation and varying the percentage of platinum
from 40 to 60 percent showed that a satisfactory electrode could be prepared. It also
was quite evident that the amount of pressing and rolling of the final catalytic surface
had a marked effect upon the electrical uniformity of the final electrode. Excessive
rolling tended to form a nonporous, nonconductive film. In general, the small elec-

trodes were subjected to four passes through a small hand calendering device.
This phase of the work yielded an electrode that was conductive, hydrophobic, and
offered enough catalytic area for efficient oxygen production in an immersed electrode

apparatus,

Figures 2-8 and 2-9 are microohotographs of typical catalytic surfaces of an experi-

mental electrode and a commercial electrode. Note the porosity.
2.1.4.2 Electrodes for the Electrolysis Test Setup

Electrodes for this application were scaled up to 18 cm?' and were circular, Different

requirements presented new problems.

2-17
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Fig., 2-% Micrograph ol T-127 (20}

2-9 Micrograph of Commercial Electrode (50 <)
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The two primary electrode requirements for efficient cell operation are as follows:

® The electrode must offer a maximum hydrophilic catalytic surface to the
electrolyte,

e The porous inner electrode must be hydrophobic, so that the reaction gases
will be transfer: 2d.

A totally wet electrode tends to offer a barrier to the gaseous reaction products, and
the bubbles of gas, so blocked, will reduce the available catalytic surface of the elec-
trode. A rapid rise in voltage is an indication of this condition. By cutting the power
to the cell, the elecrrode will recover, but will again rise rapidly when power is
restored.

A different approach was made at this point. A slightly hydrophobic carbon electrode
was prepared first. Then a platinum/Teflon catalytic surface was applied to the car-
bon surface. T-71is an example.

Carbon Electrode.

Acetylini-. Carbon 58 Percent
Teflon Suspension 42 Percent

Cne cc of toluene was added to the above and the blend was mixed, The paste was
spread on a Teflon-backed screen, dried at room temperature, and rolled until a

porous, slightly hydrophobic film was obtained.

Platinum Electrode.

Black Platinum 50 Percent
Teflon Suspension 50 Percent

One cc of toluene was added to the above and, after mixing, the paste was spread on
the carbon surface, dried at room temperature, and washed with distilled water. The

2-20
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firished electrode was installed in the laboratory electrolysis unit., Results are shown
on Fig. 2-10. The platinum loading was 22 mg Pt/cm>.

This electrode compared quite favorably with some of the better commercial elec-

trodes. At the end of 294 hr, the cell voltage had risen from 2,04 to 2.39 V, and the
oxygen voltage had risen from 1.6 to 2.18 V.

T-72 and T-119 (Fig. 2-10) are examples of electrodes prepared in this manner.
Catalytic loads are 25 and 30 mg/cm2 Pt, respectively.

Figure 2-11 shows the laboratory performance of experimental electrodes that were
used later in the one-man unit discussed below. These electrodes were all made from
the same formulatior in the same manner,

2,1.4.3 large Electrodes for One-Man Unit

These electrodes were 90 cm2 . Two methods of preparation evolved from *»e ok,

® A catalyst/Teflon/carbon paste is prepared and applied to a screen.

e A carbon electrode is prepared first ‘- nd a catalyst/Teflon matrix is applied
to the surface.

Screen Preparation. The screen was given a dilute sulfuric acid wash followed by a
distilled water rinse. It was found that a micro-coat of Teflon on the screen improved

the gas flow thrcugh the matrix as well as increased the adhesion of matrix to screen.

Treatment of Matrix. Rolling, pressing, and temperatures were kept to 2 minimum
in ocrder to combat the film-forming tendencies of Teflon,

Usable Formulations,

Teflon Suspension 40 to 60 Percent
Platinum Black 53 to 45 Percent
Acetylinic Carbon 10 Percent

2-21
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This mix, diluted slightly with toluene, can be applied to either a carbon/Teflon sur-
face or a Teflon-backed screen. After drying at room temperature for 2 hr, the
matrix can be rolled (calandered) four passes. It is a good idea to cover the surface
with a thin polyethylene or wax paper sheet prior to rolling to prevent matrix pickup.
Commercial wax paper was found to Le satisfactory.

After the rolling operation, the matrix can be washed with toluene, dried at 100°C or
less, and finally washed with distilled water.

Initial Performance Checks. Estimations of hydrophobic and hydrophilic propertics
can be made by dropping a drop of water on the surface. The water will remain a drop
and will not wet a hydrophobic surface. A hydrophilic surface will wet, causing the
drop of water to spread out. It is possible to make a rough estimation of coniact angle

and attending hydrophobicity or hydrophilicity of the catalytic surface.

The conductivity can be checked with a volt-ohmmeter. An interesting check on cata-
lytic activity can be made by dropping one drop of methyl alcohol on a small portion of
the electrode. A good electrode will cause the alcohol to burst into flame.

These various tests were used to provide a qualitative assessment of electrodes.

The final check is the installatic,: of the electrode in the electrolysis unit. Figures
2-12, 2-13, and 2-14 show the electrical performance of three typical electrodes.

Analytical Work. Throughout the development period the purity of the oxygen generated
by the experimental electrodes was monitored at various times by infrared and gas
chromatographic analysis. No contaminantg were detected.

,.,_,.“ ..
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2.2 ONE-MAN MODEL SYSTEM DESCRIPTION

| A laboratory breadboard hydrazine/water electrolysis system was assembled to provide

a testbed for evaluating the oxygen/nitrogen generator technique. The gas Zeneration

g A\ - ’ ‘-_ -y
e e s ey i gt MRS NG

system was sized to nominally provide a one-man metabolic supply and 1/12 of a space
station cabin leakage makeup. This system was integrated with a cabin and metabolic/
, leak simulator and was instrumented to provide automatic control of the atmosphere in
.;7_‘; the cabin simulator. A schematic of this testbed is shown in Fig. 2-15.

2.2.1 Oxygen/Nitrogen Generation System

The oxygen/nitrogen generator consists of a closed-loop, liquid-electrolyte circulation

system in which the gas generator, a stack of electrolysis cells, is operated in conjunc-
tion with accessories that provide for water and hydrazine feed, waste heat removal,
differential pressure control, and bubble separation. Thirty percent potagssium hy-
droxide is used as the electrolyte. Figure 2-16 shows the installed oxygen/nitrogen
generation system. In this system, all surfaces in contact with the electrolyte, with
the exceptions of the electrodes and matrix support screens, are composed of plastic.

Electrolysis Cell Stack. The electrolysis cell stack is comprised of 17 unit cells of
the configuration shown in Fig. 2-17. The unit cell is designed so that liquid electro-
lyte flows through the center of the cell between two absorbent matrices contiguous to
the operating electrodes. The matrices provide phase separation between the liquid
in the center of the cell and the gases being generated on the open structure of the
operating electrodes. Manifolds for the generated gases and the electrolyte are lo-
cated on the periphery of the cell spacers; O-rings are used for sealing purposes.
Cutaway views of the cell assembly are shown in Figs, 2-18 and 2-19.

The electrode assemblies consist of a rim, a spacer, support screens, an asbestos
matrix, and an active electrode material, The rim is used for current take-off; a
sent-over tab, which extends outside the cell, is used to interconnect electrodes in
the stack of cells. The electrode spacer and support screen assembly is spotwelded
to the rim and serves as a mechanical support and current distributor for the active
material. The electrode consists of a mixture of black platinum catalyst and Teflop
applied to a nickel screen substruct

2-28

U SICT T2 R




O1EWOYOS
WIS AS Z\ O [OPON UBN—-OuUQ SI1-g °“314

114 T11d — ) )
Q Q H
_ R
I | | 1
"TOMLNOD
N _ _ m230>r£._ﬂx_ INVIOOD |
O , | _ _
56 * “ | , |
INTA SVO _ _
NOLL VHETIVD _ — 1\3 F —_——
HAZKTVNY | | agaso1o
..
O ¢4 INIA _ . I L— )
_ : HAONVHOXT |
HAAHOD LVIH
~AY } @‘Eﬁ;

FO o llllu lllllllll ] _ INEA _.Av

TOMINOD
LNAA SYD OML
ST 8
ALATOULOTTH

dNAAVI °N

I

YOL VI NWIS
NI VO aow

_

_

|

|

_

| "

| |
|

| |

| _

| _

_ _ HTTTORLNSD | j.'*ll.@! —— -

dav

@[\ Nvd m “ “HILNOD _

| |

| |

| N
|
_
|
1

HOSNIS
JIHd VHOVE VIOd

——— C woLvuvaas|! !
b
)
)

1 d1dd0d

ANV LLL

dNd VIA

L
L¥Od
. — ¥02 1A T1anvs D dv
o @vL ATNAON Il@
LNAA VISd SISXTOULOE T
VAT + 020 T dv
OTICHVIAN 1¥0d quEonasNvaL ! vS _

A TdIAVS _
NZ 1 —

HIAYOD
-3y

|

|

| ] |

| )

| WA LIAN - U e &

ISAL 1AM —— 4
_ — ] X1ddns
ﬂ TIOYNL | .. J HOLvVINODAY | MAMO

“ INFA H N ~-NOD INTHUND i

|”







woalsAg uoijeIauan mz\mo 91-2 ‘814

il

A01VHYddEe 3199n8

3IN00W  515A10M1L0313




PRI o pard N 5 T A S AP I I R RIS X Y it e

[} T AN\
USRS B MRS o

O ELECT
SPACER, AROUND EACH Nz_/of_ MANIEOLD
MANIFOLD PORT.

' Q- RING FACE SEAL,NEAR AND
\ FAR SIDE, AROUND PERIPHERY
\ OF ELECTROOE SPACER. AND

GADS SPALERS,

AN

ALIGNMENT COLULAR :

-

.7 -

4

Nz MANIFOLD

FOLDOUT FRAME




B T TN = — ———

MATRIX SKXAREEN SPACER

PERIPHERAL © -RING
| MATRIX SUPPORT SCREEN { FINE  MESH)
ELECTRODE RIM
' & ELECTRODE SUPPORT SCREEN (FINE MESH)
' PERIPHERAL ‘O -2iING
‘ PERIPHERAL "O - RING
< R ELECTRODE SCREEN SPACER.
| 14

{

\ v é
) i
GAS SPACER :

;

ELECTRODE SUPPORT SCEEEN (COARSE MESH) 1
ELECTRODE (145 SQ.cM) ;

MATRIX :
MATRIX SUPPORT SCREEN (COARSE MESH) ’
ELECTRODE SPACER ;
PRFCEDING PAGE BLANK NOT FIT.MED :

Fig. 2-17 Cell Configuration ;

PRECEDING PACE BLANK NOT FI)
2-33 '

e

FOLDOUT FRAME &L
s« NG PAGE BLANEK NPT .._.ED

PR S |

Y . I

- . .




Fig. 2-18 Electrolysis Cell Cutaway View
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Fig. 2-19 Electrolysis Cell Reve;se Side View
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The matr.x material is a highly refine? asbestos. It is held in place between the elec-
trode structure ana a set of nickel support screens. Epoxy spacers located in the
electrolyte space hold the opposing matrix support screens apart. Resilient elastomer
material is used for pressure strips on the gas side of the electrode to ensure uniform
contact between the matrix and the electrode. These strips also act as springs in the
stack of cells to take up tolerances in the assembly.

The cells are arranged in tte stack in a cathcde-anode-anode arrangement so that each
internal gas spacer serves two adjacent cells. This reduces the cell spacer components
required per cell (except for one end cell) to one electrolyte and one gas spacer. When
the stac< of cells is being assembled, alignment collars on the electrolyte spacers key
the cell parts in the proper position and prevent misaligmnent.

The 17 cells in the stack are connected hydraulically in parallel and electrically in two
series banks of eizh. and nine celis.

Heat generated by the electrolysis reaction is removed from the cell with the circulat-
ing electrolyte. By remov:i.ng the heat in the external loop of the circulation system,
close contrc! of cell temperature can be maintained., This permits control of the dew-
points of the effluent gases below ambient, and thereby eliminat- -~ the problem of water
condensation in gas lines, reservoirs, and valves downstream of the cell.

Water and N2H4 consumed in the electrolysis recction in the cell are replaced by di-
rect injection of the proper liquid in the externzl electrolyte circulation loop. [his
method of makeup is conducive to rapid electrolyte equilibration even at high operat-

ing currents.

Differential Pressure Controllers. Two differential pressure controllers are mounted
directly on one end plate of the cell stack. These devices sense the electrolyte pres-
sdre in the celi stack and throttle the hydrogen ar.1 oxygen/nitrogen effluent gases to
provide 25 iu, of water differential pressure, gas-over-liquid. When gases are not
being gener. el in the cell stack, anitrogen purge sclenoid valves open to provide gas
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pressure. This differential pressure control is required to maintain the gas/liquid
interface at the electrodes. The differential pressure controller assembly is shown
in Fig. 2-20.
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Bubble Separator. A bubble separator is located downstream of the cell stack in the
electrolyte circulation loop, as shown in Fig. 2-15. The function of this device is to
remove gas from the circulating electrolyte. The s-ource of this gas is primarily
dissolved gas in the feed water which is freed in the gaseous Hhase as water is con-

sumed in the electrolysis reaction.

The bubble separator consists of hydrophobic ard hydrophilic membranes assembled

in a configuration, shown in Fig. 2-21, in which liquid can flow only through the hydro-
philic membrane, and gas can flow only through the hydrophobic membrane. The gas
side of the separator is vented through a differential pressure controller. This AP
controller is reverse-acting to the cell stack AP controllers and is used to maintain
the liquid pressure across the hydrophobic membrane higher than the gas pressure.

¥
3
f
£
3

Electrolyte Pump. A pump is used to circulate the electrolyte. It is a commercial
laboratory model consisting of a centrifugal impeller assembly which is driven with a
magnetic coupling. All surfaces in the pump which contact the electrolyte are plastic.

Heat Exchanger. Waste heat generated in the cell stack is removed from the electro-
lyte, external to thr: cell stack, in a heat exchanger. The heat exchanger is a labora-
tory model shell-and-tube type device constructed entirely of plastic. Coolant is ad-
mitted to the shell side and electrolyte flows through the tube side.

Closed Reservoir. The reservoir is a variable-volume device desigaed for zero-
gravity operation which is used to maintain system pressure. The configuration of this
device is shown in Fig. 2-22. A rolling diaphragm works aga. 1st . srring-loaded
piston to maintain the pressure in the electrolyte circulation loop. Volume changes due
to the water and hydrazine feed cycles are thus absorbed in the reservoir chamber.
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Fig. 2-20 Differential Pressure Controller Assembly
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The position of the piston shaft is utilized to control the water feed; this control tech-
nique and the function of the safety switch are described in detail ir Section 2. 2. 3.

Water and Hydrazine Storage. Spherical storage tanks for water and hydrazine are
mounted underneath the oxygen/nitrogen generator. The water tank contains a silicone

rubber bladder, and nitrogen gas pressure is applied to the back side of the bladder.
When water feed is required, a solenoid valve opens in the water feed line, allowing

the nitrogen pressure to force water into the closed reservoir. The hydrazine is stored
in a similar tank from which the bladder was removed. * It is mounted so that nitrogen
pressure is applied at the top and hydrazine is withdrawn at the bottom of the tank. As
with the water feed, a solenoid valve opens to allow hydrazine to enter the closed reser-
voir. A micrometer valve and flowmeter a. e provided to set the hydrazine flow rate.
The plumbing required to permit filling, draining, and pressurization of these taunks is
shown in Fig. 2-15.

2.2.2 Cabin and Metabolic/Leak Simulator

The tank shown in Fig. 2-23 is used as a cabin simulator. It is equipped with gasket-
sealed ports, an O-ring sealed door, and has a rotary fan mounted inside to assure
gas-mixing. It was designed to be suitable for both vacuum and pressure applications.
The volume of the tank is 30 cu ft.

The cabin simulator is integrated with the oxygen/nitrogen generation system and a
metabolic/leak simulator system. It has, as well, an external sampling loop through
which cabin gas .8 contimiously circulated.

Metabolic/Leak Simulation. Metabolic consumption of oxygen and cabin leakage of
oxygen and nitrogen are simulated by withdrawing gas from the cabin simulator at a
controlled rate. Because oxygen cannot be withdrawn preferentially from the cabin,

*#The hlzdder material, silicone rubber, is not compatible with hydrazine. A suitable
.. ethylene propylene, required a special order, and delivery time was not
¢ .. he program schedule.
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the total amount of gas removed includes the metabolic and leakage oxygen, the leak-
age nitrogen, and an amount of excess nitrogen removed with the metabolic oxygen.
A controlled amount of nitrogen is replaced in the cabin simulator as makeup for ex-
cess nitrogen removed with the metabolic oxygen. The flow control valve and flow-
meter configuration used to accomplish this .e:abolic/leak simulation is shown in

Fig. 2-15.

Cabin Atmosphere Sampling 1oop. The cabin simulator is operated below ambient
pressure at approximately 12 psia. In order to remove the metabolic/leak gas, a

diaphragm pump is used to raise the pressure in a samplirg loop outside the cabin to
a pressure above ambient. A nonrelieving pressure regulator is used to control the
pressure in this loop. Cabin gas is contimiously circulated through the loop for gas
composition monitoring. Provision also is made for introducing calibration gases in
the portion of the sampling loop containing the gas-monitoring sensors.

2.2.3 Instrumentation

The model system is instrumented with automatic controls of the oxygen-nitrogen
generator functions, cabin atmosphere control, power conditioning and both digital
and analog readouts of system parameters.

- ' P .
ML R R L A T Y SR
P Lyl d- Y 3 g

All control logic and power conditioning are handled with solid-state circuitry. The
system is also equipped with automatic safety circuits which will cause complete sys-
tem shutdown if unsafe conditions occur. A block diagram of the system instrumenta-
tion is shown in I.g. 2-24. Detailed circuit diagrams are included in Appendix A.

2.2.3.1 System Controls and Safety

Water balance in the electrolyte loop is maintained by controlling the electrolyte volume.
A set of microswitches turn the water feed solenuid valve on and off as the piston in the
closed reservoir moves up and down. The movement of the piston shaft and the actuation
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of the microswitches by a detent in the shaft that occurs during a water feed cycle is
shown in Fig. 2-25. In position (a), the piston is in the middle of the water feed con-
trol band. As water is consumed in the electrolysis reaction, the electrolyte volume
shrinks and the piston travels upward to position (b). Here the lower microswitch
closes and signals the water feed solenoid to open. As water feed continues, the pis-
ton travels dow~ .arough position (c) and continues to position (d), where closure of
the upper microswitch signals water feed shutoff. The cycle deacribed in this figure
is completed as the piston returns to its starting position at (e).

The piston travels approximately 3/8 in. during a water feed cycle with a correspond-
ing volume change of about 45 cc.

The control logic is such that water feed is commanded off whenever both micro-
switches are actuated, as would be the case if the piston shaft detent is completely
above or below both switches. A manual override is provided so that the operator
can command the water feed either on or off at any time.

Control of the electrolyte temperature, necessary because of the waste heat generated
in the electrolysis reaction, is accomplished by using a thermoswitch in the electrolyte
discharge from the cell stack to provide a control signal to a coolant solenoid valve.
On demand, the solenoid valve opens to allow coolant (ethylene-glycol) to flow through
the electrolyte heat exchanger. The flow rate is set with a flow control valve. Control
of the electrolyte temperature also provides control of the dewpoints of the generated
gases. The thermoswitch used in this system has a switch-closure setting of 75°F.

On-off control is provided for the hydrazine feed. A polaragraphic oxygen partial
pressure sensor in the cabin simulator sampling loop provides the signal to the hydra-
zine-feed solenoid valve, When cabin PO2 reaches an adjustable upper set point,
the hydrazine solenoid opens to admit flow to the closed reservoir. The solenoid
valve remains open until cabin PO2 reaches an adjustable lower set point. A manual
micrometer valve and flowmeter can be used to set the hydrazine flow rate during the
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on portion of the feed cycle, Manual override is provided so that hydrazine can be
commanded on or off at any time,

The electrolysis cell stack current control utilizes a high/low mode of operation.
Both the high and low current values are adjustable. A signal from a pressure trans-
ducer is used to control the current mode. When the cabin total pressure (PT)
reaches an adjustable upper limit, the current is commanded to the low mode. The
low mode {8 maintained until PT reaches an adjustable lower set point; the current
then switches back to the high mode. Manual override is provided so that the current
mode can be commanded low, high, or off at any time.

In order to minimize the operating temperature of solenoid valves used in this system,
a holding-current technique is employed. Whenever a signal to energize a solenoid
valve coil occurs, a brief actuation current pulse is provided and then the current is
reduced to a holding level. Power dissipation with this holding current is sufficiently
lovw s0 that the solenoid valve bodies remain essentially at ambient temperature. This
approach is especially useful for solenoid valves that remain energized closed for long
periods, and increases the operating life of the valve seals.

- Sensors and circuit logic are provided to effect automatic shutdown of the system in
the event of an unsafe or abnormal operating condition. The shutdown logic, when
actuated by a safety sensor signal, disables the electrolyte pump, turns off the water
and hydrazine feed, opens the N2 purge solenoid valves to purge the H2 and 02/N2
chambers of the cell stack, and diverts the OZ/NZ module effluent frc¢ a the cabin

. ranlator to a fume hood.

One of the safety sensors is located on the closed reservoir. Recalling that the water
feed control utilizes a set of microswitches which operate on a detent on one side of
the reservoir piston shaft, a similar detent and associated microswitch on the opposite
eide of the piston shaft provide a high or low reservoir volume signal. The safety
switch is set to actuate + 150 cc on either side of the water feed control band. High-
volume shutdown would occur in the event of overfeed of water or hydrazine. Low-
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volume shutdown would occur in tae eveat of lack of water feed or a leak in the elec-
trolyte loop.

Overtemperature protection is provided in the form of a thermoswitch mounted in one
end plate of the cell stack in contact with an end electrode. This sensor is a two-
position sensor that actuates a warning light at 85°F and an automatic system shutdown
at 105°F. Overtemperature shutdown would occur in the event of coolant supply failure
or electrclyte pump failure.

Protection against excessive hydrazine feed is provided by a polarographic PO2
sensor in the cell stack 02/N2 effluent gac line. When an adjustable minimum efflu-
ent PO2 set point is reached, the hydrazine feed solenoid valve is automatically shut
off.

Power loss protection is provided. In the event of the failure or even momentary loss
of plant power, the system will automatically shut down and will not restart after power
has been restored until mamally reset.

The system control and safety instrument panel is shown in Fig. 2-26. The lefthand
side of the panel contains all of the electronic 1nstrumentation; the center panel has
‘the data logging signal leads; and the righthand side contains the flow controls for the
cabin and metabolic/leak simulation.

Fault diagnosis is provided by the upper row of lights on the instrument panel, which
can be seen in this figure. Indicators include temperature warning, overtemperature
shutdown, high/low volume shutdown, and safety PO2 shutoff of the hydrazine feed.
The safety indicator that indicates the cause of automatic shutdown will remain on until
the system is manually reset. All of the safety circuits contain logic to prevent the
system from being reactivated automatically before the cause of the unsafe condition
can be rectified.

A manual override of the safety circuits is provided and is used during system startup
at the beginning of a test.
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2.2.3.2 Power Conditioning

Conditioning and regulation of the power for the electrolysis cell stack is accom-
plished with high-efficiency programmable current-switching regulators. A pulsewidth-
modulated signal drives a power-switching amplifier, which produces a constant current
through the cell stack.

The 17-cell stack is divided into an eight- and nine-cell electrical bank. Each bank
has its own curreut regulator, but shares outputs from the current mode controller
and oscillator.

Figure 2-27 illustrates the technique employed to obtain this type of regulation. ILoad
current is sampled via a differential voltage developed across the skunt resistor, RS .
This signal is amplified by the feedback amplifier and presented to the error amplifier
where it is compared with a fixed reference signal. If a difference exists between the
sampled signal and the reference signal, an error voltage will be developed and fed to
the pulsewidth modulator. A fixed frequency (approximately 15 kHz) squarewave oscil-
lator provides the trigger source for the pulsewidth modulator. The output of the
modulator drives the switching transistor, Q.

| The transistor serves as a switch and (s either shut off or saturated. The length of

time the transistor is ""on" or saturuated depends on the time length of the pulse emitted
from the modulator. The operation of the circuit is divided into two cycles: first,
when transistor Q is on; second, wher. Q is off.

During the interval when Q is on, a current path is provided from the positive side
of the unregulated input source through inductor, L, shunt, RS, the cell bank load,
and through the transistor to the supply return. Switching diode, D, is back-biased
during this interval; thus, no appreciable current flows through it. Capacitor, C, is
allowed to charge to the cell bank vo:tage, thus storing energy. Since the voltage
across the nonsaturating choke inducior, L, 1is constant, the current through the
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choke — which is also the shunt, load, and transistor current — will increase linearly
with time according to ey = L di/dt. When the average current through the sh<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>