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ABSTRACT

A laboratory-model rotating electrolysis cell was designed for elec-
trolysis of water under zero-gravity conditions. Satisfactory operation
was obtained in the three evaluation runs of 3/4, 2, and 2-1/2 hours' dura-
tion. Hydrogen and oxygen were evolved with the cell operating at the de-
signed electrolysis current of 254 amperes (corresponding to a 2-man unit
for electrolyzing water at the rate of 2. 25 pounds of water per day per man).
No component of the earth's gravity field was used in effecting the separa-
tion of the gas from the electrolyte during electrolysis.

The laboratory model weighs 284 pounds including 30 pounds of elec-
trolyte and occupies a cylindrical space of 4.4 cubic feet (17-1/2 inches’
maximum diameter by 31-1/2 inches' height). The electrolysis portion is
a drum-shaped unit containing 16 individual cells in parallel electrically.
With the unit rotating at about 500 rpm, the lowest measured total power
consumption was 637 watts; 457 watts was estimated for extended operation
at zero gravity with series-connected cells.

The present laboratory-model design features high reliability, low
power consumption, and versatility for use as a 3-, 4-, or 5-man cell.

Appendix II of the report contains a feasibility study of other methods
of zero-gravity electrolysis that were considered.
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RESEARCH ON THE ELECTROLYSIS OF WATER
UNDER WEIGHTLESS CONDITIONS

by

John E. Clifford, James T. Gates,
John McCallum, and Charles L. Faust

INTRODUCTION

The objective of this project was to investigate methods of accom-
plishing electrolysis of water under weightless™ conditions for space
missions of extended duration (2 days to 2 years). Consideration of man's
respiratory function and water intake-output had indicated that a system
should be designed for electrolyzing water at rates from 0.7 to 2.25 lb/man/
day. The lower rate is a minimum based on the excess of man's total out-
put of water over his intake. The higher water rate is based on the average
requirement of 2.0 1b of oxygen/man/day in a closed ecological system.

Although not a concern of this project, it is generally known that the
other product of water electrolysis, namely hydrogen, could be used in the
reduction of carbon dioxide to carbon and water, the latter being returned
to the electrolysis cell,

Electrolysis of water is a well-established industrial operation for
production of hydrogen and oxygen (mmore so in foreign countries than the
United States because of differing economic factors)., The problem is to
accomplish electrolysis under conditions of weightlessness. On the earth
the gravitational acceleration gives weight to the electrolyte, thus creating
a hydrostatic pressure differential with depth which causes gas bubbles
generated at the normally vertical electrodes to rise to the surface and
separate from the liquid.

Thus, there are two problems under zero-gravity conditions. One
problem is to remove the hydrogen and oxygen bubbles adhering to the
eclectrodes, otherwise complete polarization would occur {flow of current
would become negligible as the gas would prevent the electrolyte from
contacting the electrode). The second problem is to separate the evolved
hydrogen and oxygen gas bubbles from the electrolyte.

While "zero-gravity electrolysis'" is a term descriptive of the prob-
lem, any laboratory model must first be developed and dermonstrated while
under the influence of the earth's gravity field of 1 G. The original system
specifications were modified to include capability of operation in the range

*Also termed zero gravity in this report.



of 0-1 G. While the equipment should be capable of withstanding accelera-
tions of 15 G, operation of the system during periods of acceleration greater
than 1 G was not considered a necessity.

The project was conducted in three steps:

(1) A "paper study" of methods considered feasible for elec-
trolysis of water under zero-gravity conditions. An in-
formal feasibility study report is included as part of this
report in Appendix II.

(2} Design of a laboratory mode!l of the method of electrolysis
selected for further study.

(3} Construction and evaluation of the laboratory model. This
final report is concerned principally with the evaluation of
the laboratory model that was constructed.

SUMMARY

The laboratory-model rotating electrolysis cell that was designed and
constructed on this project is shown in Figure 1. Satisfactory operation
was obtained in three separate runs of 3/4, 2, and 2-1/2 hours' duration.
Hydrogen and oxygen gascs were evolved with the cell operating at the de-
signed electrolysis current of 254 amperes (corresponding to a 2-man unit
for electrolyzing water at the maximum desired rate of 2. 25 pounds of
witer per day per man).

The evidence for capability of zero-gravity operation is inherent in
the orientation of the cell relative to the earth's gravitational field during
electrolysis. The pgas bubbles move in a direction parallel to the plane of
the eclectrodes which is perpendicular to the earth's gravitational field.
Thus, no component of the earth's gravitational field is used in effecting
the separation of the gas from the liquid.

The important advantage of the cell design is that the electrolysis
principle is already well established in industrial cells for electrolytic
produclion of hydrogen and oxygen. The use of steel cathodes, nickel~
plated steel anodes, asbestos diaphragms, and 28 per cent potassium
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FIGURE 1. LABORATORY-MODEL ROTATING ELECTROLYSIS CELL
INHERENTLY CAPABLE OF OPERATING UNDER
ZERO-GRAVITY CONDITIONS



hydroxide electrolyte is patterned after industrial cells which are known to
operate for 5 to 10 years with a minimum of maintenance. Hence, this
electrolysis unit has a basis for reliability that would be difficult to match

with any other electrolysis system except by extensive operational testing
for 2 years.

Reliability for 2-year operation was an important factor in the de-
cision to proceed with a rotating cell. The informal-feasibility -study re-
port in which other methods of zero-gravity electrolysis were considered
is included as Appendix II of this report.

The rotating cell designed and constructed on this project emphasized
minimum power consumption. The unit weighs about 284 pounds including
30 pounds of electrolyte and occupies a cylindrical space of about 4. 4 cubic
feet {(17-1/2 inches' maximum diameter by 31-1/2 inches' height). It now
appears that a 50 per cent reduction in weight and volume might be attained
by future optimization of the design without increase in power consumption.

The preliminary data obtained on total power consumption are as good
as or better than expected. The data on power consumption for the three
consecutive evaluation runs are summarized in Table 1.

After the first run, the graphite brushes supplying current to the cell
were replaced with silver-plated brushes to decrease the brush contact
resistance and effect a significant reduction in total power consumption.

The lowest total power consumption was obtained at the end of the
third evaluation run. The total power of 637 watts is based on actual op-
eration of the cell with electrodes in a parallel electrical scheme. If the
485 watts of electrolysis power were supplied as 30.5 volts (1.91 volis/cell
x 16 cells) at 15.9 amperes in a bipolar cell arrangement (series electrical
connection), the brush contact drop could be reduced to 0.1 volt or less and
the power loss at the brush contact would be less than 2 watts with the
lower amperage.

The mechanical power of about 90 watts at 500 rpm could be reduced
by a factor of 3 under zero-gravity conditions where a threefold reduction
in rotational speed is permissible. Thus, a bipolar cell operated at zero
gravity is estimated to require only 520 watts.

The cell voltage of 1.91 volts is 0.1 to 0.2 volt lower than reported
for commercial hydrogen-oxygen cells operated at comparable electrode
current densities.

The lower cell voltage attained in each run is very probably the result
of increased electrolyte temperature for the longer duration runs (111 F at
the end of 2-1/2 hours in the third run). While some industrial hydrogen/
oxygen cells of similar materials of construction operate at temperatures



TABLE 1,

TOTAL POWER CONSUMPTION FOR THE LABORATORY-

MODEL ROTATING ELECTROLYSIS CELL IN THE
THREE EVALUJATION RUNS

Basis:

Z-man cell operated at 254 amperes (4.5 1b of

water per day or 4.0 1lb of oxygen per day).

Run Duration, hr
Cell Rotational Speed, rpm
Final FElectrolyte Temperature, F

Electrolytic Power @}
Reversible cell potential
Electrolyte voltage drop
Hydrogen overvoltage
Oxygen overvoltage

TOTAL ELECTROLYSIS VOLT-
AGE AND POWER

Electrical Power®)

Brush contact drop
TOTAL APPLIED VOLTAGE
AND POWER

Mechanical Power
Brush drag
Seals, bearings, etc.
TOTAL CELL POWER
CONSUMPTION

Evaluation Run

1 2 3
Volts Watts Volts Watts Volts Watts
1/2 2 2-1/2
480 510 520
89 106 111
1.225 311.3 1.217 308.7 1.214 308.3
0.080 20.5 0.069 17.7 0.066 l6.7
0.249 63.4 0.234 59.4 0,229 58.0
0.441 112.0 0.410 104.2 0,401 102.0
1.995 507 1.93 490 1.91 485
0.875 222.5 0.30 76.2 0.23 58. 4
2.870 729.5 2.23 566.2 2.14 543.4
51.9 30.1 33.6
52 57.5 60
833 654 637

(a) Based on measured value of cell electrolysis voltage at end of run. Reversible cell potential and
electrolyte voltage drop were calculated, Total overvoltage determined by difference. Oxygen
overvoltage assumed to be 64 % of total overvoliage,

(b) Brush contact voltage drop determined by difference between measured values of applied voltage and

electrolysis-cell voltage.



up to 170 F, the possibility of 0.1 to 0. Z-volt reduction and saving in power
must be weighed against possibly shorter cell life and less reliability.

Table 2 gives a comparison of the power consumption of the laboratory
model in evaluation Run 3 with that predicted for extended operation at
higher temperature {165 F) as a bipolar (series connected) cell in an ex-
ternal zero-gravity field. The basis for the estimates of reduced total
nower consumption is discussed in greater detail later in this report under
sections dealing with mechanical, electrical, and electrolytic power
consumption.

In considering more advanced space rmissions, an interesting feature
of the present laboratory-model design is that it might be used as a 3-, 4-,
or 5-man cell. The cell has been operated at 410 amperes which is above
the amperage required for a 3-man cell. Since there was no indication of
electrode polarization at the highest current density used, a straight-line
extrapolation of the cell voltage vs. log current density curve over the range
of 60 to 90 amperes per square foot appears reasonable. Figure 2 shows
that on a unit basis {per man), the present laboratory model requires little
change in unit power, while effecting the exr 2cted reduction in unit weight
and unit volume as the design basis is exfended from a 2-man to a 5-man
cell. Bipolar operation has been assumed for the higher rates to avoid
power loss at the brush contacts.

Alternatively, if size and weight are relatively more important than
power consumptlion, the laboratory model could be redesigned to operate
as a 2-man cell at higher current density with a reduction in weight and
size.

Conventional industrial electrolytic cells operate at current densities
up to 100 amperes per square foot based on apparent electrode area (and
higher for special electrode designs). A limiting factor is the compromise
required between closer electrode spacing to reduce voltage drop through
the electrolyte and the greater electrolyte resistivity caused by the greater
volume of gas evolved in a smaller space between the electrodes. There
is reason to believe that the effective G-values in the rotating cell would aid
gas removal from the interelectrode space and allow higher current density
than in the earth's 1-G field.

As the report progresses it will be shown that the laboratory model
could have been made smaller by allowing increase in power consumption.
A number of factors influence size and weight of the cell which can be regu-
lated at the design stage depending on whether size and weight or power
consumption is the more important. The preferred design of the electrolysis
cell depends on the weight/power ratio of power-supply system.



TABLE 2. COMPARISON OF PRESENT AND PREDICTED FUTURE
POWER CONSUMPTION OF LABORATORY-MODEL
ROTATING CELL

Basis: 2-man cell operated at 254 amperes (4.5 1b of
water per day or 4.0 1b of oxygen per day).

Power Consumption, watts

Present Future
{measured at end {estimated for
of 2-1/2-hr extended opera-
evaluation run tion at high
as parallel- temperature as
connected cell bipolar cell at
in earths' field zZero gravity)
of 1 G)
Electrolytic Power
1.91 v at 111 F 485
1.7 v by increase to 165 F 432
Electrical Power (Brush Contact)
Parallel cell connection 58. 4
Series Bipolar cell 2
Mechanical Power
Rotation at 520 rpm in 1-G field 93. 6
Rotation at 140 rpm at zero gravity 23
Total Power 637 _ 457
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DISCUSSION OF RESULTS

Cell Design and Operation

Design Principles

Reliability. Following the feasibility study of various methods of
electrolysis of water considered workable at zero gravity (see Appendix II},
further study of the rotating-cell method was recommended. This method
meant an integral electrolysis and gas-separation unit patterned after in-
dustrial electrolytic cells for production of hydrogen and oxygen. An im-
portant reason for this choice of method was the apparent advantage of
more reliability than other systems considered. The basis for reliability
was not considered to be in the mechanical features but in the well-
established electrochemical reactions of industrial cells which result from
use of potassium hydroxide electrolyte {normally 28 per cent by weight of
KOH for good conductance)}, nickel-plated anodes, steel cathodes, and
asbestos diaphragms.

With the above-mentioned materials, industrial cells are known to
operate satisfactorily for 5 to 10 years with a minimum of maintenance.
Such reliability would be difficult to match by any other known methoed of
electrolysis of water. There are two aspects of the reliability: (1) that
the electrode reactions are stable and steady over long periods of time,
which is probably unique among industrial electrolysis operations, and
{2) the materials in contact with the electrolyte have an established high
resistance to corrosion.

Thus, to retain the basis for reliability, the laboratory rmodel was
built with similar materials used in the internal parts of the electrolysis
cell. Two other materials used in the laboratory model that contact the
electrolyte are polyethylene cell spacers, and neoprene (gaskets and mold-
ing); both are known to have high chemical resistance to the concentration
and temperature of electrolyte used. In considering the project objectives,
particularly mission duration of up to 2 years, the emphasis on a con-
servative electrolysis method seems warranted in view of the importance
of reliability in aerospace equipment.

At the time the present study was undertaken, there was no known
working model of a zero-gravity electrolysis system. A primary need
existed for a workable unit. The size, weight, and power requirement of
the first prototype system could then serve as a basis for evaluating pro-
posed improved systems,
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Electrolysis Pressure. Industrial electrolytic cells for production of
hydrogen and oxygen include both high-pressure and low-pressure systems
as well as "bipolar" (series connected) and "tank-type' (parallel connected)
celis. The possibility of eventually investigating all variations influenced
the design of the laboratory model.

The possible advantages to he gained by a high-pressure system
{from 1 to 20 atm) in relation to power reduction did not seem to justify the
added complexity of the pressure controls, reduction in over-all reliability
of the mechanical system, and added system weight. Thus, attaining satis-
factory power requirement for the low-pressure system was the first objec-
tive. The favorable power consumption results with the laboratory model
obtained in the subsequent evaluation runs on this project (which may be
partly due to the rotation) have given added support to the recommendation
of a low-pressure cell over a high-pressure cell.

Cell Arrangement. The electrolysis cell was designed for easy con-
version from a parallel to a series-connected (bipolar) cell. The contract
period did not permit investigation of the bipolar cell according to the orig-
inal plan. The cell was connected in parallel for the initial evaluation to
favor experimental studies, since obtaining data on electrolysis power was
important. In a parallel-connected arrangement, the cell voltage can be
measured directly. More accurate interpretation of data is possible than if
the average cell voltage is calculated from the bipolar cell voltage and the
number of cells in series. [t is preferable to compare results of bipolar
operation against the results previously obtained in the equivalent parallel-
connected unit.

The data obtained in a parallel-connected unit can be converted to the
equivalent bipolar unit since the electrolytic power consumption should be
the same. The number of cells times the cell voltage gives the voltage to
be applied to a bipolar unit. The total power divided by the bipolar cell
voltage indicates the current that will result. The current density on the
electrodes is the same for bipolar operation as for parallel operation.

Detailed Design

Figure 3 is a close-up photograph of the laboratory-model rotating
elecirolysis cell for comparison with the detailed cross section shown in
Figure 4.

The upper drum-shaped unit is the electrolytic cell which is rotated
on a central shaft. The rernainder of the unit is termed the "superstructure"
which includes the bearing assembly, the brush assembly, seals, and the
aluminum shell base which houses the drive motor and pulleys, gas lines,
and gas valves. Other items in the base relating to the liquid system such
as pump, valves, lines, etc. , were omitted from Figure 4 for clarity.

12



Selected drawings and sketches are included as figures in this report
to supplement the discussion of the important design features which follows.

Appendix I contains a design for an automatic control circuit intended
for use with the laboratory model. The automatic control circuit was not
built. Instead, a manual control panel was constructed for use in the pre-
liminary evaluation.

Cell Weight

The measured weight of the laboratory model was 254 pounds (empty).
The added weight of the electrolyte required was calculated to be 30 pounds
based on 10-1/2 liters {28% KOH, sp gr 1.27). Thus, the total cell weight
is 284 pounds. An approximate breakdown of the total cell weight is shown
in Table 3 to indicate the components that could be reduced in weight in a
future design directed toward weight optimization.

It is estimated that the total cell weight could be reduced to about
200 pounds readily in a future design without affecting the electrolysis
portion or the power (reduce by 1/2 the weight of the top and bottom plates
and by 1/2 the weight of the superstructure).

Cell Volume

The drawing in Figure 5 shows the essential dimensions of the labo-
ratory model that would be of use in estimating the space occupied by the
electrolysis cell in an integrated life support system.

The total cylindrical space occupied by the cell is:
%(17. 5)2 (31.5) = 7560 in.3 = 4.4 £t3.

The power supply and source of water to be fed to the cell are not consid-
ered a part of the electrolysis machine. The electrolyte reservoir is con-
sidered a part of the cell since with the present design, the electrolyte
would not be retained in the cell during two periods:

(1) During any period when cell rotation is stopped (i.e., for
maintenance)

13



TABLE 3. APPROXIMATE COMPONENT WEIGHT OF LABORATORY

MODEL
Weight,
pounds
Electrolysis Portion
Top plate 18. 8
Negative electrodes + gaskets (8) 19.7 )
Positive electrodes + gaskets (7) 17.3
Asbestos diaphragms (16) 3.7
Polyethylene cell spacers (32) 19.1
Tie rods (12) 2.1
Bus bars (2) 6. 4 »108 1b (6-3/4 1b/cell)
Central shait 3.0
Electrolyte (10-1/2 liters) 30.0
Plastic cover 5.0
Miscellaneous 1.9/
Bottom plate 35.0
162.0
Superstructure
Aluminum base shell 37.6
Rotational motor 17.8
Pump + motor 28.7
Valves, strainer, lines, etc. 7.9
Bearings and seals 20.0
Brush assembly 10.0
TOTAL LABORATORY MODEL WEIGHT 284.0

14
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{(2) During periods of high acceleration (up to 15 G external field)
when the cell would not be in operation for electrolysis.

For the experimental evaluation in the laboratory, the electrolyte
was contained in a 5-gallon bottle external to the cell. Experience showed
that about 2.8 gallons of electrolyte filled the cell. Thus, 630 in.3 of elec-
trolylc reservoir capacity is needed. In Figure 5, an annular ring-type
reservolr localed at the top of the base is shown to suggest the best utiliza-
tion of available space. The reservoir in Figure 5 has a capacity of about
530 in.3; being limited by the bus bars on the present laboratory model.
For a bipular cell, the bus bars would not be used and the annular reser-
voir could be increased in height to hold over 1000 in.3 of electrolyte.
Alternatively, the reservoir could be included in the base in a future design
which optimized location of motor, pump, valves, lines, etc.

The total cylindrical volume of 4. 4 ft3 is conservative enough to allow
for inclusion of 0.37 {t3 of reservoir capcity by future optimization of
design.

It is estimated that the volume of the laboratory model could be re-
duced by about one-half, to 2.2 ft3, without increase in power in a future
design of a prototype model which emphasized compactness of the super-
structure and miniaturized the auxiliary cell components. The apparent
density of the entire laboratory model is 65 lb/ft3 (284 1b/4. 4 ft3) compared
to the apparent density of 180 1b/it3 (162 1b/0.9 ft3) for the more compact
clecirolysis cell portion.

Description of Cell and Components

Electrolysis Cell. The cylindrical electrolysis portion of the labora-
tory model is made up of 16 individual cells connected in parallel by the
copper bus bars along the side. Each cell unit is made up successively of
an anode plate, a neoprene gasket, a polyethylene cell spacer, an asbestos
diaphragm, a polyethylene cell spacer, a neoprene gasket, and a cathode
plate.

The plate elecirodes also served to separate the-unit cells. Since
each side of the separating plate scrved as an electrode in adjoining cells,
there were 8 negative plates and 7 positive plates with the top and bottom
end plates each serving as positive electrodes. Figure 4, which was drawn
prior to the final cell assembly, does not show the modification in which the
top and bottom end plates are used as electrodes. The latter modification,
which reduced the cell weight and size a little, became possible after the
decision to electroplate the end plates with nickel.

The 15 electrode plates were made of 1/16-inch sheet steel and were
designed so that, even though made identical, they could be used either as
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positive or negative electrodes. The plates to be used as anodes were
clectroplated with nickel (from a Watts'-type solution) to a minimum thick-
ness of 0,001 inch on both sides. The plates to be used as cathodes were
pickled in sulfuric acid solution to remove rust and scale prior to assembly
in the cell. [For a bipolar cell, each electrode plate would be nickel plated
on anly one side. Thus, when assembled to form cells, the nickel-plated
sithe of the electrode would be the anode of one cell and the opposite side of
the electrode (unplated steel) would be the calthode of the adjoining cell. ]

The asbestos diaphragm between an anode and cathode keeps the oxy-
gen and hydrogen separated below the liquid level. Above the liquid level,
the asbestos might "dry out" and then would not be an effective barrier to
gas diffusion. To prevent intermixing of hydrogen and oxygen, a gas-
impermeable barrier was needed for that portion of the diaphragm that
would be above the liquid level {i.e., in the gas core of the liquid vortex
formed with cell rotation).

The cell diaphragms were made from high-grade asbestos cloth® nor-
mally uscd in electrolytic cells. A neoprene rubber coating was applied to
both sides of the asbestos as a central 6-inch diameter disk by molding in
a specially designed die. At the same time, a rubber layer was applied to
the outer radial inch of the asbestos to act as a seal. The rubber was
molded completely around the outer periphery of the asbestos so as to pre-
vent electrolyle leakage by permeation through the asbestos under the action
of centrifugal force.

Whether or not a series or parallel cell is considered, the asbestos
diaphragm always separates hydrogen and oxygen. The centrally located
polycthylene spacer on either side of the diarhragm contained an axially
alighed hole which served Lo lead gas to the appropriate central gas port.
Twao polyethylene spacers were riveted on each side of the asbestos dia~
phragm; one side aligned to conduct gas to the hydrogen port and the other
side aligned to conduct gas to the oxygen port. Thus, each diaphragm
assen:bly was identical but its orientation depended on the electrode ar-
rangement. | The same diaphragms cuuld be used for a bipolar cell by
proper alignment with respect to the gas to be evolved {rom the electrode.]

The gas ports through the cell {aligned during assembly) were formed
by six equispaced 1/4-inch holes on a 2-inch diameter in the electrode
plates, polycthylene spacer and asbestos diaphragm. Three alternate holes
were for hydrogen; the other three for oxygen. The gas ports in the cells
aligned with the gas ports in the bottom end plate and shaft to conduct gas
to the appropriate place between seals on the shaft for gas takeoff.

Electrolyle was pumped into the cell through the centrally located
hole in the shaft as far as the boltom end plate, then radially outward in the
bottom plate to the aligned holes on the outer periphery which formed the

*Grade AAAA, Style L2T370, Raybestos-Manhattan, Inc,
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distributing system by interconnection to each cell. Electrolyte was pumped
out of the cell in the same channel, and by suitable valving water could be
added to the cell by the same port to replace the water decomposed by
electrolysis.

In the top and boftom plate, there was a series of probes for sensing
the liquid level during operation. The sensing element and circuitry are
discussed later.

The cell was assembled from the bottorn plate up by sliding the com-
ponents down on the 12 tie rods. A polyethylene tube was slipped over each
tie rod before assembly. The center hole in the cathode plates was made
slightly larger than the center hole in the positive anode plates; so that the
cathode plates would not be grounded to the main center shaft. This meant
that alternate plates made contact with the center shait for purpose of good
alipnment, After the top plate was added, and the tie rods tightened, the
individual electrodes were then bolted to the copper bus bars.

The laboratory model was operated with a plastic canopy around the
clectrolytic -cell portion {see Figure 5). The purpose of the plastic canopy
in experimental work was primarily as a shield against any leaking electro-
lyite which would be thrown away from the rapidly rotating cell. Leakage
was not evident until the cell was rotated and the location of fine spray on
the shield over a period of time was useful in identifying the source of the
leakage. The shicld used was made of Plexiglas. It was known that poly-
styrene would be more compatible with caustic, however, because of mold-
ing time and expense the more expendable-type shield was used. By the
final evaluation runs, the leakage had been eliminated and recommendations
could be made for fulure minor design changrs in cell construction that
would remove the cause of leakage.

In general, the cell design appears adequate to prevent leakage. A
small amount of leakage occurred in the early check-~-out runs which was
temporarily corrected by sealing the outer surface with plastic. Two minor
changes in design would remove the cause, The first small leakage oc-
curred at the tie rods from electrolyte permeating through the asbestos to
the tie rod hole. The tie rod holes were cut in the asbestos after molding,
thus exposing the asbestos. The preferred procedure would be to cut the
tie rod holes slightly oversize in the asbestos first, then mold with rubber
to fill the tie rod hole, then cut the tie rod hole to size in the rubber. This
would seal the asbestos all around the tie rod hole.

When first assembled, the cell did not leak at the junction of the
plate, gasket, and polycthylene spacer. The gasket had not been glued to
the metal plate but was found to be stuck fairly tight on disassembly of the
cell. However, when the gaskets were removed from the plates and re-
placed, on reassembly, slight leakage was seen between the gasket and
plate. This could be corrected in the future by using an adhesive to bond
the gasket to the electrode.
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'A.uxilia.ry Cell Components. Brush Assembly. Direct current for
electrolysis was supplied to the cell by way of two copper slip rings. Six
Speer Garbon Company, Grade 580 carbon brushes (size 5/8 x 1 inch)
made contact with each slip ring providing a brush area of 3.75 square
inches {0.625 x 1 x 6) for each conductor. The brashes on each slip ring
were contained in a spring-loaded magazine, such that at design speed
each brush made contact with the ring with a force of only a few ounces.
The brush material rated at 70 amp/in.2 gave a safe current capacity of
262 amp.

The brush assembly design had the disadvantage of an added starting
torque until such time as the centrifugal force in .otating the cell counter-
acted some of the spring pressure. In any future rotating cell model, a
different design would be recommended that would allow rotation of the slip
rings with the brushes stationary so that brush pressure against the slip
ring would be independent of the cell rotational speed.

The electrical characteristics and .performance of the carbon brushes
are discussed in detail in a later section on electrical power consumption.

Bearings and Seals. The main cell spi dle rotates on an upper SKF
self-aligning bearing, No. 1311, and at a 7~inch center-line distance below
is held by a radial Timken bearing, No. 350-352. The cell, being designed
for laboratory use did not have a sophisticated bearing system capable of
taking thrust in all directions.

The seals used in the cell were a special Chicago Rawhide Mfg. Co.
HCRS"-A spring-loaded Buna compound double lip seal for 2-in. shaft. It
was found that the seals resulted in too much starting torque for the 1/8-hp
drive motor being used. As a temporary expedient, the seals were
trimmed, making thin single lip seals and the springs were removed — this
still provided a satisfactory seal for laboratory runs and reduced the start-
ing torque to a minimum so that it could be handled by the motor in use,

In subsegquent models a carbon face seal would be more appropriate.

Drive Motor., It was desirable to drive the cell with a minimum
horsepower motor. A Bodine 1/8-hp, 1725 rpm, 110-volt-dc, shunt
wound, ball bearing Motor # B-2420-NSH54 was selected. The control of
this motor for increased speeds is explained in the body of the report.

The motor rotated the cell at 400 rpm {conventionally} through step-down
pulleys and a 3/8-in.-pitch x 1/2-in.- width timing belt (Browning # 210-L).

Ligquid Pump. An Eastern Industries, Model VW-1, 110-volt-dc,
positive pressure, stainless steel pump was used to supply electrolyte and
water to and from the cell by way of appropriate valving. This pump has a
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capacity of 1-1/2 to 2 gal/min at 10 psi. In use with a Y-type strainer and
a rheostat speed adjuster, the pump performed satisfactorily.

Valves. Five Skinner, stainless steel, 3~-way, No. V54-DA-2-075,
110~volt-dc, type GD mounting valves were employed in the base of the
cell housing. Some difficulty in valves sticking was experienced, which
would suggest manually operated bypass lines as well as the use of a more
foolproof valve.

Control 5lip Rings. The liquid-~control, sensing-element circuitry
(see Figure 7) was provided electrical coniact with the rotating cell through
a Breeze Corp. No. AJ-8003-4 standard slip-ring assembly. The slip
rings performed satisfuctorily without incident.

Rotary Hydraulic Swivel Joint. To supply water and electrolyte to the
rotating cell, a Chiksan C Model SK55H, 1/4 P.T., Style 30 swivel joint
was used. This means of providing a dynamic leak-free liquid passage to
the rotating center shaft may be seen at the botiom of Figure 4, Part 42.

Control Panel and Circuit. Figure 6 is a sketch of the control panel
used for remote manual operation of the cell. Figure 7 is a wiring diagram
of the control circuit used in the laboratory evaluation. The circuitry of
the liguid-level sensors is shown in Figure 7 for the preferred method of
operatlion with the pecwer supplied from the auxiliary rectifier. A rheostat
reduces the voltage to 10 volts for the sensing-element control. The inter-
pretation of liquid level from the voltmeter readings can be seen with ref-
ercnce to Figure 8. The expected voltmeter readings as each successive
probe is wet with electrolyte (the resistance of that probe and any farther
out radially are short circuited and removed from the circuit} are tabulated
in Figure 8 for an assumed source voltage of 10 volts {separate dry battery).
Similar calculations could be made for a different source of voltage. For
the preliminary laboratory evaluation, it was preferable to power the sens-
ing clements from a separate dry cell because the auxiliary rectifier volt-
age was varied to adjust cell speed.

Except for manual operation, the sensing control circuit of Figure 7
is very similar to the automatic sensing control method of Figure 23,
Appendix 1.

Cell Operation

Figure 9 shows schematically the auxiliary equipment, principal
electrical circuits, and measuring instruments used in the evaluation runs
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of the laboratory model. The operation of the cell from startup to shutdown
is described below for a typical run with reference to the control panel
(Figure 6), control circuit (Figure 7), and Figure 10 showing the ligquid
valve settings for operational functions.

The auxiliary power rectifier was turned on first and set at 120 volts.
An indicator light on the control panel indicated power available after the
panel control switch was turned on. The motor field rheostats were set for
minimum resistance {to allow maximum field current for high motor start-
ing flux). When the motor is turned on the cell slowly rotates and gradually
picks up speed. The high overload {about six times normal power) on the
motor lasts for a few seconds until the cell speed picks up to 10-20 rpm.
A slide-wire resistance in the armature circuit was used to manually in-
crease resistance and prevent high current surge to the armature during
startup while maintaining high voltage on the field circuit.

With the motor running at 1700 rpm, the cell rotates at 450 rpm
through a belt-and-pulley speed reduction based on the initial design. Al-
though the cell would probably operate satisfactorily at 400 rpm, a speed of
500 rpm was found necessary to obtain a liquid-level indication because of
the location of the sensing probes. Higher speed from the motor was ob-
tained by reducing the field current to the motor. Two rheostats added
additional resistance and allowed a cell rotational speed of about 500 rpm.

With the cell rotating at 500 rpm and prior to filling with electrolyte,
the liquid-level indicators were turned on by a switch. The indicators,
which were voltmeters, were powered from a separate battery so that the
initial reading was about 6.4 volts. Valve D was turned on so that gas
within the cell would be displaced through exhaust lines as electrolyte
filled the cell.

To fill the cell with electrolyte, Valve A was turned on (Valves B
and C off). The pump was turned on and electrolyte was pumped from the
reservoir (5-gallon bottle) to the cell. The pump motor speed was adjusted
by a rheostat to control the filling rate. The maximum f{filling rate was
about | liter per minute. After about 7 to 7-1/2 liters had entered the cell,
the first indication was obtained on the lower level sensor. The voltage on
the lower level indicator continued to drop as successive lower contacts
were bridged with electrolyte {see Figure 8). At about 10-1/2 liters, the
first contact on the upper sensor was bridged which indicated that the
liquid-level diameter at the top was small enough to cover the central rub-
ber disk on the asbestos diaphragm (less than 6-inch diarmeter). Since the
liquid-level diameter at the bottom was about 3 inches and close to the gas
ports, it was important to stop filling as soon as there was an indication on
the top sensor.

After the cell was filled with electrolyte Valve A was turned off
(Valves B and C off) in which position the cell would receive distilled water
from the water reservoir when the pump was turned on. At the rated
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design current of 254 amperes, the water consumption is only 85 ml per
hour. Thus, the evaluation runs of maximum duration, 2-1/2 hours, were
too short to need a water addition. In extended operation, the level sensors
would indicate the need for water addition. Circuitry was designed to auto-~
matically add water on signal from the level sensor. However, the auto-
matic circuilry was not built for the preliminary evaluation since manual
addition of water could be made if needed.

At the end of the third evaluation run, 180 ml of water was added to
the cell electrolyte to check out the system and verify that the valve and
pump system operated satisfactorily for water addition.

At the end of an electrolysis run and prior to stopping the cell rota-
tion, the electrolyte must be emptied from the cell or else electrolyte
would enter the gas ports as the cell slowed down. To empty the cell,
Valves A, B, and C were turned on and the pump started, thus, pumping
electrolyte out of the cell and back to the electrolyte tank. With the cell
empty, the rotation could be stopped.

A desirable procedure for stopping the cell rotation is to first reduce
the field resistance to reduce the speed from 500 to 400 rpm and then turn
off the motor switch. This procedure avoids the possibility of turning the
cell off by the motor switch and leaving the high resistance in the field
circuit. If the motor switch is turned on with high field resistance, there
is insufficient starting flux, and abnormally high currents are drawn by the
motor armature when the motor is not turning, which could burn out the
motor or other components of the circuit.

Effect of External Gravity Field in

Cell Design and Operation

Design Considerations. There are various methods of water elec-
trolysis that can be designed to operate in spite of variations in the ex-
ternal gravity field. However, it would be technically inaccurate to say
that they operate independent of gravity (i.e., not influenced by the external
gravity field). There is no known or proposed method of electrolysis that
is truly independent of gravity since all matter has mass and all mass is
influenced by the earth's gravitational field. Therefore, in the design for
any method that must operate over the range of 0 to 1 G consideration must
be given to the effect of external gravity. It is possible that the effect of
gravity on design is less in some electrolysis methods than others. The
following discussion relates to the effect of external gravity field on the
design and operation of the laboratory-model rotating cell and is generally
applicable to any metihod involving use of rotation of a liquid to establish
an artificial gravity field.
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Figure 8 {shown previously) is a scaled sketch of the electrolysis cell
in cross section, showing the liquid vortex and gas core. The slope of the
liquid-gas interface forming the gas core of the vortex is a function of the
cell rotational speed and orientation in the external gravity field. The
slope shown in Figure 8 is for a speed of about 500 rpm in the earth's
gravity with the cell vertical (i.e., axis of rotation parallel to direction
that gravity is acting), which was the condition for the cell evaluation runs.
Because of the requirement that the laboratory model operate in a 1-G
field as well as at zero gravity, there were several cell design factors to
be considered.

From reported experience“)* in industrial electrolytic production of
hydrogen and oxygen, it is known that an asbestos diaphragm will effectively
prevent mixing of the gas on either side of the diaphragm if the asbestos is
maintained wet (i.e., mixing does not occur below the electrolyte level).
Above the electrolyte level, an ordinary asbestos diaphragm could dry out
sufficiently to allow mixing of hydrogen and oxygen by diffusion through the
asbestos.

The asbestos diaphragms for the laboratory model were made im-
pervious by molding 1ubber on both sides of the inner 6 inches of diameter
to prevent intermixing of gases in the gas-core region. The radial limit of
the rubber-covered portion is shown by the dashed line in Figure 8 (at a
radius of R ., = 3 inches). The inner radial limit is the outer radius of
the gas port in each polyethylene c~ll spacer shown by the dashed line in
Figure 8 (at a radius of Rp,j, = 1 inch).

For satisfactory operation the liquid/gas interface, forming the gas
core of the vortex or "liquid level", must be maintained between Ry, and
Rmin so that the uncoated portion of the asbestos diaphragm is everywhere
covered with electrolyte without electrolyte entering the gas port.

The choice of Ry,5x involves several interrelated factors in cell de-
sign all affecting the important criteria of weight, volume, and power. An
increase in Rynsy allows a lower speed of rotation in an external gravity
field but a decrease in effective electrode area. The loss of central elec-
trode area can be compensated by a larger diameter cell, which increases
size and weight. If the electrode area loss is to be compensated by adding
more cells, consideration must be given to the increase in cell height (h}).
An increase in h would require an increase in speed for the same radial
limits {Ryqay~Rmin)-

The many factors involved in a choice of cell design could be related
by equations or optimization curves. However, it is necessary to have
quantitative data on the relationship between current density and electroly~
sis voltage, rotational speed and rotational power, etc., for a particular
size and weight of cell. Obtaining the quantitative data was an important
objective of the evaluation of the laboratory model. Deriving optimization
curves was beyond the scope of the present project.

*References are listed ahead of Appendix 1,
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Effect of Cell Rotational Speed on Vortex Shape. With reference to the
radii, R] and R, indicated at the bottomn of the cell in Figure 8, an equa-
tion can be derived for operation in a 1-G field to relate the actual minimum
liquid radius (R}) and the maximum liquid radius (R}), the cell height (h}
and the rotational speed {N} as follows:

Select a point, A, on the bottom cell surface that is at a radius R;.
Equating vertical and radial forces at A gives:

R
pu? [
hp:——S R dR

g
R)

wZ
= %g— [(R2)2 - (R)?]

hp - 12 N [R2)? - (R1)?)
2

(60)2  (32.2)(12)

h=1.415 x 1072 N? [(R3)% - (R))?] ,
where h = 10,0625 inches (R in inches, N in rpm),

N=. 711000 _
[(R,)% - (R}}?]

The above equation was used to construct the curves in Figure 11 over the
range of interest for operating the model in the laboratory.

The circled points on the curve represent the rpm at which the liquid
level just contacts both of the indicated probes on the bottom and top sensor
which is an ideal situation. At best the sensing device tells only that the
liquid level is somewhere between two adjacent probes. Thus, in practice
when the cell is being filled with electrolyte, the speed is maintained high
enough so that on the bottom sensor the liquid contacts the second probe
radially out {(Station 2, Figure 8) but not the first probe {Station 1}.

Once the required cell speed is known and used, electrolyte is added
until the top outer probe {Station 6) is bridged with electrolyte. Experience
has indicated that about 500 rpm is required and about 10.5 liters of elec~
trolyte. As the volume of electrolyte pumped in reaches 10.5 liters with
no indication on the top sensor, it was found that if the pump was turned
off, the liquid level quickly reaches equilibrium and contacts the outermost
top sensor probe. Possibly, the pump pressure is sufficient to upset the
delicate equilibrium that determines the gas-corz shape.
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On the other hand, the cell rotational speed may increase slightly as
the pumping is stopped. While electrolyte is being added to the cell, there
is an additional load on the rotating motor because all the electrolyte that
enters axially has to be accelerated to the cell rotational velocity.

As can be seen from Figure 11, the calculated minimum speed is
300 rpm for just covering the diaphragm at the top and not letting electro-
lyte in the gas port at the bottom. At 500 rpm, there is at least a safety
factor of 1/2 inch radially at the top and bottom. A cell speed of 400 rpm
might have been used if there were a more sensitive measure of liquid
level at the top between 2-1/2- and 3-inch radius and at the bottom between
1- and 1-1/2-inch radius (i.e., a greater number of closer spaced probes
in the critical areas). Improvement in the method of detecting the liquid
level would be desirable. A continuous radial level indicator rather than
the stepwise indication as by probes would be preferred.

For operation of the laboratory model with the axis of rotation hori-
zontal with respect to the earth's gravity field a different set of conditions
define the speed at which a stable gas core is maintained. The detailed
calculations are not of concern except to know that the rpm required for
horizontal operation would be less than for vertical operation.

At zero gravity the gas core would be a cylinder and the shape of the
cylinder would be independent of speed once formed. The minimum rota-
tional speed required at zero gravity depends on the amount of artificial
G-force needed to cause separation of the gas from the liquid and might be
quite small and less than 1-G average. It has been assumed that for zero-
gravity operation it would be desirable to have 1 G at the electrolyte/gas
core interface (which is an average G-value higher than 1 in a radial direc~
tion through the electrolyte) and for the laboratory model 140 rpm would be
required,

Effect of Vortex Shape on Electrode Area. Throughout this report,
the effective electrode area has heen assumed to be equal to the uncoated
diaphragm area.

16

- 2
144-7ft.

Ae = T [(5.375)% - (3)2]
As can be seen in Figure 8, the maximum wetted electrode arca is greater
on the bottom plate. If the mean inner diameter of wetted electrode were
used, the total wetted electrode area would be 8.7 ft2. However, with the
close electrode spacing used, the rubber-covered portion of the asbestos
probably acted as a partial shield at the current densities used. The true
electrode area might be between 7 and 8.7 ft2, but for simplicity the cur-
rent densities were calculated on the basis of uncoated diaphragm area and
any error involved would be less than normally associated with calculations
that do not take into account electrode roughness.
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There is one other problem that might be encountered at higher cur-
rent densities than used thus far which relates to the difference in wetted
electrode area from top to the bottom of the cell. The highest current
density and highest gas production rate occur in the lowest cell which has
the least '"freeboard" if there is any tendency toward foaming. Any such
problem would be greatly minimized in a bipolar cell. In a bipolar cell
arrangement, the current and thus the gas production per cell is the same
independent of the true electrode area per cell. There might be variations
in cell voltage from cell to cell in a bipolar arrangement but this would not
affect operation.

Hydrogen and Oxygen Production

Figure 12 is a record of the hydrogen and oxygen evolution during the
first evaluation run at an average current of 255 amperes. The gases as
measured with a wet-test meter were assumed to be saturated with water
vapor at the temperature of measurement. The corrected rates for dry
gas at standard conditions is compared with the expected rate based on the
current in Table 4. The indicated per cent efficiency for Run 1 is within
the estimated accuracy of measurement (£2%) for current and gas volume,

The steady gas-evolution rate indicated in Figure 12 by the straight
line through the measured gas volumes was typical of all runs although the
slope of the line was not the expected value for 100 per cent efficiency.
Because of the constant slope, it is believed that the inaccuracy of the wet-
test meters (which were not calibrated prior to the runs) is the cause of the
indicated low efficiency. This is the only explanation available at the pres-
ent time for the low oxygen efficiency of Runs 2 and 3 as shown in Table 4.
Different wet-test meters on the hydrogen and oxygen line were used in
Runs 2 and 3 than used in Run 1.

No chemical analysis of gas purity was made in the first three evalu-
ation runs which were primarily concerned with measurements of cell
power requirements.

Power Requirements

Mechanical-Power Consumption

The mechanical power required to rotate the cell is an important
factor since it is the additional power required to permit electrolysis and
effect a liquid-gas separation under zero-gravity conditions. The rota-
tional power is a factor that must be considered in comparing the laboratory
model with other proposed methods of zero-gravity electrolysis (see
Appendix II}). For example, a method which accomplishes liquid-gas
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TABLE 4. HYDROGEN AND OXYGEN EVOLUTION RATES
IN EVALUATION RUNS OF LABORATORY-
MODEL ROTATING ELECTROLYSIS CELL

Evaluation Run

1 2 3

Gas Measurement Temp, F 79.5 83.5 85
Average Current, amp 255 251 259
Measured Rate (Wet)

1y, ft3/min 0.0710 0.0726 0.0713

0,, {t3/min 0.0345 0.0317 0.0284
Corrected Rate {(Dry at 32 F)

H,, {t3/min 0.0626 0.0633 0.0618

0,, ft3/min 0. 0304 0.0277 0.0247
Theoretical Rate for Current

Hy, ft3/min 0.0629 0.0620 0.0632

0z, ft3/min 0.0314 0.0310 0.0316
Efficiency, per cent

H; 99. 6 102, 1 77.8

0, 96. 8 89.4 78,2
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separation in a separate unit would require additional power for pumps to
continually recirculate the electrolyte. Other methods which have no mov-
ing parts might pay a greater penalty in the form of higher electrolysis
power requirements.

Preliminary estimates had indicated a low power consumption to over-
come the frictional forces of bearings, seals, windage, etc., to maintain
rotational speeds sufficient for operation in an external zero-gravity field.
Although, not readily apparent, the mechanical-power consumption in-
creases with the external G-field because of the higher rotational speed
needed. As discussed in the preceding section, the rotational speed de-
pends on the electrolysis cell design. Frictional drag of brushes trans-
ferring current is difficult to predict.

The quantitative data on mechanical-power consumption obtained with
the laboratory model plus the discussion and interpretation of the results
which follow are intended to indicate the design factors involved and provide
a basis for estimation of optimum design.

In order to measure the rotational power, the auxiliary equipment
was powered by a separate rectifier from that used to supply electrolysis
power. The auxiliary rectifier powered the motor, pump, scolenoid valves,
and control panel. To distinguish the power supplied to the motor to rotate
the cell, the voltage and amperage supplied to both the armature and field
circuit were measured separately.

In continuous operation the total power output of the rectifier was
slightly higher by the amount required tc energize the solenoid valves that
directed the gas flow. (For long periods of operation and to increase
solenold life, gas should be taken from the valve position that is "normally
open'' when de-energized; the valve would be energized for gas bypass for
only brief periods during startup.)

The total rectifier output was also higher by the power consumed in
the slide-wire resistance used in the armature circuit to decrease the
armature voltage for lower than rated motor speed. The power consumed
in the slide-wire resistance was not included in calculating the total motor
power. For the evaluation runs at high rotational speed, no external
armature resistance was used.

Table 5 shows the wiring diagram and measurement points for the
motor circuit. The tabulated values for the three runs are the values
toward the end of the run to correspond with the other power measurements
shown previously in Table 1. The total power shown in Table 5 corresponds
to the total motor power shown in Table | except that in Table 1 an estimate
was made of the proportion of the total power consumption due to brush drag
and that due to seals, bearings, ctc. Table 1 indicates more clearly that
the general reduction in mechanical-power consumption in evaluation
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TABLE 5. CELL ROTATIONAL POWER CONSUMPTION,
MOTOR CIRCUITRY AND MEASUREMENTS

Controi
panel

Gas line
solenoid

light \ "“'}’e
’

Additional armature
resistance

Field resistance
Iy AN el

\ I Armature
150y 45— $ | | resistance
Samp /

® e O
Auxiliary Additional T —
circuit field d-c motor
rectifier resistances
Evaluation Run
1 2 3
Cell Rotational Speed, rpm 480 510 520
Rectifier volts (ER) 112 120 120
Rectifier amperes (IR} 1. 16 0.9 1. 10
Armature Circuit
Volts (EA) 113 120 120
Amperes (Lp) 0.85 0. 65 0.7
Watts 96 78 B4
Field Circuit
Volts (EF) 113 120 120
Amperes (Ip) 0.07 0.08 0.08
Watts 7.9 9,6 9.6
Total Mechanical Power 103, 9 87.6 93.6
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Runs 2 and 3 compared to | is the result of reduction in brush drag. The
spring tension on the brushes was probably reduced in the course of the
work done on the brushes after Run 1.

The relation between mechanical-power consumption and rotational
speed was desired for forecasts of total power consumption when actual
zero-gravity conditions would allow reduction in rotational speed. Since
the effect of the earth's gravity field prevented operation at low speed while
clectrolysis was proceeding, measurements of power consumption were
made with the cell empty. The effect of the lighter cell {minus electrolyte)
on power requirements for maintaining rotation should be negligible.

Figure 13 shows typical curves of motor power consumption that
were obtained shortly after the first evaluation run. The first series of
measurements at various cell speeds were made without any of the brushes
in contact (by removing the tensioning spring). Thus, with brush drag ex-
cluded, power losses were caused by drag of the bearings, seals, rotary
swivel joint, belt losses, windage, and electrical losses in the motor and
leads. The second saries of measurements was made with only the positive
set of six brushes engaged. The third series of measurements were made
with both positive and negative brushes engaged.

The method of making a series of measurements was as follows:
(1) Set armature voltage at 110 volts and measure speed of
rotation with tachometer and read voltage and amperage

for the rectifier, armature, and field circuits

(2} Increase resistance in armature circuit to reduce arma-
ture voltage to 100 volts and make measurements

{3) Thereafter, reduce rectifier voltage in increments and
make measurements down to the lowest stable rotational
speed attainable

{4) Return to 110 volts and conditions of (1} above

{(5) Increase resistance in field circuit with one potentiometer
to increase speed

(6) Further increase field resistance with second potentiometer

(7) Increase rectifier voltage in increments to obtain higher
speeds as mentioned previously.

The readings on the rectifier were not used to calculate the total power

shown in Figure 13. Referring to the circuitry in Table 5, the small power
loss in the added external armature resistance was not included but the
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minor power loss in the added field resistance was included. The armature
power was obtained from the product of armature volitage (Ea} and armature
current (Ip). The product of the field voltage (Ef) and field current (Ig)
was the power consumed in the field circuit which was added to the arma-
ture power to obtain the total power consumed by the motor.

The reduction in power consumption obtained by increasing the field
resistance and thus decreasing the field current is evident in Figure 13.
High flux is not needed to maintain rotation. However, high flux is desir-
able for starting the motor although the time required to come up to op-
erating speed does not appear to be important. Since field control is an
accepled procedure of speed regulation for d-c motors, it would appear
desirable to provide for reduction of flux at operating speed to obtain what-
ever savings in power can be realized while maintaining stable speed con~-
trol. Since the total power used at various speeds reflects the more or less
efficient use of field power, the armature power reflects better the power
required to overcome the {rictional forces opposing rotation. For the data
obtained with no brushes engaged, the deviation of the armature power data
irom a straight line at higher speeds is believed to represent essentially
the motor inefficiency {i.e., I°R losses in the armature) and windage (air
resistance). The dashed straight line is drawn to represent the estimated
torque which is about 0.5 ft-1b* excluding the brushes and is essentially the
frictional force opposing rotation resuiting from the bearings, seals,
swivel joint, and belt.

In the design of the brush and slip ring assembly on the laboratory
model, the brushes rotate and are subjected to various centrifugal forces
as the spced changes. The tension in the retaining spring was adjusted to
hold the brushes in light conlact at the desigred operating speed. Thus,
the tension would be too high at less than design speed and possibly too low
at greater than design speed.

The laboratory rmodel was originally designed to operate at 400 rpm.
The later increase to 500 rpm required an adjustment of spring tension.
This was difficult to do accurately and the force would not be stable as the
brushes wear.

As shown in Figure 13, a plot of power versus speed indicates the
speed at which the brushes begin to pull away from the slip ring. The data
for the particular experiment in Figure 13 indicate that the tension on the
negative brushes is less than on the positive brushes. At 500 rpm, both
brush assemblies are still contacting the slip ring {(although possibly not
all brushes in each assembly). At 600 rpm the negative brushes appear to
have pulled away. At about 650 rpm it would appear that all brushes would
have lost contact with the slip ring.

44 warts| {33, 000 fe-1b |
(748 watts| {600 1pm 27

*Lorgue = = 0, 5 ft-1b (0. 5 1b ar 1-ft radius).
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Figure 13 was used to make estimates of the proportion of the power
consumed by brush drag compared to bearings, seals, etc. The total
power with no brushes engaged was read from Figure 13 for the particular
speed of rotation used in the evaluation run. The power consumption due
to brush drag was obtained by difference from the actual mechanical power
consumption measured in the evaluation run.

Figure 13 cannot be used directly to estimate power consumption at
various rotational speeds since the brush tension was optimum for only cne
speed. Thus, the total power consumption at lower speeds indicated in
Figure 13 is much too high and other means of arriving at estimates were
used,

The optimum brush tension for minimum power consumption requires
consideration of both brush drag and brush contact drop (to be discussed in
a later section). Table 1 showed that the lowest combination of power loss
for brush drag and brush contact drop was 92 watts obtained in Run 3. Thus,
at least adequate brush pressure was obtained when the brush drag power
consumption was no more than 34 watts at 520 rpm.

The curve in Figure 14, which is an estimate of total mechanical-
power consumption at various speeds to be expected in an optimum design,
indirectly shows the effect of G-field magnitude and orientation with respect
to the cell rotational axis. Figure 14 rather <han Figure 11l should be used
for extrapolation of data obtained in the cell evaluation runs to other cells
speeds (i.e., G-fields).

The assumptions used in constructing Figure 14 are as follows:

(1) At 520 rpm, the estimated torque to overcome friction
(bearings, seal, etc.) and windage is 38 watts.

{2} The cell drive would have a pulley ratic such that 520 rpm
could be obtained at rated motor speed rather than 450 rpmr.
With the motor at rated speed of 1750 rpm {(corresponds to
400 rpm in Figure 13), only 12-1/2 watts would be required
in excess of the power indicated by the torque.

(3) At 520 rpm, as in Evaluation Run 3, the maximum brush
drag is 34 watts and would vary linearly with rpm for

optimum tensioning.

Thus, the power (PM) in watts is;

P

(rpm)

38w + 12-1/2w + 34
M k(rpm)=< = [2w } ddw

520 rpm

Py = 0.16 (rpm) .

The above estimated relationship is shown in Figure 14,
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Electrical Power Consumption

Voltage Measurement. That portion of the total power consumption
which is due to electrical contact resistances was measured and treated
separately because the power loss relates to design considerations and
does not affect the electrolysis results.

Losses in the rectifier and leads supplying power to the laboratory
model were not considered a concern of this project and were not meas-
ured. The laboratory model is provided with two copper connectors into
which are inserted Lthe positive and negative cables from the rectifier. A
voltmeter was connected directly to the copper connectors. Any electrical
contact loss between the cables and the connector was not measured.

Thus, only the potential difference existing between the anode and cathode
connectors was measured and is termed the "applied voltage".

The difference between the applied voltage and the electrolysis cell
voltage is due to contact losses between the brushes and the copper col-
lector ring on which they ride plus any losses associated with the conduction
of current through the brushes. The latter is small compared to the con-
tact losses. For the graphite brushes with a resistivity of 0. 00035 ohm-
inch, at 254 amperes f{or the cell (42.2 amp per brush, 5/8 inch x 1 inch x
I-inch long) the voltage drop through each brush is only 0. 02 volt compared
to the contact drop of about 0. 87 volt.

The clectrolysis cell voltage was measured across the copper dis-
tributor bars which are connected to the collector ring. Any voltage losses
ithrough distribulor bar and clectrodes and their contacts were negligible
and are included in the electrolysis cell voltage by nature of the location of
the measurement of electrolysis cell voltage.

In order to measure the electrolysis cell voltage while the cell was
rotating, the voltmeter leads were connected to the contrel slip ring leads
previously used for the bottom liquid-level probe. [ With sufficient rota-
tional speed {about 500 rpm) to assure that liquid would not enter the gas
ports, filling of the cell with electrolyte was controlled by the upper liquid-
level probe and the bottom probes were not needed. ]

Brush Contact Drop

Following Run 1, data for a curve of current versus electrolysis cell
voltage was obtained (shown later in Figure 17). The voltage difference
between the applied voltage and the electrolysis cell voltage which is essen~
tially the brush contact drop is shown in Figure 15 for various currents.
The brush contact drop as normally expressed includes both voitage drop
at the positive, plus that at the negative brush. The apparent straight-line
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relation between contact-drop voltage and the square root of the current was
not expected. The physical significance of the relationship expressed by the
following equation is not fully understood:

Eg = 0.056¢/T+k ,

where
Eg = applied voltage minus electrolysis cell voltage

I = ¢cell current.

The value of k appears related to the voltage drop through each brush. For
example, the following equation could describe the observed values;

Eg = 0.056 T - (p %)1 ,

where
p = resistivity of brush material, chm-inch (0. 00035 ohm-inch
for Grade 580 electrographite used)
L = length of brush, inch

A = cross-sectional area of brush, in.z

The dashed line of Figure 15 through the origin is believed to be the brush
contact drop voltage:

EBC = 0.053&/1_.

The contact drop voltage can be related to the hrush current density by the
following relation:

EBC = 0,053 /HAIB ]

where
Ig = brush current density, amp/in.2

2

b
n

cross-sectional area of brush, in.
n = number of brushes per collector ring.

The observed value of contact drop voltage checks fairly closely with
the manufacturers (Speer Carbon Co. ) listed value at 80 amp/in.z brush
current density for the grade of brush used. The assumption was made that
the relationship observed in Figure 15 would hold for other brush materials.
Thus, the manufacturer's listed value of contact drop voltage for a metal
graphite brush [ Grade 688, 93% metal (Cu)] is 0.4 volt at 160 amp/in.2
and is plotted in Figure 15 with a straight line (dashed) drawn through the
origin.
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Because there was insufficient time to order new brushes, the graph-
ite brushes were electroplated with silver (about 0. 001 inch). The reduced
contact voltage drop obtained with the silver-plated brushes in subsequent
evaluation runs (Runs 2 and 3) is shown in Figure 15.

As mentioned previously, the physical significance of the relation
shown in Figure 15 is not known. The observed relation to brush current
density might be questioned since the data with graphite brushes was ob-
tained early in the evaluation when the laboratory model had not run suf-
ficiently long for the brushes to wear in. The actual contact area of the
brushes with the collector ring was less than 25 per cent of the brush cross-
sectional area (judging from the worn area). The contact area was in-
creased by abrading the brushes with emery paper to fit the contour of the
collector ring better. The cell was then rotated continuously for about
8 hours. However, this effort did not appear to decrease the contact drop.

A significant drop in contact voltage was obtained only when the
brushes were silver plated. (Only three of the six brushes on each col-
lector ring were silver plated, The points plotted for Runs 2 and 3 in
Figure 15 correspond to the cell current used (254 amperes); the brush
current density on the silver-plated brushes would be about twice that
shown. )

The brush contact voltage drop appears to be an important source of
power consumption only when the laboratory model is run with parallel-
connected electrolysis cells as in the experimental evaluation. If the labo-
ratory model were converted to a bipolar cell (series electrical connection)
the brush contact becomes a negligible source of power consumption. For
example, the 485 watts of electrolysis power used in Run 3 {(Table 1) was
supplied as 254 amperes at 1.91 volts.

For a bipolar ¢ell, the 485 watts would be supplied as 15. 85 amperes
at 30.6 volts (assuming 16 cells in each case). From Figure 15, it is esti-
mated that the brush contact voltage drop would be less than 0.08 volt
{metal-graphite brushes). The power loss at the brushes would be less
than 1.3 watts {0.08 volt x 15. 85 amp) compared to the 58. 4 watts for the
parallel-connected cell.

For a bipolar cell arrangement, fewer (or smaller) brushes might be
used to achieve an optimum relation between electrical-power consumption
from contact drop and mechanical-power consumption from the rotational
drag of the brushes. Referring to Table 1, Run 3, it is estimated that 1/6
as many brushes could be used for a bipolar cell (one on each collector
ring). This would reduce the brush drag loss from 33 watts to 5.5 watts
while increasing the brush contact voltage drop from 0.08 to 0.18 volt
(Figure 15) and the contact drop power loss from 1.3 watts to 2. 8 .watts.

By optimization of the number of brushes for the type of cell to be
operated it is estimated that the sum of the brush power losses (brush
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contact + brush drag) for a bipolar cell would be 8.3 watts compared to
92 watts measured for the parallel connection of the laboratory model
during the experimental evaluation.

Whereas a bipolar cell arrangement appears to be the more economi-
cal of power, there may be other considerations in the over-all system
integration for space application that would dictate the use of a parallel-
connected cell (i.e., a low-voltage power source).

In a parallel connected cell where brush contact drop is important
there are several design considerations. Adding more brushes to reduce
the brush current density might be desirable depending on the relation be-
tween the cell current and the rotational speed. Silver-graphite brushes
could be obtained, probably with any proportion of silver to graphite.
However, while the increased metal content would tend to reduce brush
contact voltage drop, the life of the brushes would decrease as the metal
content is increased. The latter factor might be important for the objective
of minimum maintenance and high reliability for long periods of operation.
No specific information was readily available on brush life.

Electrolysis Power Consumption

Industrial Cell Comparison. Figure 16 shows that the cell voltage ob-
tained with the laboratory model is 0.1 to 0.2 volt less than reported(z) for
industrial clectrolysis cells for producing hydrogen and oxygen. At a cur-
rent density of 36.6 amp/ft (254 amperes design current for a 2-rman cell),
the cell voltage of 1.91 volts at 111 F represents the lowest value demon-
strated at the end of the longest continuous run of 2~1/2 hours.

No temperature was specified for the values of cell voltage reported
for industrial cells. However, it is known that such cells operate at tem=-
peratures greater than L1l F. Higher temperature can lower the cell
voltage considerably as will he shown later.

It is difficult to obtain representative values of cell voltage at a
meaningful current density for comparison with the laboratory model.
Whereas the current density based on the apparent electrode area might be
similar most industrial cells involve special electrode designs of increased
true area and lower true current density which gives a lower cell voltage.
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Some examples of industrial cells are;

Levin {(or Electrolab) Cell{3)

2.7 ft3; 145 1b; 250 amperes, about 24 amp/ﬁ;2
Trail Cell(4)

28 ft3; 10,000 amperes; apparent current density, 67 amp/fta;
28% KOH: 167 F; 2. 25 volts

Stuart Celll3)

15 i't3; 3000 amperes; apparent current density, 94 amp/ft?‘;
28% KOH; 170 F; 2.02 volts

Zdansky-Lonza(b) {(Bipolar pressure cell)

425 psig; 212 F; 1.78 volts, about 50-100 amp/ftz' of apparent
area (wire gauze electrodes in front of waffle-shaped plate)

Cell Voltage Characteristics. Figure 17 is a curve of the electroly-
sis cell voltage versus the log of the current density obtained after Run 1 by
starting at 410 amperes and progressively reducing the current at l-minute
intervals. The curve is typical of electrolytic operations wherein the cell
voltage follows the general equation:

7
A/ »

1
E=E;tk log(z>+pL(

where
E = cell voltage

Ep = reversible cell potential
k = constant {approximately the sum of the Tafel constants for
hydrogen overvoltage and oxygen overvoltage at low cur-
rent density)
I=rcell carrent, amp

A = electrode area, in.¢
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©
i

electrolyte resistivity, ohm-inch
L = distance between electrodes, inch

A7 = effective cross-sectional area of electrolytic solution
between the electrodes {approximately equal to A at low
current but smaller than A at high current because of the
blocking effect of the diaphragm and gas bubbles).

In Figure 17, the value of k (slope} is about 0.3 from 1 to 10 arnp/ftz. The
increasing slope of the voltage curve above about 10 amp/ft2 can be ac-
counted for mostly by the electrolyte resistance {p = 0.55 ohm-inch for
28% KOH solution at 90 F and L = 0. 57-inch electrode spacing for labo-
ratory meodel).

From a characteristic voltage curve such as shown in Figure 17,
much information can be derived for optimization of cell design for a par-
ticular application. As shown on Figure 17, there is little increase in cell
voltage for operation at higher than designed capacity {i.e., as a 3-man,
4-man, or 5-man cell). The cell voltages shown in Figure 17 with ex-
trapolation from 60 to 90 amp/fté and corrected to a temperature of 111 F
were used to predict the power consumption for higher rates of operation of
the laboratory model as shown previously in Figure 2.

As pointed out in the introduction to this report, there were two
water-electrolysis rates of interest; a minimum rate of 0.7 lb/day/man
and a maximum of 2. 25 lb/day/man. For the design objective of a 2-man
cell, the above water-electrolysis rates would be 1.4 to 4.5 lb/day. Using
the electrolysis cell voltages of Figure 17, the electrolysis cell power
consumption is shown in Figure 18 for various water rates up to the maxi-
murm water rate for operation as a 5-man cell. Whereas the relative im-
portance of electrolysis cell weight {and volume) versus power is not known
for all space missions, a characteristic voltage curve such as Figure 17 is
a basis for estimating optimum design for a specific system integration.

One example shown in Figure 18 is a derived estimate of electrolysis
power consumption based on a smaller cell than the laboratory model such
as obtained by using 8 cells rather than 16 cells. This would reduce by
almost one-half the weight and size of the rotating portion of the cell with
only a 10 per cent increase in electrolysis power consumption. The other
example shows that a larger cell than the present laboratory model (i.e.,
32 cells rather than 16 cells) would nearly double the weight and size of the
rotating portion and would reduce the power consumption less than 10 per
cent.

Effect of Temperature. Fipgure 19 shows the decrease in cell voltage
with time in the three evaluation runs. As shown in Figure 19, the voltage
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Electrolysis Cell Power Consumption, watts
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FIGURE 18. LABORATCORY MODEL POWER CONSUMPTION AT VARIOUS
WATER ELECTROLYSIS RATES

Based on cell voltages for laboratory model operated at 90 F,
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decrease has been correlated with the temperature rise of the electrolyte
as being the most logical explanation. If the voltage drop were due to some
activation of the electrodes or increase in true electrode area (as by
microctching) one would expect a cumulative voltage reduction in consecu-
tive runs rather than approximately the same voltage at the beginning of
each run.

There was no provision made for measuring the electrolyte tempera-
ture during a run. However, at the end of the third run the electrolyte
pumped from the cell was at 111 F which represented a 31 F rise from the
initial room temperature value of 80 F. As shown in Figure 19, a constant
increase of temperature with time {(about 12 F/hour) has been assumed
which is logical for a constant current run. A rough approximation of the
heat input to the electrolyte can be made from the difference between the
reversible cell potential and the observed cell voltage.

Btu hr

x
hr-volt amp 60 min

Heat Input = (2,03 - 1. 23) volt x 254 amp x 3. 42

il

11.5 Btu/min

licat Loss by Radiation and Convection
{assume 1.65 Btu/hr/{t2/F based on combine h. + h, for 13-inch-
diameter stecl pipe and A15 F){7)

_1.6538tu|  hr ({13)23.14/4(2)+3. 14(13)(i0)in2|15 F
hr—ftZ—F]f)O min| 144 in, 2/t

Heal Loss

1.9 Btu/min
Temperature rise of electrolyte (30 1b) + metal (200 1b)

11.5 - 1.9 Btu] 155 min

Btu Btu
.= (30 1b) + 0.12 b-F

AT =
0.8

min

(200 1b)

31 .

The precise check of estimated and measured temperature rise is
considered fortuitous censidering the assumptions used in the calculation.
However, a comparison of estimated heat input and heat loss from the cell
indicates that equilibriurn had not been reached at 111 ¥ which is borne out
by the indications for further voltage decrease beyond 2-1/2 hours. A
"guestimalte' is that the cell would have reached a temperature equilibrium
with heat input from clectrolysis equal to heat loss by convection and radi-
ation at about 150 F after about 6 hours of operation.
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Effect of Temperature on Reversible Cell Potential. Based on a
free-energy change of -56.69 and -53.85 kcal/mol H,O (£) at 25 C and
100 C respectively, the reversible cell potential is .

-JQ _ -(4.182)(-56.69)

Eo nF {2)(96,494)

=1.23 volts at 25 C

Ey, = 1.168 volts at 100 C

H

AE, 1.23 -1.168

- = 0.00083 volt/C = 0.00046 volt/F .
At 100 - 25 volt/C volt/F

The above data were used in Figure 22 (shown later).

Effect of Temperature on Overvoltage. The temperature coefficient
of overvoltage is reported(2) to be

Eoa

Oxygen at nickel anodes = 0.00325 volt/C = 0.0018 volt/F

AR

Hydrogen at iron cathodes = 0, 0025 volt/C = 0.00139 volt/F .

According to the same reference(?), of the total overvoltage at 36 .':v.mp/ft2
approximately 2/3 is oxygen overvoltage and 1/3 is hydrogen overvoltage.
The above data were used in Figure 22 {shown later).

Effect of Temperature on Electrolyte Resistance. The effect of elec-
trolyte concentration on electrolyte resistivity was determined from data on
equivalent conductivity (A) for potassium hydroxide solutions {8) and the fol-
lowing relationship

1000

p = ————— ohm-inch
2.54 AN
where
= specific resistivity of electrolyte, ohm-inch
A = equivalent conductivity, ohm™! ecm™!
N = normality of solution.
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The equivalent conductivity and specific resistivity at 18 C are plotted in
Figure 20 along with a curve of weight per cent potassium hydroxide solu-
tion versus normality based on specific-gravity data at 15 cl9). From Fig-
ure 20 it can be seen that the minimum resistivity of the electrolyte is
obtained with 28 per cent KOH solution which is why this concentration is
often selected for hydrogen and oxygen production in industrial electrolysis
cells.

From equivalent conductivity data at various femperatures, the
specific resistance as a function of temperature was calculated for a 28 per
cent KOH solution as shown in Figure 21.

Also shown in Figure 21 is the calculated voltage drop through the
electrolyte for various temperatures and currents based on the specific
resistivity and the cell constants for the laboratory model: 6.94 ftZ of
electrode area and an electrode spacing of 0.57 inch. The effect of reduc-
tion in cross-sectional area of electrolyte for current flow caused by the
diaphragm and gas bubbles was neglected. A comparison of the voltage
drop from Figure 21 at 90 F for various currents with the observed cell
voltage in Figure 17 accounts fairly well for the higher rate of increase of
cell voltage above about 10 amp/ftz.

The electrode spacing used in the laboratory model is smaller than
for commercial cells run at comparable current densities. Normally, gas
entrained in the electreolyte between the electrodes has a significant effect
on the electrolyte resistance. The indication that the gas bubbles have a
negligible effect in the laboratory model suggests a beneficial effect of
rotation possibly resulting from the higher average G-field than in conven-
tional electrolysis.

The calculated values of voltage drop through the electrolyte from
Figure 21 were used in Figure Z2. At a current of 254 amperes for the
laboratory model, the average temperature coefficient of electrolyte voltage
drop was calculated to be

AE. 0.088 - 0.055

N 126 = 80 = 0.00055 volt/F .

Estimate of Cell Voltage for Higher Temperature Cperation. Fig-
urc 22 summairizes the previous calculations to show the relative effect of
the various components of excess voltage above that theoretically required

to decompose water into hydrogen and oxygen.

The final cell voltages and estimated final temperatures for the three
evaluation runs from Figure 19 are plotted in Figure £22. The apparent
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temperature coefficient of cell voltage based on the three evaluation runs
{or Run 3 Figure 19) is about 0.0046 volt/F. The latter value is about the
samie as obtained from the surn of the individual temperature coefficients:

AEt:)_l_/'\’f':oA AEOC AE:e:AE¢.:ell
At At At At At

0.00083 + 0.001805 + 0.00139 + 0.00055 = 0.0046 volt/F.

As mentioned previously, a temperature equilibrium at about 150 F
might be expected at which temperature a cell voltage less than 1.8 volts
might be obtained based on Figure 22, Many industrial cells operate at
temperatures of 150 F 4+ 20 I'; some operate at temperatures up to 200 F.
While there are prospects for significant reduction in cell voltage and elec-
trolysis power by operation at high ternperature, the possible adverse effect
on celi life and reliability must be considered because of the greater im-
portance of reliability in space applications.

System Optimizalion

Of the four principal system criteria — reliability, power, weight,
and volume — only the last three are readily subject to mathematical
analysis. In earlier seciions of this report, an estimate was given that the
prescnt laboratory model might be redesigned, as a prototype model with
reduclion of the weight to 200 pounds and the volume to 2.2 ft3 without
affecting the power. Furither optimization of the electrolysis system de-
sign requires a consideration of weight/power ratios.

The electrolytic method of providing oxygen is versatile. A wide
range of current densities are technically feasible, which can provide a
wide range of weight/power ratios for the clectreolysis cell. However, the
oplimiration of the elecirolysis cell requires a consideration of the inte-
grated system; principally the weight of the source of the power for elec-
trolysis. While the power source was not a direct concern of this project,
a consideration of the power source allows a better appraisal of the present
laboratory-model design.

The important consideration here appears to be attaining minimum
weight for the total system which includes the electrolysis system weight
plus the power source weight (technically an energy-~conversion device
rather than a power source) plus the weight of the radiation system for
dissipation of excess heat that can be charged to the electrolysis system.
Calculations indicate that heat dissipation from the electrolysis operation
would be a minor factor in the system weight. Thus, the power consumed
by the clectrolysis system is mainly of concern in defining the power
source weight. The importiant factor in electrolysis cell design is the
weight/power ratio of the power source and the latter is not known accu-
rately at the present time.
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For satellite power supplies based on solar cells values reported
range from 2 lb/watt to 7 1b/watt depending on orbit and provisions for
orientation and energy storage. Considerable research effort is being
devoted to decreasing the weight/power ratio for space vehicles of the
future. Certain thermal-cycle systems have prospects of providing a
ratio of 0.2 1b/watt.

The results of the evaluation of the laboratory model indicate that the
present design current density would be optimum for combination with a
power supply having a weight/power ratioc of about 1-1/2 1b/watt to achieve
the lowest combined weight of power supply and electrolysis cell. The
system optimization can be illustrated by a simple example based on the
present 16-cell design of the laboratory model. Table 3 indicates that to
add or subtract one cell would change the total laboratory-model weight
by 6-3/4 1b. The change of current density resulting from adding or sub-
tracting one cell would change the power consumption by 4 watts {by the
change in cell voltage with current density shown in Figure 17.

Thus, with a power supply of 2 1b/watt, it would be advantageous to
use 17 cells and add 6-3/4 1b to the electrolysis cell weight to reduce the
power supply by 8 lb. However, with a power supply of 1 1b/watt, it would
be advantageous to use 15 cells and reduce the electrolysis cell weight by
6-3/4 1b while adding only 4 1b to the power-supply weight.

The important point is that while the electrolysis cell can be designed
to operate at various current densities depending on whether power saving
or weight saving is more important, the direction to go cannot be decided
until there is a defined weight/power ratio for the power supply to be used
on the space vehicle.
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APPENDIX I

DESIGN AND EXPLANATION OF AUTOMATIC CONTROL CIRCUIT
FOR ZERO-GRAVITY ELECTRCOLYSIS MACHINE

Zero-Gravity Electrolysis-Machine Qutline of Automatic

Control Functions

(See Figure 23 and Table 6)

(1) Before startup, Valves D and E for H, and O are open, and remain open
till tank is filled with KOH.

(2} Push "Start" button.

(a) All timers or logic elements are reset to initial conditions,
(b} Centrifugal unit drive motor starts,
{c} Unit rotation indicator light comes on.

(3) After unitis rotating,

{2} Sensor circuit is energized.

{b} Pump starts, indicator light comes on, and KOH electrolyte is
pumped into the electrolysis machine.

{¢} When KOH electrolyte reaches the 2-inch radius, the pump
shuts off, indicator light goes off. (KOH solution will not be
called for again,)

(dy Valves D and E close and stay closed.

(e} Current to cells can be turned on, on external command
(250 amp at 2).

{4) At 2-1/4-inch radius, cells call for more liquid,
(a}) Pump starts and light comes on. Water is now pumped into the
electrolysis machine,
(b) When water reaches the 2-inch radius, pump shuts off and light
goes oul.
{5) Step (4) is repeated at intervals, on command of sensor,

(6) On stopping {emergency or otherwise)

{a} Valves D and E open
(b} Cell current shuts off,
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(7) On ""Stop" command

(a) Machine is evacuated {see circuit drawing for automatic control),
(b} Pump and rotational motors are shut off,

Zero-Gravity Electrolysis-Machine Summary Explanation of Automatic
Control Circuit

A, Push "Start Motor'" Button 51

(1) Relay Kl is energized, and locks in through its own contact.
(2) Power is applied to unit drive motor through N. Q. Kl contact,

B. Push "Start Pump' Button 52

{1) Relay K2 is energized through a N. O, K1, a N. C. K10, and
holds in through its own contact.

{2) Power is applied to the sensor circuits through a N, O, K2.

(3} Relay K3 is energized and holds in through its own contact and a
N. C. K7.

{4) Valve A is energized through a N. O. K3.

(5) Power is applied to coil of K4 through a N, O, K2, a N.C, K6,
and a N. C, K5. K4 holds in through its own contact,

{6) Pump starts through a N. 0. K4,

(7Y Pump continues to run,

(8) Electrolyte reaches a 2-1/4-inch-diameter sensor, and K5 is
energized,

{9) Electrolyte reaches 2-inch-diameter sensor, and K6 is
energized.

(a) K3 is de-energized, dropping out Valve A which will
‘then stay de-energized.

(b) K4 is de-energized and pump stops,

{(c} K7 is energized through a N, O. K2, a N, O. K6, and
holds in through its own contact.

(d) Valves D and E are energized through a N. O. K7.

C. Push "Cell Current on" Button 83

{1} Relay K8 is energized through a N. O, K7, and holds in through
its own contacts.

(2) High current relay K9 is energized through a N. O, KS8.

(3) As electrolyte level drops, Kb becomes de-energized,

{4) As electrolyte drops below 2-1/4-inch level, K5 becomes
de-energized,

(5) K4 is energized through N, C. K6 and N. C, K5, and pump cycle
starts again,

64



-ie ol START MaTOR
= |

M., -MOTOR ON

wl "

vor *QTO.' -3

WIL

S R T
=

-

e

x=2 COIL

_T_luut PUNE, 52

/ l:" T @

| —} _:F__" X-3 00IL
2
[ LY ] AL}
x=10
PRI CONTROL
k-4 T "‘3‘..'.'".':231.. awiren) uu:onu
] e %10 PUMP NOTOR

PLAGR)PUME INHIDITED #.L-3 ELECTROLYTE FiLL

KT N4 coMPLETE
Y 3.1 @
= - (=) CELL CURRENT oM
GELL CUARENT ON - o
- F = - -
[ e D L [ ¢ N YT
..__.._.__.____]‘" 2 voLr "':__u_uul.ro cEu H-8 COLL (HIBN CURRENT)
Lk ABTEN oN PRIRIE
i ‘ L A
i 200, 30 wATTS P
TR~ ma.s
Lowen sensime 3k £TA. B
LEMENTS ~
. e RS L ear
KB @ W6 BARSER-COLMAN MIGROPOSITIONEN | g~ BTA M STATIONS
FORM T* SIMOLE COLL, THSO INNS
PULL-IN: DO0IZ AMPE_; . 930 VOLTE | 8K~ sTAR
MLLIAMETER A
% s
oK 2w X-3 : W3 coi
A 4 ‘ouTsion

WK WIRE
UNEARIEAEG)

sy RS

1_3-7:@5;

u:-:
S s K-¥ CoIL
~r i
EVACUATE, B¢ PLS @ EVAGUATE
o vl ) -1 mn-lo coL
neia o Y/
n-3 vaLve a°
—t - ~ere
T VII.VI »*
' mu't‘]
x-r ul.vt *
vaLve'e’
A oIt =
ZERO GRAWTY ELECTROLYSIS MACHINE
FIGURE 23. AUTOMATIC CONTROL CIRCUIT FOR ZERO-GRAVITY

ELECTROLYSIS MACHINE

65



HO Bo o 5o BO pertiioms-ag pozidiaus-ag pezidnma-ag pozifreus-ad  peudlama-ag dois (g1)
HO oo Bo [1la] uQ pazirous-1  pazrdtaus-aQ poziBreuy paziSrony  poz[dIaus-ag sL[onoare senoeay (51
{mdo) ng Gudino)up  ©wo "o w0 pazidug pozifrong  pezfdisws-ad pezidaus-ag pozdiewe-og  snipel your-z cnut padumd rmem (11}
SNYpEI Y01
(ndino ou) up Grdmo om)up uO OO O pozidisug peziBiong  peziEnuma-ag pozdmua-oq  pezidreus-ag ~1/1~2 moTaq sdotp sulionoeia (1)
(indno} 0 Gndino)up  ugQ BO o paziBisul pozidony  perBleue-ad pesiflouc-9Q  PAZISIOWR-3(Q  WIPEI [our-g oauf padumd 1mem ()
SNIPEI [OUL-F/T-3
(anchno ou} uQ ndino ov)up  mO s 4] pozidioug pazirang  pazidmaus-ag peziieme-ag  pezrdmus-sQg moraq sdorp sAionosie HOA (B)
TIPRI OUT-%/T-3
@ndino ou) wO ndimojuo  uo HO [iTa ) poziiaug pezifoug pezideua-aq pezifraus.og  pezifious-aa pre Z Usamioq aafjonosts HOMA (L)
(andino) up {(ndino)up  wo BO 17s] pazBroug pozidieuy  peridious-aq pezfrems-ag  pezidlava-ag wo 1wezm3 (20 {9)
Gndano) aQ fndme)uo  pPo HO uo pazifiauz peziiouy pozBiaume-aq pezidious-aq  pazidnua-ag mypeI gout-7 ssYaead HOM ()
{andano on) wO Gndino)uo O uo uo peziSous-a( pezlua-aq  pezfieus-sg peziflels-3Q pazidisuy supel yaul-p/1-% $3Yoear HON ()
(indino ou) nQ andme oujup O WO uQy paziinous-ag  pozdists-aq peziflome-ag peziisus-sg pezi81aug (HON dumd) dumd wers (g)
Bo HO BO 5O w0 pezidieue-aq paziius-aq  pezdlame-aQ pazdious-sg  pamBmus-sQ 10j0ur 2AUP 110N weg (z)
HO BO HO no 3O pozifous-ag  perfimus-ag  pezdiouws-ea pordieus-og  peziBiaus-ag po
103UNE rosuas  umammyy  dumg 10101 T 9ATEA a PATEA D AA[EA g 2ATEA ¥ SATEA SUOTIOIL PRITODU0D
RE=g Youl-g/1-3 119D aauqg
mun

SNOLLONNA TO0YINOD DLLYWOLAY 40 T14Y.L X4VWWIIS ANTHOVIH-SISATOULDTTI ALIAVED-0¥3IZ “p J18V.L

66



D, Push "Evacuate' Button 54

{1) Relay K10 is energized through a N, O. K1, and holds in
through its own contacts,

(2) K2 is de-energized, removing all sensor control and cell
current, and dropping out Valves D and E.

{(3) Pump continues to run through a N. O, K10,

{4} Valves B and C are energized through a N, O, K10,

E. Push "Stop Motor" Button 85

{1) All circuits de-energized.
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APPENDIX II

FEASIBILITY STUDY REPORT ON METHODS FOR ELECTRQOLYSIS

OF WATER UNDER ZERO-GRAVITY CONDITIONS

The following criteria provided the necessary framework to select and
evaluate available data:

(1)

(2)

(3)

(4)

(5)

{6)

The system should be designed to provide oxygen for two men
and should be capable of electrolyzing water at rates from 0.7
to 2.25 lb/man/day. Maximum capacity of the electrolyzer is,
therefore, 4.5 1b of water per day a~d 254 amperes for one
cell. Voltage will depend on the cell design. Series connec-
tion of cells will decrease the amperage but increase the volt-
age in direct pr..portion to the number of cells so connected.

Weight, space, and power requirements will be severely lim-
ited in all aerospace equipment. Accordingly, cells having
the least weight, smallest size, and lowest power requirement
are desired. But these criteria must be balanced against the
availability of cell components and the reliability of the cell's
operation.

The principle of design should inherently permit zero-gravity
operation. The equipment should be designed to operate in a
range from 0 to 1-G {force with the equipment being capable
of withstanding 15 G without damage.

Electrical and thermal power will be available. Hence, power
sources are outside the scope of this study. The heat gen-
erated by the electrolytic cell should be considered as an over-
all advantage or disadvantage, but the inclusion of the heat ex-
changer which may be required to dissipate the heat overboard
should not be integral to the selected electrolysis principle.

In other words, the amount of heat should be listed but the ex-
changer weight should not be estimated for an individual cell.
The equipment is expected to operate within an environmental
temperature range of from 60 F to 75 F. For flexibility of
systems, a temperature range of 32 F to 100 F is desirable.

Mission duration will vary from 2 days to 2 years. This re~
quirement is interpreted to mean that the cell may have up to
two years of continuous operation with no planned maintenance.

The oxygen evolved should be hydrogen free. For example,
if a catalyst bed is necessary then it should be considered.
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a part of the over-all electrolysis system. The oxygen
may be saturated with moisture and it can be assumed
that the cabin clean-up system will remove this moisture.

(7) No requirement will be established for the optimum pres-
sure. The cylinders or storage facilities will not consti-
tute a part of the system unless the principle of operation
for the cell dictates this requirement.

(8) The water will be supplied as a liquid within the tempera-~
ture range of 60 F to 75 F. Purity of the water will be
approximately the same as the drinking-water standards
of the Public Health Service,

The above framework for study includes all requirements from the statement
of work in the original contract plus comments from a letter dated 12 Sep-
tember 1960 from Omer M. McGlone, Contracting Officer, to Battelle
Mermorial Institute.

METHODS STUDIED

Rotating Cells

Principle of Operation

Centrifugal force produced by rotation of the electrolytic cell can be
used to establish an artificial gravity field as shown in Figure 24. Then
operation of the cell is similar in principle to many well known industrial-
cell designs with regard to arrangement of electrodes and use of diaphragms
to keep hydrogen and oxypgen separate. A radial cross section of the cylin-
drical cell is similar to the conventional rectangular cells used under normal
gravity conditions, Using the rotation principle, several variations of com-
mercial cells were considered, each being representative of design varia~
tions involving mainly electrolytic-gas pressure and electrode arrangements.

High~-Pressure Cell. Several types of hiph-pressure cells are in use
for industrial production of hydrogen and oxygen. Advantages over low-
pressure {or atmospheric} cells relate to direct charging of gas-storage
tanks and lower power consumption, While there are differences of opinion
as to the magnitude of the effect of pressure on decreasing cell voltage,
there seem to be two effects: (1) the cell overvoltage is decreased by in-
creased pressurc (the effect is small, less than 0.1 volt for 100 atmos~
pheres) and (2) increased pressure decreases the size of the gas bubbles
produced, which effectively decreases the resistance of the electrolyte
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between the electrodes. Thus, relatively high current densities are prac-
tical in high-pressure cells. The disadvantages of high-pressure cells re-
late to the problems of sealing, differential-gas-pressure control across the
diaphragm, and the need for more sturdy construction. An example of a
hiph-pressure cell pertinent to this project is the unit built by the Treadwell
Company for use on submarines. (1)* In the design of this unit, which
operates at 3000 psi, the differential-gas-pressure regulating system and
numerous saiety devices have been worked out.

Operating design data of 1.5 amp/in. 2 (216 a.mp/ftz) at 3 volts and
3000 psi were used in arriving at tentative specifications for a rotating cell
to operate at zero gravity.

The additional problems for a rotating cell are the high-pressure
rotary seals and associated friction, which would influence the power re-
guired to maintain the cell in continuous rotation. Opinions of people fa-
miliar with high~pressure rotary seals were as follows: at 3000 psi, 2 years
of reliability not likely; at 1500 psi, 1-2 years possibly; at 500 psi, 2 years
of reliable operation definitely possible. A possible arrangement of rotary
seals is shown in Figure 24, with the water to be injected between the hydro-
gen and oxygen, With both gas and water at the same pressure, the negli-
gible differential pressure across the rotary seal would minimize leakage of
gas or liquid. The seal for the motor shaft could have a differential pres-
sure to the atmosphere of 500 to 3000 psi. Any small leakage of oxygen to
the atmosphere would not be as serious as a hydrogen leak. The energy con-
tained in the high-pressure oxygen might be dissipated through a turbine to
provide part or all of the power to maintain cell rotation.

In addition to the clectrolysis power, electrical power is assumed to be
needed te maintain rotation of the cell. The amount of this power is de-
pendent on the bearing friction, air drag, and speed of rotation. Because of
high current densities used, the high~-pressure cell is relatively small. The
cell design assured has an outer radius of 6 in. , the liquid surface at a
radius of 3 in. , and a shaft radius of 2-in. For a minimum centrifugal ac-
celeration of 1 G at the liquid surface the rotational speed has to be at least
100 rpm. At the outer radius, the acceleration would be 2 G. Thus, the
mean artificial gravity field causing gas bubbles to move to the liquid sur-
face would be slightly greater than normally encountered in industrial opera~
tions and might increase the current density/cell voltage ratio.

In starting up the apparatus, the available power of about 540 watts
{3/4 hp) could be directed to the direct-current drive motor. After the cell
is rotating at speed, the majority of the available power {97%) could be
directed to electrolysis. To maintain rotation, power is needed to overcome
rotation friction, bearing friction, and high-pressure-seal friction. The
latter is not a large factor if the cell is designed for small differential pres-
sure across the seal, even though the pressure is high. Rotation in a

*References are at the end of the report,
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hydrogen atmosphere should result in drag less than normal air drag. The
following estimates were madde for some of the auxiliary cell equipment.

Total
Dimensions, Volume, Weight, Power,
inch in. 1b hp Watts

(2) Seals 10D x 1-1/4 2 0.5 -- --
(1) Water pump 3 Q0D x 6 42 1.5 0.01 7

(3000 psi)
(1) Cell rotation 2.8 OD x 5 30 1.3 0.01 7

motor

Commercially available seals and motors were assumed. The water pump
would probably be of special design, because of the very low flow {0.025 gal/
hr) required at high pressure, but feasible to design and build.

Low-Pressure Cell. The design of a cell to operate at normal atmos-
pheric pressure could be patterned after several commercial electrolyzers.
As distinguished from the high-pressure cell, low~pressure cells operate
at lower current densities of 25 to 75 amperes per square foot depending on
electrode design. The lower current density means a larger cell. To estab-
lish an upper limit on size, the Levin cell design(z) was assumed with a cur-
rent density of 25 amperes per square foot, which results in a 31-inch-
diameter cell. In other respects, the cell would be similar to the
high-pressure cell except for the absence of a pressurized container around
the cell.

Bipolar or Tank Type Cell. The low-pressure cell design might oc-
cupy too much space with one large-diameter thin section unless current
densities much higher than 25 amp/ft2 could be used. A more compact cell,
as shown in Figure 25, could be made by clamping together several cells of
the approximate unit-cell dimensions of the high-pressure cell. To replace
the twe unit cells in the high~-pressure design at 225 a.mp/ftz would require
about 18 cells at 25 amp/ftz (actually 15 cells by a permissible decrease in
the gas '""free space' per cell). By alternating anodes and cathodes within a
singie cell a savings in weight and size can be achieved. Two variations are
possible with the 'filter-press" type of construction. In a bipolar design,
the electrodes are electrically connected in series, which requires a high-
voltage low-amperage direct-current power source. In a tank-type design,
the electrodes are connected in parallel, which requires a low-voltage, high-
amperage direct-current power source. Both bipolar and tank-type designs
are used commercially.
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Tentative Specifications

High-Pressure Cell.

Pressurc
Current density
Current
Voltage
Watts
Rotation
Gravity at liquid level
Gravity at periphery
Cell construction
Diamelter
Width
Electrode spacing

Metal thickness {anode end

plates)
{central
cathode)
Shaft
Yolume
Weight

Pressurc container

Diamecter

Width

Mctal thickness

Width at axis

75

3000 psi
216 a.mp/ftz'
254 amp

3v

762 w

100 rpm

1 G

2 G

12 in.
1-1/4 in.
i/2 in.

1/8 in.

1/16 in.
l-in. diameter x 3-1/2 in.
44 in. ?

3.6 1b

i3-1/2 in.
2 in.
1/4 in.

4-3/8 in.



Volume

Weight
Electrolyte

Volume

Weight

Seals (2), water pump, cell motor

Volume

Weight

Power
Total cell volume
Total cell weight

Total power

Low-Pressure Cell.

Pressure

Current density
Voltage

Power

Rotation

Gravity at liquid level
Gravity at periphery
Diameter

Widih

Electrode spacing

Total cell volume

70

106 in. >

32 1b

28% KOH at 75 C
80 in. 3

3.61b

74 in. 3
3.31b
14 w
0.2 ft3
52 1b

776 w

less than 15 psig
25 amp/ft?

2.1 v

533 w

132 rpm

1 G

5G

31 in.



Total cell weight

Totlal power

Dipolar or Tank Type Cell.

Pressure
Current density
Number of unit cells
Volt-amperes (series)
(parallel)
Rotation
Gravity at liquid level
Gravity at periphery
Cell Construction
Diameter
Width

Electrode spacing

Mectal thickness {outer plates)

{internal

Shaft
Volume
Weight
Electrolyte
Volume

Weight

electrodes)

77

138 1b

547 w

less than 15 psig
25 amp/ft2
15
31.5v, 16.3 amp
} 533 w
2.1v, 254 amp
132 rpm
1 G

3G

12 in.
7-1/2 in.
1/2 in.
1/8 in.

1/16 in.

l-in. diameter x 9 in.
0.52 ft3

47 1b

28% KOH at 75 C

653 in, 3

29.4 1b



Seals (2), water pump, cell motor

Voluine 74 in. 3

Weight 3.31b

Power 14 w
Total cell volume 0.52 ft3
Total cell weight 80 1b
Total power 547 w
Reliability.

Should be relatively high since practically all of the individual
components of the cell have been tested for many years.

Stability to G Forces.

Should be good because of the relatively sturdy construction.
Rotating parts of the cell can be ground-tested at high G
forces by increasing the speed of rotation., It is assumed that
during brief periods of high acceleration the cell would be
drained of electrolyte and locked in a fixed position. Elec-
trolyte would be admitted o the cell only after the cell is at
the desired rotational speed.

The different designs of rotating cells should be considered as one
method and as having a common principle of operation. The various designs
have several important features in common. Each design involves a nylin-
drical cell. For ease of assembly as well as providing for disassembly for
emergency repair, the cylinder must be made in at least two parts that are
electrically insulated from each other. This prescnts a sealing problem
which all designs have in common with industrial cells based on a filter-
press construction and commonly referred to as "bipolar cells', Thus, all
of the disadvantages of this type of construction will be present in addition
to the special requirement of rotary seals and bearings and rotary electrical
contacts,

As a method to be studied, the range of combinations of pressure,
current density, and constructional features which have been proven in in-
dustrial practice must be considered an advantage which would favor a suc-
cessful outcome of Phase III of the program. The several specific examples
of rotating cells can be considered together as defining a range of tentative
specifications as summarized on the following page:
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High Bipolar Low
Pressure Setries Parallel Pressure

Weight, 1b 52 80 80 138
Volume, ft3 0.2 0.52 0.52 0. 85
Power, w 776 547 547 547
Diameter, in. 13-1/2 12 12 31
Length, in. 2 7-1/2 7-1/2 2
Current, amp 254 16.3 254 254
Voltage, v 3 31.5 2.1 2.1
Pressure, psi 3000 15 15 15

Advantages of Rotating Cells

{a) Cell design features have been proven in industrial use.

{b) Materials of construction have a proven minimum 2-year
life.

{c) A liquid heat-transfer fluid is available.

(d) Operation at higher-than-design output for short periods
would not be detrimental.

(e) Artificial gravity force is available to act as separator
of any liquid entrained in the evolved gases.

(f) Within the rotating-cell concept, many design features
can be considered {i.e., high or low pressure, high or
low temperature, high voltage/low amperage or low
voltage /high amperage.

Disadvantages of Rotating Cells

{a} The mechanical features of a rotating cell have not
been tested.

(b) A rotating cell will act like a gyroscope and influence
vehicle guidance.
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{c) Requires CO;-frec water for proposed use of alkaline
electrolyte.

As suggested in Exhibit WCLDEE 60-33 of the contract for this project,
consideration was given to the '"Bipolar Electric Cell as constructed for the
Navy by Applied Science Laboratories, Inc. , State College of Pennsylvania,
and to the method involving utilization of a low speed rotating cell where
centrifugal force keeps the gas and water separate'’. The latter principle is
discussed briefly in a study by the Martin Company, Denver, Colorado as
part of an environmental conditioning system for use in a manned satellite
designed to stay aloft for 60 days. The present section of this report on
“Rotating Cells'" covers this principle in greater detail.

A copy of the patent application for an "Electrolytic Cell Apparatus"
containing substantially all of the information which was reported to the
Bureau of Ships {Contract NObs-72399) was obtained from Mr. Hoover and
reviewed on this project. The cell is claimed to be an improvement on pres-
ent industrial-bipolar-cell construction, but is not intended for zero-gravity
operation. Various constructional features might be considered in Phase III
of the program if a rotating bipolar cell is to be designed.

Vortex Separator

Principle of Operation

If a liquid is made to move in a circular path, an artificial gravity
field is established by centrifugal force. The strength of the gravitational
field acrelerating the gas toward the axis depends on the tangential velocity
and the radius of curvature. A vortex is formed so that gas can be with-
drawn from the central core.

Several methods of achieving gas~liquid separation were considered
that depend on a vortex or similar principle. All require pumping of elec-
trolyte, as differentiated from rotating the cell. Thus, these methods were
considered as separate units to be used in conjunction with proven industrial-
electrolysis-cell designs. Several of the methods will be discussed briefly
before presenting estimates based on a study by the Pratt & Whitney Com-
pany on a vortex separator.

Pipe Bends. Figure 26a shows a simple 180-degree bend to illustrate
how the gas would be removed. No specific information was found for this
method and experiments would be needed to determine vortex stability. In
practice, a spiral coil of pipe might be needed to allow sufficient time for
gas separation. There might not be an advantage in size over a true vortex
formed in a cylindrical container to be discussed later,
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Centrifuge., Figure 26b illustrates the centrifuge principle. The only
apparent adva?f&lge of centrifuging the electrolyte over rotating the complete
cell is that smaller masses must be rotated. This would decrease the effec-
tive gyroscope reactions and, probably, require less power,

In-Line Vortex Separator. Figure 26c shows a gas-liquid separator
developed by the AEC for use with homogeneocus reactors{3). Curved vanes
at an angle of about 45 degrees twist the electrolyte and cause a tangential
velocity component in addition te the axial velocity component. Gas is re-
moved from the vortex. Restoring vanes are used downstream to recover
some of the vortex energy.

Stable flow and good gas separation is reported when the Froude num-
ber is greater than 4 in the following equation:

(V)2
Rg

Fr =

where

<
"

tangential velocity at R, ft/sec

o
R = inside radius of pipe, ft
g = gravitational acceleration.

Gas separation efficiency depends on:
{a) Physical properties of liquid and gas
{(b) Size distribution of bubbles
(¢} Thickness of annulus of rotating fluid
{d) Axial and rotational velocities
(¢} Length of separator.
The lengths of separator required for better than 90 per cent efficiency in

nas scparation are usually in the range of three to eight pipe diameters.

Pratt & Whiiney Design. Pratt & Whitney Company is developing a
500-w regenerative power system. (4) The fuel cell is the Bacon type oper-
ated at 232 C and 800 psi. For their requirements, heat rejection and
circulation of electrolyte from a common reservoir is required. The zero-
gravity electrolysis and gas-separation system consists of a pair of vortex
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separators mounted axially on either side of a semipermeable membrane.
Elcctrolysis is to be carried out across the membrane.

The initial work reported includes derivations of theoretical equations
of gas-bubble motion in a vortex separator., This theoretical work was help-
ful in analyzing systems based on establishing an artificial gravity field.
Subscquent reports are not yet available.

Figure 27 shows the system that can be estimated at this time for the
needs of this project. It is proposed to design the electrolysis cell along
the lines of present industrial cells except that the electrolyte would be
pumped past the electrodes to remove the gas bubbles. The electrolyte con-
taining entrained gas bubbles would then be passed through a separate vortex
separator to separate the gas and liquid. The normal bubble size in elec~
trolysis is about 0.001 in. to 0.010 in., , permitting easy removal in the
vortex separator., The velocity of flow through the electrolysis unit should
not be so high that small-size bubbles form. The forced electrolyte circula-
tion will tend to minimize gas polarization so that an expected currcnt density
of 50 amp/{t? at 2. 1 v scems reasonable.

The apparatus shown in Figure 47 includes a vortex separator similar
to the experimental design used by Pratt & Whitney except that the central
semipermeable membrane {or electrolysis has been replaced by a solid disk
to separate two vortex separators mounted axially. A separate pump is used
for each vortex separator to keep the electrolyte containing hydrogen sepa-
rate from the elecirolyte containing oxygen. It is assumed that the pump can
be on the discharge side of the separator. This would be advantageous be-
rause it would avoid breaking up the large gas bubbles, which are easier to
separate. If the bubbles are sufficiently large (greater than 0.001-in. diam-
cter for the separator design assumed), the separator cefficiency theoreti-
cally should be 100 per cent. Under this condition, the pump would only
haundle gas-{rece clectroyte and one pump {at twice the flow rate) would be
sufficient for both fceds to the electrolytic cell, With suitable piping be-
tween the two pumps, the system could be arranged to work on only onc
pump in an emergency, thus increasing the reliability of the system.

A surge tank is provided in cach line to handle the electrolyte dis-
placed when the gascous core is formed in the vortex,

Formula and data devceloped by Pratt & Whitney were used to design
the vortex separator. The artificial gravity field developed is determined
fram the following formula:

1.04 x 1077 (W)*

G =
' 4
R, {d;}
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where

artificial gravity field in G units

W = flow rate in lb/hr

o
n

outer radius of separator
d; = diameter of inlet hole to separator.

Assuming W = 1200 lb/hr, R, = 4.5 in. , and d; = 3/16 in. , the gravity field
is 56 G. At this flow rate, the pumping power required was 0.2 hp (15 w).

Theoretical curves relating bubble diameter to the time required to
migrate from the ocuter diameter to the gas core were derived for various
values of G based on the following formula for a forced vortex:

216 4R R
0
t = In —

R w2 R
2 (o]

where
R_W*
= G = artificial gravity field at outer diameter
g
R = radius of gas core, in.
d = bubble diameter, in.

{4 = viscosity, lb-sec/ft?
p g = density of liquid, 1b/ft3

For 28% KOH at 75 C, i = 0. 95 centipoise and pp = 1, 26 g/cm3. Where
R = 0.688 and G = 56, t = 6 sec for a bubble diameter of 0.0013 in,

The length of separator can now be calculated to be 3.3 in. for t =
6 sec by the following formula:

_0.0021 Wt

L
2 2
Ry~ R



Tentative Specifications

Bipolar electrolytic cell

Pressure

Current density

Number of unit cells
Volt-amperes {(series)
Electrode size
Electrode spacing

Quter cell thickness
Over~all cell dimensions
Cell volume

Cell weight

Electrolyte

Volume in cell
Weight in cell
Volume in separator

Weight in separator

Velocity between electrodes

Vortex separator

Over-all dimensions
Metal thickness
Separator volume

Separator weipght

86

~20 psi

50 amp/ft2

20

42 v x 12,7 amp {533 w)
6x6x1/16 in,

1/2 in.

1/8 in,

8-1/8 x 8-1/8 x 11-3/4 in.
775 in. 3

42 1b

28% KOH at 75 C
500 in. >

22.5 1b

105 in. 3

4.7 1b

1.3 ft/min

4-3/4 OD x 7 in.
1/8 in.
124 in. 3

8 1b



Flow rate

1200 1b/hr {(~2 gal/min)

Inlet diameter 3/16 in.
Surge tanks
Over-~-all dimensions 30D x 4 in.
Metal thickness 1/8 in.
Tank volume (2) 57 in. 3
Tank weight (2) 3.6 1b
Pumps
Over-all dimensions 30D x 6 in.
Volume {2) 85 in. 3
Weight (2) 31b
Power (2} 30 w
Total system volume 0.6 ft3
Total system weight B4 1b
Total system power 563 w

Reliability.

Should be fairly good for such a system. Good reliability can
be expected for the electrolysis cell since the problems
normally associated with gas-liquid separation within a cell
in a normal gravity field are eliminated. The main question
relates to stability of the vortex and bubble size for which
there are insufficient operating data available.

Stability to G Forces,

Should be good because of the rugged construction. During
high acceleration periods all of the system except the surge
tank would be completely filled with electrolyte, which should
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be advantageous. Possibly, a vortex could be maintained during
accelerations of 25 to 50 G if the artificial gravity field in the
separator has comparable values. Any temporary reduction in
scparator efficiency (even to zero) during these periods would

not be scrious, since the hydrogen and oxygen lines are separate,
and clectrolysis could continue.

Advantages of Vortex Separation

()

(b)

{c)

(d)

(e)

()

Permits use of conventional industrial electrolysis cells with
minor modifications that may be beneficial.

Electrolysis-cell design features have been proven in in-
dustrial use, and materials of construction are available
with at least Z-year life,

Pumped electrolyte could be bypassed through a heat ex-
changer if heat rejection is necessary.

Use of two pumps and separate gas lines might allow mainte-
nance of pumps without interrupting operation.

In-line vortex separator {Figure 26c) is sirnilar in principle
and might offer advantages,

Continued successful development of combination electreolyzer
and separator in one unit might reduce volume and weight; a
practical system operating on Bacon-cell electrolyte at 200 C
and 800 psi would allow higher current densities at reduced
power and smaller size and weight.

Disadvantages of Vortex Separation

(a)

(b)

{c)

(d)

Insufficient data on stability of vortex core under varying
conditions of temperature and pressure for continuous use.

Operation with pump on discharge side of vortex and use of
surpe tank as proposcd are unknown factors,

Very small bubbles, less than 0.001-inch diameter, might
not be removed in a small, low-power separator. This
separator incfficiency would be cumulative and might eventu-
ally result in a {inc foam.

Pumping of electrolyte decreases the reliability with regard
to leakage at connections and pump packing.
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(e} Insufficient dala on separator design and operating condi-
tions are available at the present time, but continued experi-
mcntal study by the Pratt & Whitney Company will provide
additional information.

Membrane Cells

Principle of Operation

In this type of cell, electrolysis is carried out across a wetted and
conductive membrane. The wet membrane separates the evolved gases.
Surface-tension forces keep the membrane wet, and separate liquid from
gas in the absence of gravity. The process is illustrated in Figure 28.

The porous membrane may, in principle, be any absorbent material,
such as paper or ashestos. As long as the pores remained filled with water,
there will be a liquid barrier between the hydrogen and oxygen. Considering
only the membranes, ion-exchange membranes have an inherent advantage
in that they have a low permeability rate for gases, even if dry.

Jon-Exchange Membrane Cell. The ion-exchange membrane fuel cell
under development by General Electric Company has a structure and design
similar to the proposed electrolysis cell. The G.E. cell has catalysts on
the membrane to permit its cperation for the production of power. Catalyst
problems seriously limit the reliability and life of present fuel cells. How-
ever, as an clectrolysis cell, the thin, film catalysts may not be needed.
Ilence, reported characteristics for G. E. cells may be used for conserva-
tive estimates of specifications for the proposed electrolysis cell.

By private conversations with specialists at G.E. , the following num-~
bers were agreed to be suitable for the purpose of estimating:

{(a) Membrane cells may be used to decompose water at
50 amp/ft®, 2.0 v/cell, 2 ft3/kw, and 130 1b/kw.

{b} Surface-tension forces were observed to be sufficient,
in one cell, to wet a membrane 12 in. in diameter
against 1 G.

{c) G.E. fuel cells have successfully operated after a few
minutes of acceleration at 50 to 60 G, and for over

|l year under ambient conditions.

{d) Some G.E. fuel cells have been in continucus operation
for more than 1 year.
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Tentative Specifications

Using the above numbers for the G, E. ion-exchange membrane cells,
the proposed cell would have the following specifications:

Weight 65 1b

Size 1.0 ft3
Power 510 w

Reliability.

Uncertain, because life of membrane or catalysts in present
fuel cells is uncertain, Electrolysis properties in absence
of catalysts are unknown.

Stability to "G' Forces.

May withstand 50 ""G'"; strength will depend on direction
of accelerating force. Electrolysis may not be possible at
high G forces,

Tentative Description.

12-in.~-0OD cells; 9 cells in series; length = 12 in.; 18 v;
28 amp

Advantages of Membrane-Type Cells

{a) No muoving paris.

{b) Additional enpgineering data may be available for more de-
tailed studies and designs.,

(c) Migh strength to resist accelerating forces.

{(d) As 2n electrolysis cell, as opposed to a fuel cell, size may
Le reduced twofold or threecfold.

{c) Low power requirement,

gl



Disadvantages of Membrane-Type Cells

{a) Reliability and life are uncertain

(b} Diffusion rates for moisture through memhranes
arc unknown.

{c) Operating data needed for cells without thin, film
catalysis.

Vapor Cell

Principle of Operation

For this type of cell, a solid or viscous film of phosphorus pentoxide
hydrate separates lwo screen electrodes. Electrolysis across the hydrate
film decomposes water, "dehydrating' the film. The ""dehydrated" film
absorbs moisture added to the cell, maintaining electrolysis. The absorbent
filmm separates the hydrogen from the oxygen, and electrolysis separates the
gascs from moeisture. Diffusion gradients allow operation of the cell inde-
pendently of gravity. The process is illustrated in Figure 29.

This vapor-cell principle is an adaptation of recently developed mois-
ture indicators{®-8), ‘The investigators report that phosphorus pentoxide is
the preferred dehydrating agent but that potassium carbonate or potassium
hydroxide can be used. Carbon dioxide or inert gases have no effect on the
cell operation,

Assumptions Made for Desipn of a Vapor Cell. Assume electrodes of
nickel or stainless steel screens of 20 mil wires, screens with 50 per cent
void space, and only 50 per cent of the remaining screen area is effective
as clectrode area for electrolysis at 50 amp/ﬁ;‘3 and 3.0 v.

Assume further that the phosphorus pentoxide hydrate is formed within
5-mil bibulous paper, and that, after impregnation of the paper, gases will
not diffuse through it. As long as the impregnated paper has some mois-
turc, this scems to be a reasonable assumption. Assume still further that
the cell operates normally with about 15 per cent moisture in the phosphorus
pentoxide so that the film separating the electrodes has a resistivity of about
100 ohm-cm. Assume also that the case of each cell is a tube of 40-mil
rigid plastic of specific gravity about 1. 3 g/cm3, the inner (hydrogen) elec-
trode is 250 mils' ID, and 40 mils of free space exists between the outer
{oxygen} electrode and the case.
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Tentalive Specifications

Using the above assumptions, the following specifications were
calculated:

Weight 30 1b
Size 0.32 it3
Powe -
Reliability.
Unknown. Life of phosphorus pentoxide hydrate film is

probably limiting factor.

Stability to G Forces.

May withstand forces of several G. Mobility of phosphorus
pentoxide hydrate under acceleration is probably the limit-
ing {and unknown) factor.

Tentative Description.

Sixty 0.5~in. -OD tubes, 5.2 ft long; 180 v; 4.2 amp.

Advantages of Vapor Cell

(a) No moving parts

{b) Can use water vapor instead of liquid.

(¢} Insensitive to impurities in the input.

{d} Might be used as part of the air conditioning system within

a sealed cabin.

Disadvantages of Vapor Cell

{a} Reliability and life unknown.

{b) Stability to G forces unknown; data are unavailable to make
a realistic estimate.

{c} An experimental study is needed to ohtain the necessary
engincering data before an appropriate cell could be
designed.
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Porous-Electrode Cell

Principle of Operation

A porous electrode provides numerous interfaces of solid-liquid-pgas
for electrochemical rcactions. Surface-tensicn forces retain electrolyte in
the porous electrodes, thus making operation possible under zero-gravity
conditions, Ilydrogen-oxygen fuel cells have been observed to give off gases
on the reverse side of their porous electrodes when the current is reverscd.

This fact suggests the feasibility of separating gas from liguid. The National

Carbon [ucl cell uses porous carbon electrodes which have heen water-~
proofed, and it operates at relatively low temperatures and pressure.
Higher current densities are obtained with the Bacon-type fuel cell(g),
which operates at high temperature and pressure. The Bacon cell uses por-
ous nickel electrodes of different porosity on the electrolyte and gas sides
as shown in ¥Figure 30,

Bacon Cell

Patent applications on the Bacon cell are reported to cover use as an
electrolyzer, but no operating data are available. It is reported that when
usad as an clectrelyzer the hydrogen clectrode operates satisfactorily but
that oxygen tends to evolve on the electrolyte side of the oxygen electrode.
For use solely as an electrolyzer, it might be preferable to make the fine
pore layer adiacent to the electrolyte of a nonconducting material that is
chemically resistant to the clectrolyte.

The assumption made in eslimating the cell voltage as an electrolyzer
was that the deviation from the theoretical reversible cell voltage of 1.2 v
wis equal and opposite to operation as a fuel cell. Estimates of
clectrolyze r-cell vollages arve shown below based on reported Bacon fuel-
cell operating data:

Fuel Cell
Currcent Densily,  Voltage, Power Density, Elecirolyzer Estimated
3

amp/{t= v kw/ft3 Voltage, v
0 1. 100 1. 30
9.3 1.020 0.23 I, 38

46. 5 0. 954 1.08 1. 45
93. 0 0.905 2.05 1,50

232.0 0. 805 4,55 1.60

465. 0 0.677 7.67 1.72

631.0 0. 585 G.0 1.82

".'j f:.'
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The Bacon cell operates at current densities up to 1000 amp/ftz, which
indicates a small volume and weight electrolyzer. At 631 amp/f_t2 and
0. 585 v, the power output per unit of internal volume is reported to be 9 kw/
ft3. From these figures, an internal cell width of 1/2 in. can be calculated.
If 1/16-in. -wide electrodes spaced 1/8 in. apart are assumed, circular elec-
trodes of 8, 6-in. ~diameter are sufficient for the designed current density of
631 amp/ftz. Assuming 1/8-in. thickness for the cell walls for operation at
600 psi and an electrolyte of 37% KOH, which has a density of about 1.2 g/
cm3 at the operating temperature of 200 C, the following component weights

were calculated:

Walls 5.2 1b
Electrodes 0.51b
Electrolyte 0.3 1b

Total 6.0 1b

Over-all volume (8. 9-in. ~diameter x 3/4 in.} = 0. 027 £t3. Reported power

density values of 2000 w/ft3

and 17.5 w/lb indicate a Bacon-fuel-cell density

of 114 1b/ft3. For a 0,27 ft3 cell, this would indicate a weight of only 3 lb.
Thus, the estimated design weight of 6 lb appears conservative.

Water would be added at 200 C and 600 psi.

Performance is not af-

fected greatly by pressure, and operation at 300 psi has been suggested.
Saturated steam feed could be considered at 300 psi and 215 C.

Tentative Specifications

Diameter 8.9 in.
Width 3/4 in.
Volume 0.027 ft3
Weight 6 1b
Current density 631 amp/ftZ
Current 254 amp
Voltage 1.8 v
Power 460 w
Electrolyte 37% KOH
Temperature 200 C
Pressure 600 psi

Reliability,

For periods of operation greater than 2 to 6 months, reli-
ability as a fuel cell is not known to have been demonstrated

for the high-temperature Bacon cell,

Reliable operation of

the low-temperature National Carbon cell as a fuel cell is

27



not known to have been demonstrated for periods beyond
6 months to a year,

Stability to G Forces.

Docs not appear likely for a cell containing electrolyte be-
cause of the delicate balance of gas pressure and capillary
{forces., Provision must be made for withdrawing electrolyte
during periods of high G force. Optimum conditions appear
to be at zero gravity with variations from 0 to 1 G permis-
sible while operating. Greater variations in gravity could
have a detrimental elfect because of the small differential
pressure between liquid and gas.

Advantages of Porous-Electrode Cell

(2)
(1)
(c)
(<)

(e)

Light weight,
Small volume.
Low puwer consumption.

Excess heal generated (about 150 watts) would maintain
cell temperature and compensate cell radiant-heat losses
and other heat loss in gases.

If excess heat must be removed, liquid electrolyte could
boe circulated to a radiant-heat exchanger of small size
because of high temperature.

No moving parts.

With pas-storage tanks, the electrolyzer could serve as
an auxiliary power supply, operating as a fuel cell.

Materials, piping, pumps, valves, and pressure con-
trols arce being impraoved. Bacon-type fuel cells are
currently being investigated as a regencralive solar cell
by Pratt & Whitney Aircraflt Company.

Disadvaniages of Porous-Electrode Cell

{a)

Operating life uncertain and possibly less than 1 year at the
present state of development of porous electrode fuel cells
because of corrosion, flooding, etc.
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{b) Not suited to intermittent or nonsteady load because of heat
balance, exlra heat required for start up and expansion and
contraction problems,.

(c) Requires COj,-free water for proposed use of alkaline
electrolyte.

{d} Requires auxiliary pressure-control devices to maintain
gas pressure about 2 psi greater than electrolyte pressure.
(Such controls have been worked out for a porous-electrode
fuel cell.)

{(e) Uncertainty regarding Bacon fuel cell as an electrolyzer.
(Pratt & Whitney is developing a separate electrolyzer based
on vortex separation of gas from liquid to be used in con-
junction with Bacon fuel cell. The reasons for choice of a
separate electrolyzer are not completely determined from
available reports.)

Rotating Cell With Palladium Cathode

Principle of Operation

This method is a combination of several desirable features contained
in other methods considered. As shown in Figure 31, electrolysis occurs
near the periphery of a rapidly rotating cell. The cathode is a thin layer of
palladium into which the atomic hydrogen for.ined at the cathode immediately
diffuses. Thc anode is a nickel wire screen close to the cathode. Oxygen
formed at the anode is forced towards the axis of rotation under the influence
of the hydrostatic pressure gradient created by the artificial gravity field of
rotation.

Close anode to cathode spacing is permissible (i.e. , 0.010 in.) be-
cause ideally there is no tendency of either gas to move toward the opposite
electrode, thus no diaphragm is required., The voltage drop between the
anode and cathode should be low because of the minimum electrolyte resist-
ance (short current path, absence of gas in the gap and at cathode surface)
and no added esistance as with a diaphragm.

High Temperature-Low Speed Cell. The electrolyte could be 37 per
cent potassium hydroxide at a temperature of 200 C, as is used in the Bacon
fuel cell.  In the latter cell, high temperature allows increased current
densities up to 1000 amp/{t2 and reduced overvoltage. A porous nickel
anode might be neceded instead of a nickel screen. The partial pressure of
water above 37% KOII at 200 C is about 200 psi. Assuming 200 C and 200 psi
at a 0.0008-in. ~thick palladium cathode, the diffusion rate of hydrogen is
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55 £t /hr /1t2(12-15) Molecular hydrogen dissociates to atomic hydrogen,
which diffuses through the palladium. If the palladium is a cathode, some
of the atomic hydrogen formed at the surface immediately diffuses through,
50 that for this portion of the hydrogen the step of dissociation of molecular
hydrogen to atomic hydrogen is eliminated.,

For a palladium cathode of 8-in. OD x 1/2 in. wide, the area of
0.087 fi* would pass 4.8 ft3 of hydrogen, which is more than adequate, since
a maximum of 3.75 ft3 of hydrogen will be generated. The rotational speed
of the cell would be sufficient to establish at least a 1-G field at the anode
(close to the cathode), which would cause the oxygen formed at the anode to
move towards the axis of rotation. Rotational speeds of 100 and 200 rpm
would create an artificial gravity field of 1 G and 4 G, respectively, at the
anode. The amount of electrolyte in the cell need only be sufficient to cover
the anode. With the liquid level at a radius of 3-1/2 in. and the anode nearly
at a 4-in. radius, the time for diffusion of oxygen bubbles across the 1/2-in.
layer of electrolyte would be short. The oxygen removed from the core
would be at 200 psi and 200 C and saturated with water vapor. Feed to the
cell could be steam or water. Hydrogen could be removed from outside
the rotating cell at about 200 C and atmospheric pressure (or some positive
gage pressure up to 200 psi, depending on the driving force of the atomic
hydrogen genevated electrolytically at the palladium cathode)}. Rotary seals
will handle a differential pressure of up to 500 psi.

An cstimate of cell voltage was made as follows: Assuming a hydro-
gen overveoltage of 0.35 v at 30 anlp/ftz, a logarithmic increase of about
0. 15 v for each tenfold rise in current density indicates 0. 65 v at 3000 amp/
it A nepgative temperature coefficient of overvoltage of 0.0025 v/C indi~
cates a net hydrogen avervoltage of 0. 15 v at 200 C. Similarly, for an oxy-
gen overvoltage of 0.6 v at 30 amp/{tZ and a negative temperature coeffi-
cient of 0.00325 v/C gives an oxygen overvoltage of 0.25 v at 3000 ampt'ft2
and 200 C. Assuming an electrolyte resistivity of I ohm-in. and a gap of
0.010 in. , the voltage drop through the electrolyte is about 0.2 v, Assum-
ing no gas formed at the cathode and another 0.1 v for the small effect of gas
at the anode and polarization, the total cell voltage should be 0.7 v above the
theorectical reversible voltage of 1.2 v, or 1.9 v.

Low Temperature~-Iligh Speed Cell, A reduction of the electrolyte
temperature below 200 C would be desirable to increase the reliability of
the unit with respect to corrosion. As the temperature is reduced, the pres-
sure above the clectrolyte can be decreased and thus the pressure of the
discharged oxygen. For the same hydrogen diffusion rate, the temperature
can be reduced if the pressure at the palladium cathoede is increased. In a
rapidly rotating cell, large G forces can be cstablished at the palladium

surface. The high G faces acting on the liquid create a hydrostatic pressure
which increases as the head of liquid increasces.

Lyl



For example, the palladium cathode at a radius of 4 in, rotating at
5000 rpm experiences 2830 G. With the liquid surface at a 2-in. radius, to
give a 2-in. head of electrolyte of density 0.047 1b/in. 3, the hydrostatic
pressure at the palladium cathode surface would be 800 psi. At this pres-
sure, the electrolyte temperature can be reduced to 100 C and the diffusion
rate maintained at 4.8 ft3/hr, which is 25 per cent greater than needed.
While the pressure in the electrolysis zone is 800 psi, the pressure at the
liquid surface is practically atmospheric because of the negligible head of
wet gas and the lower partial pressure of water over 37% KOH at 100 C.

Some industrial electrolysis cells operate at temperatures as high as
100 C. At 100 C, oxygen can be produced at atmospheric pressure, as can
hydrogen, in the cell shown in Figure 31. Thus the pressure differential
across the rotating seals will be small. Since the cell rotates in a hydrogen
atmosphere, the resistance to rotation at high speed will be less than it
would be in air. The actual power required for rotation is difficult to esti-
mate., If the palladium width were increased from 1/2 in. to 1-1/2 in. ,
the rotational speed could be reduced from 5000 rpm to 1700 rpm for the
same hydrogen diffusion rates at 100 C. The increased width of electrode
would also reduce the current density threefold to 1000 amp/ftz. A lower
current density might be needed to compensate the increase in cell voltage
as temperature is decreased. The principal overvoltage at the anode should
be low because of the increased pressure for electrolysis and rapid removal
of oxygen bubbles under the influence of high G forces.

Tentative Specifications

Pressure 200 to 800 psi {for electrolysis)
Temperature 100 to 200 C

Current Density 1000 to 3000 amp/ft?

Voltage 1.9to 2.1 v

Electrolysis power 480 to 530 w

Rotation 100 to 5000 rpm

Gravity l to 2830 G

Cell construction

Diameter 8-1/4 in.
Width 3/4 in.
Shaft 1/2 in. OD x 1-3/4 in
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Electrode spacing 0.010 in,
Metal thickness 1/8 in,
Volume 16 in. 3
Weight 4.8 1b
Container {thin wall) 8-1/2 in. OD x 1 in.
Volume 58 in. 3
Electrolyte 37% KOH at 100 C to 200 C
Level 2~in. radius
Volume 19 in, 3
Weight 0.81b

Seals (3}, water pump, motor

Volume 75 in. 3
Weight 3.51b
Power 75 w
Total cell volume .08 ft3
Total cell weight 9 1b
Total power 550 to 600 w
Reliability.

Difficult to estimate because there is no comparable cell
used for electrolysis. Increascd reliability would be ex-
pected as the speed and temperature are reduced; particu-
larly the latter. This could be determined only by
experiment.



Stability to G Forces,

Inherent in successful design of a practical cell,

Advantages of Rotating Cell With

Palladium Cathode

(a)
(b)
{c)
{d)
(e)

(f)

{g)

(h)

(i}

Lightweight.

Small volume.

Low electrolysis power.

Low rotating power anticipated in hydrogen atmosphere.

Delivers dry hydrogen gas at elevated temperature and
atmospheric pressure.

Versatility, in that hydrostatic pressure at electrodes
can be controlled by rotational speed as needed, de-
pending on electrolysis rate.

Electrolysis at high pressure without need for differential
pressure control of gases and electrolyte {as in 'high
pressure'' cell or Bacon fuel cell).

Hydrogen and oxygen can be generated at different pres-
sures, depending only on rotary seals (i.e., up to
500-psi differential pressurej.

Very little chance of oxygen getting into hydrogen line or
vice versa if cell operates as predicted.

Disadvantages of Rotating Cell With

Palladium Cathode

(a)
(b)

(c)

(d)

A system like this has never been tried before.

Use of a hydrogen diffusion cathode in a practical cell
is new.

Electrolysis cell voltage and particularly the power for
rotation cannot be estimated accurately,

If a temperature as high as 200 C is required, the reli~
ability of materials of construction is less.
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{c) A high-speed rotating cell will act as a gyroscope and
influence vehicle guidance (on the other hand this might
be put to advantageous use).

(f) The mechanical features of a rotating cell have not been
tested,.

{g) Rotating part of cell must be designed in sections for

assembly and maintenance, which indicates a sealing
problem at the periphery for high hydrostatic pressure.

Electromagnetic Gravity Field

Principle of Operation

A current conductor such as an electrolyte in a magnetic field experi-
ences a force perpendicular to the electric and magnetic field, as shown in
Figure 32. In a closed system, the force on the electrolyte sets up a pres-
sure gradient similar to the hydrostatic liquid pressure in a gravitational
field. The differential hydrostatic pressure exerts a buoyancy force, caus-
ing acceleration of a gas bubble in a direction opposite to the force on the
electrolyte. Thus, a magnetic field could be used to create an artificial
gravity field.

A. Kolin{!3) has reported that a magnetic field of 10,000 oersteds
crossed with a current density of 1 a_m}:n/cma in acidulated water will pre-
vent an air bubble from rising, i.e., will counterbalance the buoyant effect
on the bubble at a gravitational force of } G. Then this same field intensity
and current density applied under zero-gravity conditions should just restore
the force normally exerted by gravity.

4ANI

For a coil, the magnetic intensity H (in oersteds) is given by H = i—(n)——[-:

NI
where ( 1—) is the amp-turns/cm of coil length. To provide 10,000 cer-

steds requires 7950 amp-turns/cm. Even if the high current density of

930 .si.n'q:»/ft‘Z {1 amp/cm?) could be obtained, the smallest cell would require
a coil about 6 in. long. Thus over 120,000 amp-turns would be required.
This does not appear {easible without a large voltage drop (50 to 100 v)
through the coil.

Reliability should be relatively high if the method is feasible and sta-
bility to G forces should be good.

10
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Advantages of Electromagnetic Gravity Field

(a) No moving parts
(b) Would utilize industrial-electrolysis-cell designs of proven

reliability.

Disadvantages of Electromagnetic
Gravity Field

(2) Requires extremely high current densities.

(b) Extremely large power consumption required to produce
artificial gravity field of 1 G.

{c}) Would require uniform magnetic and electric fields.

Tentative Specifications

Does not appear practical.

SUMMARY

Essentially six different principles of electrolysis appear capable of
operation under zero-gravity conditions. The various methods have been
listed in the report in order of acceptability at the present time.

{1) Rotating cells

(2) Vortex separator

{3} Ion-exchange membrane

(4) Vapor cell

{(5) Porous-electrode cell

(6) Rotating cell with palladium cathode.

In the {inal analysis, weight, volume, and power required were not the

deciding criteria since specific values could not be listed. Operation for
Z years was specified. Thus the system recommended for continued investi-
gation in Phase III has to be the onc which is cutimated to be the most {feasi-
ble for continuous operation for 2 years. The only systems that meet this

requirement at the present time are clectrolysis cells patterned after
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industrial electrolysis cells. With the choice narrowed to two systems, the
rotating cell was favored over the separate vortex separator at the present
time for having greater simplicity, reliability, and potentiality for size,
weight, and power requirements.

Another factor to consider is that the principle of using a rotating cell

is not known to be under active consideration at the present time. Methods

2 through 5 are being studied directly or indirectly by other organizations
listed below:

Vortex cell

Pratt & Whitney, East Hartford, Connecticut
U. 5. Army Signal Corps

Ion-exchange membrane fuel cell

General Electric Company, Philadelphia, Pennsylvania
U. 5. Army Signal Corps

Porous-electrode fuel cell {regencerative hydrox type)

National Rescarch Development Corp. , London, England
Patterson Moeos Division of L.eesona Inc. , Jamaica, New York
Pratt & Whitney, East Hartford, Connecticut

National Carbon Company, Cleveland, Chio

Electro-Optical System Inc. , Pasadena, California

Vapor Cell

Consolidated Electrodynamics Corp. , Pasadena, California

Except for the vapor cell, the studies are directed toward regeneration of
hydrogen and oxygen for power systems in space where zero gravity opera-
tion is a requirement, The continuing rescarch of these companies should

add to the knowledge of these systems with regard to operating life and
reliability.

One principle that does not appear to be under consideration at the
present time is the use of a gas-diffusion electrode to separate gas from
liquid at zero gravity. The rotating cell with palladium cathode discussed
in this report appears to have interesting potentialities. At the present
time, this is only an idea which would require an experimental feasibility

study on diffusion of hydrugen through palladium foil under the proposed con-
ditions of clectrolysis.
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At this time, it is preflerred not to choose a particular modification of
the scveral rotating cells discusscd. It is planned to design a '"filter-press”
arrangement of cells for connection in series or parallel for opération at
atmospheric pressurce. Experimental study of current density and voltage in
relation to the power required for rotation will indicate the direction for im-
provement, which might include investigation of high-pressure and/or high-
temperature electrolysis.

RECOMMENDA TIONS

(1) The principle of using a rotating cell to establish zero
gravity electrolysis conditions should be studied in
Phase III of this program.

{2) Arrangements should be made to follow developments
in other companies and agencies that could have a
bearing on zero-gravity electrolysis by other schemes
that will no longer be a concern of this project.

{3) A separate contract should be considered to evaluate
the feasibility of utilizing gas diffusion through metal
as a method of gas/liquid separation at zero gravity,
as suggested in this report.
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(1)

(2}

(3)

(4}

(5)

(6)

{7)

(8)

(9)

(10}

(11)

(12)

(13)
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