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SUMMARY

A development program was conducted concerned with the further
development of the hydrazine /water electrolysis process with ultimate applica-
tion in a manned spacecraft to provide metabolic oxygen and both oxygen and
nitrogen for cabin leakage makeup. The development of this system capable of
storing nitrogen in the chemical form of hydrazine offers potential advantages
of weight savings and less difficult resupply for long-term missions compared
to gaseous or cryogenic storage. '

Phase I of this program was documented in a separate report,
NASA CR 114912 ,l and was concerned with initial investigations in electrode
development, fabrication and preliminary testing of a one-man breadboard
N,/0, system, and preliminary design of a modular 12-men N,/O, system. The
present program was an extension of this effort.

Electrode development efforts were continued and directed to
specific Improvements, namely, anode stability achieved with catalyst additives
and improved processing technidués s and a higher hydrazine conversion efficiency,
achieved by reducing the catalyst loading on the cathodes.

Extensive testing on the one-man breadboard 112/02 system was conducted,

providing a more complete characterization of the cablin atmosphere control
aspects and 'of certain system parametric effects. Cabin oxygen partial pressure
control was improved by incorporating a new control technique.

A detalled design of a prototype modular N,/0, unit was canducted.
This design produced engineering drawings and specifications sufficient to
fabricate/ procure the components necessary for an early prototype» module
assembly. _'l'he contact heat exchanger which 1s an integral component of this
design was fabricated and successfully design-verification tested.
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Section 1

INTRODUCTION

For extended space-base and space-station manned missions, a nitrogen/
oxygen cabin atmosphere will be utilized. The inert diluent will reduce the fire
hazard of the oxygen and will enhance the physiological habitability of the
environment. |

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

Losses in cabin atmosphere due to cabin leakage necessitate storage of
oxygen and nitrogen for leakage makeup on long-duration missions. For a mission
of less than 30 days, it may be practical to carry nitrogen and oxygen onboard '
the spacecraft using either cryogenic or high-pressure gaseous storage. For
an extended mission, however, the weight penaltyv associated with cryogenic or
high~pressure gaseous tankage is excessive.

The development program described herein is cox_xcerned with the use of
a hydra.zine/water electrolysis technique to provide both the metabolic oxygen
for crew needs and the oxygen and nitrogen for cabin leaskage makeup. With this
system, oxygen and nitrogen are stored chemically as water and hydrazine in
low-pressure (and therefore low-weight) tankage. This system also has the
feature of providing automatic éontrol of both the space cabin total pressure
and oxygen partial pressure.

Phase I of the program consisted of preliminary electrode evaluation,
fabrication, and checkout testing of a one-man breadboard N /0' system, and
preliminary design of a modular 12-man spacecraft N2/0 system - This effort
is documented in a separate report, NASA CR 11k912.



The primary objectives of the present phase of the program were to
improve the performance of the electrochemical cells and the laboratory bread-
board N2/02 system and to provide a detailed design of components for an electro-
chemical module sultable for use in a flight-prototype, full-scale system.

" The specific tasks that were completed in meeting the program ob,jectives
were as follows:

o

Experimental anodes with various loadings of different catal&'st::
additives were evaluated as a means of improving long-term

- performance stability. ' oo

Experimental cathodes with various reduced catalyst :loa.dings were
evaluated as an approach to improving the hydrazine reaction
efficiency. ,

A prototype heat exchanger was designed, fabricated, and tested

to verify the design concept generated in & previous phase of

this work.?

A new approach to controll:lng hyd.razine feed to the breadboard
Na/o system was experimentally evaluated as a means of improving
the responsiveness of the control of cabin oxygen partial pressure.
Tests were conducted using the one-man breadboard N,/0, system to
determine parametric effects, allowable rates and ranges of changes
in control conditions, and performance of zero gravity compatible
components.

. Design drawings and specificatlions were prepa.red of flight-prototype

components of a full-scale module in sufficient detail to permit
fabrication/procurement of these components.

The sections that follow in this reporﬁ are cancerned primarily with
the areas of electrode development, heat exchanger fabrication and testing,
and system testing. The engineering drawings of the heat exchanger and the
Prototype module detail drawings and specifications have been documented

separately.



Section 2

RESULTS AND TECHNICAL DISCUSSION

2.1 CATALYST ADDITIVES
2.1.1 Objectives

A large number of contributions to the literature have advanced
theories to explain the complex reaction mechanisms of the oxygen electrode,
both anodically and cathodically. No one explanation has ga;i.ned universal
acceptance; the oxygen electrode remains an enigma. It has been well docu-
mented in previous progra.ms3 o4 that commercial black platinum oxygen electrodes
operated anodically in basic electrolyte show a tendency toward performance
degradation when operated for long periods of time. ‘ ‘

For ultimate application in a spacecraft, electrical performance
degradation imposes an undesirable power penalty on the electrochemical system.
In previous work at IMSC, over 250,000 cell hours of testing has been conducted
using & commercial electrode material containing a proprietary mixture including
Teflon and black platinum catalyst. In these tests, performance degradation of
the anode (omen electrode) could be observed as voltage increase with time at.

constant applied current. It was found, with the best electrodes tested, to
| characteristically consist of an approximate 10 percent voltage increase in the
first few hundred hours vith stabilization to a ramp leading to a total of
approximately 15 percent over a 5,000 hour period. -

The purpose of this program task was to investigate the 4effects of
electrode preperation and processing techniques and certain catal&st additives
on the electrical performance characteristics of experimental anodes with the
objective of reducing long-term performance degradation.

2.1.2 Test Facility and Procedure - A

The test facility used for the conduct of the experimental anode tests
consists of independently powered and controlled cell test stations in the
Bioengineering Laboratory. A detalled descriptioﬁ of this facility can be
found in Section 2.1 of NASA CR 114912,




A series of electrodes with an active area of 18 cm2 were prepared
using several different catalyst additives as shown in Table 1.

The catalyst additives which were used were rhodium black, ruthenium
black and iridium black. The two extenders were methyl cellulose (M.C.) and a
water soluble polymer, brand name Jaguar (JF3).

The procedures used to i)repare these electrodes are presented in
Table 2. Finished electrodes were visually inspected for mechanical integrity.
Those which passed this inspection were subjected to thermogravimetric énaiysis
to determine organic residue. Test cells were operated at 2.7A (150 mA/cma)'
ambient temperature and pressure, with 30% KOH electrolyte. The test duration
varied from a few hours for those electrodes which failed early to several
hundred hours where they showed promise.

2.1.3 Experimental Results and Discussion
Formulations Processing :
_ The electrode processing procedures shown in Table 2 were pa.rtia].]&
developed under Contract NAS 9--1.’!.81&8.5 Key elements of the formulation are
described below. ' -

Extender.~-A water-soluble po]\vmer' extender is added to the catalyst
- formulation to occupy space when the catalyst mixture is applied to the sub-
strate. It is subsequently removed in the post-treatment leaching proéess »
leaving the desired porosity in the active material.

Teflon.- An aqueous dispersion of Teflon 18 added to the formulation
to act as a binder to permit high loadings of catalyst on the substrate.

Catalyst.- Noble metal blacks are used as the catalyst to provide
high surface area. '

Mineral Oil.- The catalyzed substrate is sprayed with a light f£ilm
of mineral oil to lubricate the surfaces during calendaring and to prevent
catalyst from adhering to the Mylar backing.

Post-treatment of the electrode material is necessary to remove the
'~ extender, the mineral oil, and organic .residue from the Teflon dispersion. It
has been found that residusl extender has a serious detrimental effect on

y



Table 1

EXPERIMENTAL ANODE FORMULATION

Anode Cell . . Formulation
Number  Number Pt Teflon Extender Catalyst Additives
1 0.765 0.85 M.C. L:T0 Rh 0.085
2 0.765 0.85 M.C. 1.70 Ru 0.085
3 0.765 0.85 M.C. 1.70 Ir 0.085
L 0.637 085 M.C. 1.70 Rh 0.213
> 0.637 0.85 M.C. 1.70 Ru 0.213
6 0.637 0.85 M.C, 1.70 Ir 0.213
7 71-1 0.85  0.85 7570 None
8 0.85 0.85 M.C. 1.70 None
9 T1-7 0.68 0.85 ~JF3 1.70 Rh 0.17
10 T1-8 0.68 0.85 JF3 1.70 Ru 0.17
11 71-9 0.68 0.85 JF3  1.75 Ir 0.17
12 0.51 0.85 JF3 1.70 Rh 0.34
13 0.51 0.85 JF3 1.70 Ru 0,34
1k 0.51 0.85 JF3 1.70 Ir 0.3k
15 71-10 0.81 0.85 JF3 1.70 Rh 0.0425
16 T1l-11 0.81 0.85 JF3 1.70 Ir 0.0425
(1) M.C. Methyl Cellulose
(2) JF3 Jaguar JF3 - A water soluble polymer used as a commercial extender.



_ Table 2
ELECTK)DE PREPARATION PROCEIURE

Catalyst Mixture

1.
2.

Additively weligh ingredients with a chainomatic balance to the nearest mg.
Manually mix ingredients with addition of up to 5 an3 distilled water to
achieve a spreadable consistency.

Electrode Active Material

1.
2,
3.
4.
5.
6.

Te

Cut expanded nickel substrate to size.

Ultrasonically degrease with acetone.

Apply Mylar f£ilm backing and mask perimeter of substrate.

Apply catalyst mixture to substrate.

Dry in oven at 50°C for one hour.

Spray coat with minersl oil and hand roll. Apply Mylar film to front
surface. '

Machine roll two passes at 200 kN/m> (29 psi) and remove Mylar £ilm

and masking tape.

Post Treatment

1.

26

Leach the prepared electrode active material as follows:

Time in Ultrasomic " Time in Solution
Solution (Min.) (Min.) Soak

Hexane/Heptane
Isopropanol
Distilled water
KOH (30%) :
Disti].led water
(10%)
D%st ed water
Distilled water
110°C KOH (30%)
Distilled water

COOMMOMPMN N
5580030000

Allow material to dry completely before proceeding.



Table 2

ELECTRODE PREPARATION PROCEDURE
(Continued)

Electrode Assembly

1.

2.

L.
5.

Form depression in electrode rim to accept catalyzed substrate.
Adjust depression fixture to same thickness as electrode material
substrate. 4 |

Insert electrode material and rim in spotirelding fixture and over-
lap spotweld around periphery. Scribe outside weld line, remove
from fixture and break off excess substrate.

Cut and spotweld together spacer and support screens.

Spotweld screen assembly to electrode rim.

Apply vinyl tape to rim.




electrical performance if the residue is present at levels greater than one
2 Mineral oil which is left in electrode will slowly oxidize when
the electrode 1s operated producing carbon monoxide at levels as high as 20
rpm. The Teflon dispersion is a proprietary DuPont product and its exact
compositiori is not known. It is reasomable to assume, however, that any

organic residue in the mixture would be detrimental to the electrode per-
formance.

percent.

The leaching procedure to remove these undesirable constituents
is as follows:

Mineral 0il - Hexane/Heptane -
Isopropanol
Water ,

0 Mineral oil is a long straight chain hydrocarbon and is,
therefore, soluble in shorter straight chain hydrocarbons
such as hexane or heptane.

o Hexane/Heptane are not soluble in watgr. Isopropa.nol is
used to remove the hexane/heptane.

o Isopropanol is water soluble and is, therefore, removed.
with distilled water.

Extender - KOH (30%)
Water
o The extender is saponified with 30% KOH.
‘0 Water is used to remove the KDH and saponified residue.
Other Residuals - H,50, (10%)
H20

o Sulfuric acid is used to remove any other residuals not affected
by the strong base treatment

o Water is used to remove the sulfuric acid.

A final 2-hour soak in hot KOH is used to vaporize and/or react
residual solutions used in prior steps.



The first series of experimental anodes which were prepared in this
program (Table 1, Anode Nos. 1-6) used methyl cellulose as the extender. It
was found that these electrodes did not maintain mechanical integrity during
the post-treatment leaching process.

To investigate the problem, two platinum-only electrodes were pre-
pared (Anode Nos. 7 and 8, Table 1), one with methyl cellulose and one with
Jaguar F3, a commercial extender. Both were subjected to post-treatment and
only the Jaguar-extended electrode survived the leaching process. All sub-
sequent anodes In the serles were successfully prepared with JF3 extender.

Electrodes which passed the mechanical integrity inspection after
post-treatment were subjected to TGA analysis. All showed one percent or less
residue.

Cell Tests

The results of the cell testing of rhodium and iridium-containing .
electrodes are plotted in Figure 1 and complete test data are presented in
the Appendix. For the purpose of comparison, the performance of the best
experimental electrode tested in Phase I (NASA CR 114912), electrode T-12k;
the best of the commercial materials, AB-4X ; and an experimental platinum-
only electrode, 7Tl-l, are co-plotted in this figure.

Both the 5 and 20% iridium electrodes had slightly better performance
than the rhodium-additive electrodes. The "flatness" of these curves is indi-
cative of time-stability and is the most significant result of the series of
tests. Note that even the 'platinwn-only electrode (71-1) has evidenced time
stability which 1s probably due in large part to the effectiveness of the bost-
treatment procedure. ‘

A ruthenium electrode was tested in Cell T71-8. After a few hours of

- operation of this cell, the electrolyte began to turn yellow. An atomic absorp-
tion analysis of a sa.xhple of the electrolyte indicates the presénce of ruthenium
ion. A small amount of bulk ruthenium black was then placed in a beaker of
electrolyte; this solution also turned yellow, but in a matter of a few days
rather than a few hours. From these tests, it appears that the ruthenium black
is already partially oxidized as evidenced by the beaker test, and that in the

9
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strong oxidizing environment of the operating anode, oxidation proceeds to the -
soluble tetroxide state. This material was, therefore, deemed unsatisfactory
as a catalyst additive; no further cell tests were conducted with this type

of anode.

2.2 CATHODE DEVELOPMENT
2.2.1 Objective

It is known that hydrazine undergoes auto-oxidation in the presence
of a suitable catalyst. In the hydrazine/vater electrolysis system, hydrazine
is injected in the circulating electrolyte for the purpose of generating nitro-
gen admixed with the anodic oxygen produced by water electrolysis. Any hydrazine
which reacts at the catalyzed cathodes within the electrolysis cell stack repre-
sents an inefficiency in the process of generating nitrogen at the anodes.

The objective of this task, then, was to determine experimentally the
optimm catalyst loading of the cathode considering the conflicting parameters
of anodic conversion efficiency and of cell voltage penalty for i'educed catalyst
loading of the cathode. '

2.2.2 Test Facility and Procedure _

The test facility used for the conduct of the experimental cathode tests
consists of independently powered and controlled cell test stations located in the
Biloengineering Laboratory. A detailed déscripbion of this facility can be found
in Section 2.1 of NASA CR 114912.

A series of four electrolysis cells were assembled, each cell containing
a 90 cm2 cathode with different catalyst loading as follows:

Formulation
Cell No. Cathode No. Pt. ~ Teflon  Extender
T1-2 C-1 2.5 2.5 5.0
T1=3 Cc-2 1.0 1.0 3.0
T1-5 C-3 0.5 0.5 - -o-
TL-4 C-k Q= o 8 e

The catalyst formulations were applied to 0.25 mm thick expanded nickel
screen substrates. The extender, Jaguar Polymer F-3 was then leached out in a
sequence of ultrasonically agitated baths containing hexane, isopropyl a.lcohol,
water, 110°C (230°F) KOH, water, 10% H S0) , and water.

11



Each cell was operated for approximately 48 hours at 150 mA/cm2
current density and 2"{°C (80 F) without hydrazine to determine the cathode
polarization. Then each cell was operated for approximately 48 hours under
the same conditions with an initial charge of approximately 2 gram moles of
hydrazine.

Voltage and current data were recorded every two hours during the
day shift, Gas flow rates, anodic and cathodic, were measured with soap
bubble flowmeters every two hours during the day shift, and electrolyte
samples were titrated three times each day during the hydrazine portion
of ‘the tests. Care was taken to keep liquid samples small (less than one
percent of total system volume) 10 keep sample effects negligible. Ga._s

samples were analyzed for N2 periodica.lly

2.2.3 Experimental Results and Discussion

A sumary of the experimental data from the cathode evaluation tests
is presented in Figure 2. In this figure, the hydrazine concentration in the
electrolyte and the increase in cathodic gas flow rate due to hydrazine decom- '
position are plotted as a function of time. The_plots of AHc show the increase
in hydrogen flow of the cathodes with hydrazine over the cathode with no hydra-
zine. The increasing voltageA performance of the cathodes was the following:

c-1 2.5 Pt ' 0.179 volts
Cc-2 1.0 Pt 0.200 volts
c-3 0.5 Pt ' 0.520 volts
C-k o bare nickel 0.700 volts

With the above data and the data shown in Figure 2, a cross-plot of
cathode flow versus cathode polarization was made with hydrazine concentration
as a parameter. This plot is shown in Figure 3.

Referring back to Figure 2, the anodic hydrazine conversion efficiency
(defined as the mole-pefcent of the total hydrazine added that reacts at the
anode) was determined for each cell using the following procedure. The reaction
rate constant, m, is defined by: '

_InC - 1n Co
a t
At any time, t, the hydrazine reaction rate is -a-t- = Ctm XT.

12
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Hydrogen gas 1s generated electrochemically at a rate defined by:

(n2)e = 2(0.0096)I g-mols/hr

Where I = electrolysis current (amperes)
The amount of hydrazine reacting at the cathode at this time, t, is computed
with the equation:

Xo = g = (Bp)y o ols/nr
3 . .
Where I;‘I‘C = méa.sured ca.thodic gas flow ratAe. The q;uantity, I;ITC-
(112)e can also be determined by measuring the cgthodic gas flow rate, with
and without hydrazine. This quantity then is equivalent to the measured AH
shown in Figure 2. The factor, 3, in the equation arises from the fact that
one mole of hydrazine reacting produces three moles of gas. '

. The amount of hydrazine reacting at the anode is obtained by
difference: ’

Xa = XT - XC. , ‘
The reaction efficiency is defined as

n=%a % 100

¥

For the four cells which were tested, efficiency wa.s. computed using the above
procedure with the following results:

Cathode n ﬁ

c-1 . 60.9
c-2 - T79.6
C-3 93
C-4 100

There is some uncertalnty in the absolute values of the efficiencles computed
by the above technique, principally due to the possibility of errors in measure-
ment of very small differences in cathodic flow rate. As a check on the
technique, efficiency was computed for two cases using two different methods.

In the first case, the efficiency for C-1 was computed using the enipirical

equation

' X, = A[h.77c + 0.013hc(150)] (60)  (4.06 X 107)

15



which was determined experimentally with the breadboard ma/o2 system (Ref. _
NASA CR llh912). Xt was computed in the same manner as in the previous technique.
This computation yielded a value of 77 of 64.1% compared to the previously

determined value of 60.9%.

In the second case, efficlency was calculated for C-3 based on gas
chromatographic analysis and total gas flow rate measurement. This method
yielded an efficiency of 92% compared to the previously determined value of
93%. ' ’ '

Having established that the efficiency values determined by the
different techniques are in reasonable agreement, the original values were
used to trade off hydrazine fankage and power and cooling pena.lty versus
cathode polarization for a full scale 12-man system. Penalty factors for
power and cooling and tankage for hydrazine storage were taken from IMSC/
AQTT498, "Preliminary Design of a Space Station Electrolytic Oxygen-Nitrogen
Generator". The results are shown in Figure 4. It is evident from this figure
that system total equivalent weight (TEW) can be optimized by controlling the
composition of the cathode. While the four data points which were obtained
were not sufficlent to determine the exact ca.talyst loading, it is apparent
that the normal loading should be reduced by 40 to 50 percent to achieve
maximum TEW. These results substentiate the prediction of Curve C, Figure
Ch in IMSC/A9TT98.2 |

2.3 PROTOTYPE HEAT EXCHANGER
2.3.1 Requirements :

The heat exchangér design conceived for the 12-man unit preliminary
design effort (IMSC/A9TTUO8) was to be subjected to analysis, detailed design,
fabrication, and design verification testing in this program task. The heat
exchanger and cold plate assembly were required to simulste, as closely as
possible, the final N2/92 flight prototype configuration. Thermal performance
was the most lmportant consideration, although physical configuration had to
be as close as possible to a flight prototype design, especially in the heat
exchanger, which was to be internally coated to prevent gas formation in the
electrolyte loop. The cold plate had only to simulate the flight item in
performance characteristics.

16
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Thermal performance parameters, as listed in Table 3, are those
associated with the 1«2/02 preliminary design. These values are for a l.5-man
module, and were the best available at the time the analysis was performed.
All enalysis and design were based on these values.

2.3.2 Analysis and Design

During the analysis and design phase, the optimum configurations for
both heat exchanger and cold plate were determined. The analysis and design
tasks were Iintegrated because the design d.etail, n'ecessa.ry.to assure produci-
bility and meet the required cost target, 'significantly impacted the thermal
design. This was especially true for the heat exchanger, where internal
coating was necessary, and in the contact interface between the heat exchanger -
and cold plate. During the analysis and design phase, attention was focused
on material considerations, optimization of the heat exchanger and cold plate
assemblies, interface analysis, overall performance, and detail des'igx.

A summary of the mechanical and predicted thermal parahetem for
the chosen heat exchanger and cold plate configuration is presented in
Table L. '

Material Considerations _

Desirable material properties included high thermal conductivity,
chemical resistance to the coolant fluids » 8ood machinability and brazability,
and avallability. For this reason, materials commonly used in heat exchangers,
and other alloys specifically attractive to this particular design, were
considered. ‘

Candidate materials and their properties are summarized in Table 5.
Nickel 200 was selected for both the heat exchanger amd cold plate, as it has
the highest thermal conductivity of the materials which were completely
compatible with all fluids involved. Also, Ait is readily obtalnable and fairly
inexpensive. It has the drawback that it 1s very soft, and therefore is
difficult to machine , but this was not considered serious enough to preclude
its use. Other materials considered were aluminuin, stainless steel, and
molybdénum.
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Table 3

HEAT EXCHANGER AND COLD PLATE THERMAL
PERFORMANCE REQUIREMENTS

OVERALL HEAT TRARSFER
Heat Load (max) = 266 watts (306 BFU/hr)
Max Envelope . 22.8 x 29.8 em (9 x 11.75 inches)
IMTD Availsble = 7.8°C (24°F)

HEAT EXCBANGER:

Fluid = 30% KOH

T = 32.7°C (at max load) (90.8°F)
(o) 0.

'fout = 26,6 C (at max load) (79.9 F)
W =12 g/s , (94 w/nr)

P = 3.4k kN/m2 (max) (10.5 in_si)

COLD PLATE:
Flwd = = Water
- (o) 0.

?m = 18.3°C (65°F)

W = 9.5 g/s (75 1b/hr)



Tablé 4
HX AND CP PARAMETERS

PREDICTED THERMAL PERFORMANCE PARAMETERS

OVERALL
Q = 266 watt (max) (906 BTU/hr)
U overall = 5.9 J/s + °C * m° (915 BIU/br °F ££°)
Flow arrangement - Counterflow
IMTD required = 7.9°C : (11&.2°F)A
Heat Exchanger : :
Ug = 1420 /s °C e (250 BTU/hr)
Fluid = 30% KOH
W = 12 mkg/s | : (9% 1v/hr)
AP = 0.689 KN/m° | (0.1 pst)
Cold Plate ' _
Uyp = 1760 J/s °C n® | " (310 BIU/hr)
Fluid = Water , ' .
W = 9.5 mkg/s . (75 1v/hr)
Interface _ | o
Up = 1530 J/s % | (270 BTU/ar °F £t°)
Aves = 0.068 n? (0735 £67)

MECHANiCAL'VARIABLES (Heat Exchanger and Cold Plate)

Material Nickel 200

Horiz. Plate Thickness  0.75 mm (0.030 1in.)
Passage Height 1.5 mm (0.060 in.)
No. of Layers of Passages 2 4

No. Vertical Bars/Inch 4 .

Vertical Bar Thickness  1.88 mm (0.075 in.)
Baseplate Thickness 3.12 mm - (0.125 in.)
Baseplate Dimensions 22.8 x 29.8 cm ‘ (9 x 11.75 in.)
Braze Alloy ' 85% gold, 15% nickel
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Aluminum has the highest thermal conductivity of common materials,
is readily avallable and workable, and is often used in conventional heat
exchangers. It i1s compatible with the cold plate coolant fluids and although
it 1s not compatible with KOH, it could possibly be used in the heat exchanger
due to the coating required to prevent electrolytic action. It was felt,
however, that a pinhole in the coating could cause rapid deterioration of
the aluminum due to chemical attack. Also, although it appears compatible
with fluids which would be used in the cold plate, Hamilton Standard has
stated that it is not acceptable for SSP. Aluminum wa.a' thus considered
inappropriate for both heat exchanger and cold plate use.

Stalnless steel is also commonly used'in heat exchangers and is com-
Pletely compatible with all fluids involved. In addition, it is readily
obtainable and workable. It, however, has the drawback of low thermal con-
ductivity.

Molybdenum has excellent thermal conductivity but is not completely
compatible with KOH, is difficult to obtain, and is expensive.

Composite or laminated materials and special alloys were .not considered
practical at this time, but have scme merit and should be considered in advanced

program phases.

Kynar was selected for the internal coating because it is resistamnt
to chemical attack, 1s non-porous, and can be poured through internal passages.
Teflon coatings were not feasible, as they are porous and also cannot be poured
through internal passages. The application of the coating was controiled by
the vendor in accordance with his experience.

Heat Exchanger and Cold Plate Optimization

Optimization consisted of determining the best possible dimensions
for all elements of the heat excha.ngef and cold pla:be', taking into account
therma.l, hecha.nical , and manufacturing criteria. Due to budget limitations »
and to allow an opportunity to evaluate the effect of the Kynar coating on
thermal performance, the cold plate is 1dentica1' to the heat exchanger except
that it is not internally coated. '




For purposes of analysis, the heat exchanger was assumed to consist -
of horizontal plates, vertical bars, and a base plate. Heat passes from the
fluid through the coating, into the retal and through the various component
parts, finally exiting through the interface surfaces.

Heat transfer from the fluid to the vertical bars was determined by
considering the horizontal plates as fins. As shown in Fig. 5, the heat trans-
fer from fluid into a surface through a fin is given by the equation '

Q = bA ATy, ne

vhere:

h is the liquid to fin surface film coefficient,

A 1s the surface area of the fin o gXL

and Tf-b is the temperature difference between the fluld and fin base.
2 is the film efficiency term and is defined as

E .
5'@ =

i

where k is the thermal conductivity of the material and the other terms are as
previously defined. ‘

Where there is no fin, the heat transfer into the vertical bar is
simply Q = h AAT, ., where A = (nX1). ' :

The total heat transfer into the vertical bar, is therefore, the sum
of those individual terms of (Q + Q). Heat transfer through the vertical bars
to the base plate was calculated by a similar approach, with all the heat applied
at the passage center ’ and the fin height representative of the a.ctug.l geometry.
Heat transfer within the base plate was calculated by direct: conduétion. In this
case, between any two points , Q=K Am ﬁ-;%, where Am 18 the area normal to the
direction of heat transfer, and A X is the distance the heat travels.

Variables determined from the analysis were the horizontal Plate thick-
ness, the passage height, the number of layers of fluid passages, the number of
vertical bars per inch, the vertical bar thickness, and the base plate thickne_éss.
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Horizontal plates were limited to a minimum thickness of 0.75 cm
(0.3 in) by manufacturing considerations. Ideal thickness would be much thinner
than this, as the fin efficiency for a 0.75 cm (0.3 in) fin in the selected
canfiguration is 97%. This would drop to only 93% if the thickness were cut
in half and would affect a significant reduction in unit weight.

The passage height effects the hydraulic diameter and therefore the
film coefficient. It is desirable to have the height as small as possible,
within the constraints of manufacturing considerations énd pressure drop. The
1.5 mm (0.060 in) height chosen is based on providing sufficient height for the
Kynar coating.

The number of layers of passages is a function of the required heat
transfer and the available base plate area. 'As can be seen from Fig. 6, the
minimum number of layers necessary is desirable as additional layers become
less and less efficient. The heat load present in this case required 2
layers of passages. ' '

The number of vertical bars per cm should be the maximum possible.
Due to the requirement for coating, however, and since the horizontal plates
were limited to 0.75 mm (0.030 in) thickness, 1.57 fins/cm (4 fins/in) was
selected as a reasonable compromise.

The vertical bar thickness is a function of the mumber of fins/cm
and the number of layers of passages. Fig. 6 also shows this relationship for
the selected package size. It should be noted that this figure 1s based on
average fluid tempera.tureé , but that it neglects the non-linear T gradient
created by the reduced heat transfer per .La.yer and constant mss' flow per
layer. This effect is significant for large numbers of layers. A 1.9 mm
(0.075 in) vertical bar was selected, as it gave good heat transfer and elimin-
ated any possibility of the non=-linear temperature gradient affecting the
exchanger performance. -

A base plate thiclkmess of 0.318 (0.125 in) was selected as providing
reasonable axial heat distribution with a minimm of vertical resistance. Also,
it provides sufficient mechanical strength to prevent warping of the interface
surface. - Slight variations in the base plate thickness significantly affect the
welght of the heat exchanger but do not have too much affect on thermal performance.

25



§I0790WBIB] TBOTUBUOS|H SNSIDA SOUBWIOIISJ ....._wmno\,o 9 aam3Tq )

SAIAV I IYINLIIA 4dQ MUMSSZ,

s ¥ £ 2

I I 1 !

(ur) W9 SSINAAHL M_cm,._¢u_§u>/

S0

QT o

Q
v

(da ¥ 'ud/'ms) XHn:

00!

s

2

0sZ:

Jaoe

0S¢

26



Due to the low fluid flow rate inside the passeges, flow is laminar
with a Reynolds number of about 15, and the film coefficient is based on the
minimm Nussult number of 3.65. Therefore,

NuK K
h = < = 3.655

where K 1s the thermal conductivity of the fluid and D is the hydraulic diameter
of the passage. h, for this case, is about 990 J/s m= °C (175 BIU/hr 2 °F).
For a 2-layer 0.2 mm (0.008 in)thick Kynar coated heat exchanger of the chosen
canfiguration, the overa.{l.l. -hea.t transfer coefficient, Uth equals 1420 J/s °c
n® (250 BTU/br £t° OF) of base area.

Due to the low flow rate, pressure drop is less than 0.69 kl!/m2
(0.1 psi). '

Cold Plate Optimization A
The cold plate is identical to the heat exchanger, with the exception
that it is not intermally Kynar coated. . '

Optimization was conducted in a method identical to that of the heat -

exchanger,' and the overall heat transfer coefficient Uyps 18 1760 J/s °C me
(310 BIU/hr P2 °F) of base area. The surface flatness of the material is much
more impofba.nt than the finish, as surface deviations obtained by grinding can

be kept small, on the order of 76 um (0.000030 in.).*

Overall Performance Ana.lysié
The overall heat transfer coefficient for the combined heat exchanger
and cold plate 1s determined from the formula: ' '

1
U = '
total T T T
Unx U, Uep
This calculstion resulted in & value of U, . . = 519 J/s °C m° (91.5 BIU/nr £t° OF).

To eva.luat:e this in terms of the SSP requirements, it is necessary to
introduce the concept of log mean tempera‘l".m'e difference (IMID). For a counter-
flow heat exchanger, the temperature distribution with distance along the heat
exchanger is shaorn by Fig. 7.
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IMID is defined as

_AT) . AT2
T1
| 1n X5
Singe Q= U&gb alAba.ee IMTD, the IMID required to tra.ngfer 266 watts of heat 1s
7.9°C (14.2°F). The SSP requirements show that a 7.8°C. (14.0°F) IMID is avail-

able under the worst conditions, and thus the heat exchanger should work properly.

IMID

Detall Desim
The passege plates are machined from one piece each, and then brazed

to the base plate to reduce costs and facilitate fabrication. The base plate

is initially thicker than required to keep the part from warping during brazing,
and to provide sufficient material for machining operations which are conducted
after brazing. | : '

_ The large slots at each end of the plate allow fluld inlet and outlet
with simple headers, while still affording access for the Kynar coating which
must be applied after the assembly is brazed. The tapped holes allow attache
ment of the fluid headers without requiring bolting of the interface, thus
allowing evaluation of thermal performance as a function of interface pressure.
Also, two blind holes are provided in the center of the plate to accept thermo-
couples and thus give an indication of the temperature close to the interface
surface. Ninme through bolt holes are provided to allow wniform clamping over
the entire interface sm&‘ace.

Headers are plastic for complete compatibility with the £luid end to
eliminate electrolyte problems. A face "O" ring seal assures a leak tight
comnection. Design of the headers places the £luld inlet and outlet an opposite
corners of the plate, thus assuring a wniform distribution of flow within the
pessages inside the plates. |

2.3.3 Manufacture

During manufacture, the passage plates and base plate detail parts
for both the heat exchangers and cold plate were machined, and then brazed
together. The heat éxcha.nger was internally coated with Kynar and then finish
machined. This last operation consisted of drilling the required holes and
the finishing of the interface surfaces. '
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Machining of the slots in the passage plates was a.ccamplished by
using a thin, large diameter milling cutter. Some difficulty was experienced
as the material did not machine cleanly but tended to be "gumy". This required
high tool pressure and caused warpage of the plates. Also, some projection
of material was experienced on the side opposite the side being machined.
This pro,jection was removed from the passage plate which was to be pla.ced .
next to the base plate on each assembly, and this was a.ccanplished by grinding
the entire surface plate.

. Brazing was accomplished by using an 85% gold ’ 15% nickel a]_loy and
furnace bra.zing the parts together in an evacua.ted atmosphere, while clamping
Pressure was contlinuously applied. '

X-rays taken after brazing showed 100% braze integrity in the center.
of the assembly. Some small localized voids were noted near the edges, however,
These probably were ca.xj,sed by stresses induced in the shearing of the raw stock.

Kynar coating of the interior of the heat exchanger was accomplished. -
by thinning the Kynar and pouring it through the interior passages. Exterior
areas were masked and the Kynar was sprayed on. Three coats of Kynar were
Aapplied, and each coat was individually cured by heating to about 300°,C (SSOQF) .
Total Kyna.r thickness was about 0.5 to 0.8 ym (0.002 to 0.003 in.).

- The final machining opera.tion consisted of drilling all the required
holes, and the finishing of the interface surface. This latter task was
accomplished by grinding. Lapping was tried, but pre-stresses induced during
grinding were released, making the surface flatness worse rather than better. -
On both the heat exchanger and cold plate, the final surface finish was about -
0.6 #m (0.6 microinches) and the flatness was within 200 ym (0.008 TIR). This
flatness was not sinusoidal in nature, but varied gradually from cne end of
the plate to the other.

Recommendations for achieving better assemblies in the future include
developing an alternate milling procedure which would not warp the passage
Plates, and the use of larger raw stock so that the portions affected by
shearing stresses could be removed.
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2.3.4 Test Facility and Procedures

After manufacture, the completed heat exchanger and cold plate
assemblies, as shown in Fig. 8, were subjected to a comprehensive test pro-
gram, with the objective of determination of the actual performance parameters.
The program included development of a test schematic and selection of test
equipment; development of a test procedure and the actual running of the test

including data taking; and a study of the results and conclusims evident upon
reduction of the test datsa. ’

Important information to be determined from the test included both
“thermal performance parameters and mechanical parameters. Thermel performance
parameters are U overall, U gy, U op U 5 .flow- distribution, and effect of
flow velocity. Mechanical parameters are effect of bolting torque, finish
and flatness of both heat exchanger and cold plate surfaces, and the coating
integrity.

Test Schematlic & Equipment

A schematic of the test setup is shown by Fig. 9. Also, Figs. 10
.and 11 show the actual test setup, both with and without the thermsal insulation.
"The setup consisted of a test station and support rack, and the equipment
necessary to separately supply fluid to both the heat exchanger and cold plate.

The heat exchanger fluld loop consisted of a reservoir, a pump, a
heater, thermometers to indicate temperature at both inlet and outlet of the
heat exchanger, a flowmeter, and various lines and flow control valves. All
components of this loop were compatible with KOH.

-The centrifugal pump was of the magnetically driven variety, while the
‘heater consisted of an 50 watt » 2.22 cm (0.875 in.) diameter Incoloy sheathed
calrod element inside a 3.8 cm (1-1/2 inch) diameter stainless steel tube.
Heater power input was controlled by a variac and read on a Weston Model
432 Wattmeter. This unit had both 0-250 and 0-500 watt scales. Heat ex-
changer inlet and outlet temperatures were measured by T.6 cm (3 inch)
{mmersion thermometerswith 0.11°C (0.2°F) divisions. The flow meter was
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a Brooks with a 6~15-2 glass tube and a stainless steel ball. Meximm flow
capacity of this meter is 2 cm>/s (19 GPH) of KOH and 2.3 cw/s (22 GPH) of
water. Iron constantan thermocouples were imbedded in the heat exchanger
and were used in conjunction with a Leeds & Northrop bridge to give tempera=-
ture close to the interface.

The cold plate fluid loop comsisted of a pressure regulator and flow
cantrol valve attached to the city water supply, a flowmeter, thermometers »
and plumbing. The Watts model USB pressure regulator was set at about 240
lcli/m2 (35 psi) and was used to prevent city water line pressure fluctuations
from affecting the flow rate in the cold plate. The flow meter, thermometers,
and thermocouples were identical to those used in the heat exchanger loop.

Test Procedure

. Procedures for each run consisted of adjusting the fluid flow rates
and power input, allowing the system to thermally stabllize, and taking
temperature readings. Recorded date:are shown in the Appendix.

‘ Rums 1 and 2 were preliminary checkout runs using water on both sides

of the system. Runs 3 to 8 were conducted at the nominal design point with KOH
in the heat exchanger, and were intended to establish the effect of interface
bolting, and the overall system performance parameters. Run 9 was intended to
establish the amount of power added to the system by the circulation pump.
Runs 10 'bo‘llf were to establish statistical data for performance calculations.
Runs 1% to ao were to investigate the effect of flow rate on performance para-
meters. Runs 21 and 22 were to establish the effect of the Kynar coating, and
had equal water flow rates in both the heat exchanger and cold plate.

2345 :Exper:l.mental Results and Conclusions 4

A summary of actual performance perameters compared to values pre-
dicted by the analysis is presented in Table 6. After the completion of test-
ing, an attempt was made to determine all of the significant thermal and ‘
mechanical parameters which had not previously been determined. These in-
cluded the primary thermal performance parameters, the mechanical variables
such as the effect of the interface bolting, and the coating inﬁegrity and
the effect of flow rate on thermal performance.
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Table 6

COMPARISON OF TEST & ANALYSIS VALUES
OF THERMAL PERFORMANCE PARAMETERS

ARALYSIS TEST
PREDICTED VALUE, A E VALUES
PARAMETER J/s nf °¢ (BTU/nr £t° %F) | J/s m° °C (BEU/br £t2 OF)
v A
overall 520 658
(91.5) (116)
Usnterface 1530 1815
(270) (320)
U 1420 2060
HX
(250) (364)
UCP 1760 2070
(310) (365)
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Thermal Performance Parameters

Performance parameters determined from the test caonsisted of the
overall, interface, heat exchanger, and cold plate heat transfer coefficients.
The first two, the overall and interface coefficients, can be calculated
directly from the test data, by the following procedure.

First » the heat input to the system is calc\ﬂated from the relation-
ship Q, m C AT where h, Cp and AT are respect:l.ve]y the cold plate flow
rate, fluid specific heat, and inlet to outlet temperature difference. This
method is used because the cold plate fluild always was water with a known
specific heat, whereas KOH was usually used in the heat exchanger and its
specific heat is not known exactly. ’

Then, the log mean temperature difference (IMFD) is calculated and

then overall heat transfer coefficient, Uover a1l’ is calculsted from

U

R AT
where
A is the interface area. Also, the interface heat transfer co-
. efficient, U}, is calculated from

1= T;c'alc T TE)

interface i _

These were calculated for all runs and are summarized in Table 7. Also, in-
cluded is the calculated heat input and IMID. For design point conditioms,
as in runs 5 to 8 and 10 to 14, the average U overall and U interface were
respectively 670 (118) and 1825 J/s °C me (320 BIU/hr £t° °F). The value
for U overall was fairly consistent, as the thermometers used to measure the
£luld temperatures could be read to within 0.056°C (.1°F). The value of U
interface varied more, however, as thermocouples were used to measure tempera-
tures and 1t was possible to read these only within 0.27 to 0.56°C (0.5 to
1°F). Also, since the thermocouples were imbedded in the base plate, the
recorded value could include some of its resistance in addition to the
interface resistance, and, in addition, local hot spots due to surface
irregularities could contribute to the inaccuracy of the readings which were
taken onJy_ at two points.
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It was not possible to directly determine UHX and UCP from the test
data. However, Runs 21 and 22 which used the same fluid and flow rate on both
sides, showed that the thin Kynar coating had little effect on the heat tramsfer,
and therefore, the Unx and UCP were a.pprooc:!ma:bely the same. Using this assumption,

the Uy, and Uyp were camputed to.be 2060 J/s °% (364 BIU/hr £t2 °F).

The test values presented in Table 6 are higher than the predicted
values in all cases. This is due to the conservative analytical approach taken
to assure a high probability of achieving the required performnce. The pre-
dicted value of interface conductance is higher than anticipated because final
machined surfaces were flatter than anticipated. Both the heat exchanger and
cold plate had higher film coefficients than assumed, as the design was bésed on
the most conservative laminar flow correlations. Further, the heat exchanger a.nd
cold plate overa.'l.l heat transfer coefficients were closer together than anticipa.ted
due primarily to a thinner Kynar coating of 0.5 - 0.8 ym (0.002 - 0.003 in.) rather
than the worst case 2 ”ni (0.008 in.) used in the analysis. The flow rate for runs
17 - 20 was evidently inaccurate, as the calculated input power did not correspond
to the actual value. Correction of the Uove rall by the ratio of caléulatéd to
actual input power is shown in Fig. 13.

Effect of Interface Bolting

As can be seen from runs 3 through 8, bolting of the interface tends to
increase the overall heat transfer coefficient due to the increased contact pressure.
This value is considered more reliable than the calculated interface coefficient
as the data used in the analysis is more accurate. With the plate umbolted (runs
3 and 4) » the warpage of the plate was such that fairly intimate contact was
initially achieved. However, increasing the surface pressure (runs 5 and 6) by
tightening all bolts to 5.75 cm kg (5 inch pounds), thus producing an aversge
interface contact force of 1ol+ kN/m (15 psi) improved the overall conductivity
from about 567 to 670 J/s m> °C (100 to 118 BIU/hr £t° °F). A further increase
in bolt torque to 1l.5 cm kg (10 inch pounds) had no apparent effect on the inter-
face conductivity. . ’




Coating Integrity
An attempt was made to establish the integrity of the Kynar coating.

First, a visual examination of all external and part of the internal surfaces

was conducted. No breaks in the coating were observed, although it was impossible
to see much in the internal passages. Then a resistance check was made between
the heat exchanger shell and the KOH loop, using a resistance bridge. This showed
a resistance of about 5 chms, which is lower than desired. It was not determined
however, whether this low resistance was due to many pin holes, or one or more
larger gaps in the coating. Subsequent testing of the heat exchanger was
successful. However, no conclusive integrity tests are defined as yet.

Effect of Flow Rate on Thermal Performence

An attempt was made in runs 15 to 20 to establish the effect of flow
velocity on thermal performance. Higher flow rates should give higher overall
heat transfer coefficients, and indeed, those of runs 15-20 were 56 to 112
J/s m® °C (10 to 20 BIU/hr £t °F) higher than those of runs 2 to 4. This
variation may be due to measurement accuracy, however, so an exact correlation
between flow rate and heat transfer coefficient was not made.

2.4 CABIN P02 CONTROL

2.4.1 Objectives

The cgbin p02 control technique which was tested in FPhase I employed
a fixed hydrazine input rate during the portion of the control cycle where
nitrogen addition to the cabin was called for; when the cabin 1302 reached a
minimm set point, the hydrazine feed was shut off. The hydrazine feed rate
was set so that the 0, in the effluent 312/02 mixture from the electrolysis
module would not be driven below a set minimum. Because of this limitation,
on hydrazine input rate, the cabin pO2 was observed to overshoot the control
band during the long period of time (usually several hours) required to increase
the hydrazine concentration in the electrolyte su.f‘ficient]q(. to effect decrease
in p02.

Under steady-state conditioms, the control of cabin p02 achieved in
the model system with this technique would be a.ccepta.‘ble. A typical cycle of
cebin PO, at a set control band of 19.3 to 20.0 kn/m (2.8 to 2.9 psia.) takes
approximately 16 hours with an overshoot to approximately 2.4 kR/m (3.1 psia).
However, the control is sluggish and may be a limiting factor in the ability of
the system to respond to sudden changes in demand.

L1



The ebjective of this program task was to modify the control technique
80 that the hydrazine feed rate is increased to allow a fast ramp of the nitrogen
output with two additional set points which cycle the hydrazine feed off at mini-
mm effluent pO2 levels corresponding to the high and low current modes. This
type of control was expected to affect a faster decrease of cabin pO2 when required
and substantially reduce the overshoot.

2.4,2 Control Technique Description

The control légic; flow diagram is shown in F:Igure'lz. In operation, the
control proceeds as follows: An oxygen partial pressﬁre gsensor in the cabin 'sinﬁm-':
lator loop has an adjustable control band. When the cabin p02 reaches the low
limit of the band, hydrazine feed is commanded off and remains off until cabin
pO2 returns to the high limit of the band. At this point, a signal is sent to
the sensor monitoring the p02 in the anodic gas being supplied to the cabin from
the electrolysis cell stack. This block in the logic receives a signal fram the
current mode status, either high or low current. For each state, this p02
sensor has an adjustable low limit. Hydrazine feed is then commanded on or
off, depending on the current mode, PO, and the limit settings. The selection
of the limit settings is dependent upon the current density settings selected
for the system. As an example, in test 2 of the system testing, the Nzﬂu was
- shut off at an oxygen partial pressure of 23.9 kN/m (3.1&7 psia) .for the low
cwrrent density setting of 50 mA/cm 2 and at 62,.5 kN/m (9.06 psia) for the high
current density setting of 150 mA/cm o In Figures 17 and 18, the high and low
cycle switch over can be seen direct]y on the cabin pO2 curve, The point at
which the slope increases is one from low to high current. The change to a
lower slope ;s from high to low current. The results of the testing of this
0, control technique are presented and discussed in Secticn 2.5. -

2.5 - SYSTEM TESTING
2.5.1 Test Plan and Procedure _
The system test plan was established to meet the following objJectives:
(o} 'Checkmrt testing of the new p02 control circuit logic '
0 Detemination of the maximum hydrazine feed rate canpatible with
the controls .
o" Evaluation of the effect of cabin PO, control band on O, cycle time

k2
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o Optimizatipn of current levels to achleve a more responsive pO2
cycle :
Evaluation of system response to step changes in N2/02 demand
Parametric temperature and current evaluation
Identification of the chemical constit.ents of the generated
gases. o 4 | .

o Demonstration of -zero=-gravity operational_canponents

A complete description of the breadboérd sys{:em and the opera.ting
procedures is given in the Phase I report, NASA CR 114912, Modifications in
the system which were implemented to effect the new 0, control technique, and
to incorporate the zero-gravity bubble separator, are reflected in the updated
. schematic shown in Figure 13. _' Incorporation of the new cabin p02 control

technique, in which the hydrazine feed is set high to rapidly ramp the concen-
tration, necessitated the addition of a second reservoir (as a test expediency)
in the electrolyte loop to absorb the volume change due to hydrazine addition.
- In a full-scale system, the reservoir would be i)roperly sized to handle this
volume excursion. -

To allow .incorporation of the protc;ty:pe dynamic vortex bubble separa-
tor device in the system, the reservoir was moved fram the inlet to the discharge
'side of the electrolysis cell ‘stack; A vacuum pump and regulator were installed
on the vortex bubble separator gas dischérge line to maintain tbh. _...c3sary ga.s/
electrolyte differential pressure. In a full scale system, the reservoir
' pressure would be high enough to allow the bubble separato— gas to vent directly
at cabin ambient pressure. The vortex separé:bor was incialled in the system
- prior to the start of Test k.

The plastic sheel-and-tube heat exchanger vwhich was used in the system
in Phase I was replaced with the prototype contact heat exchanger before the
start of testing. '

Changes in the system reqdirements for Phase II of the program were
made at the direction of the NASA technical monitor. These changes required a
re-analysis of the breadboard 112/0‘2 system operating conditions and operating
ranges. Because of the addition of a maximm metabolic dxygen requirement and
the change from a 12-man to a 6-msn full-scale system (leakage allocation for

Il
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' the breadboard is now 1/6 rather than 1/12 of the total cabin leakage), the
existing 17-ce11 electro.‘lqrsis stack has, at its optimm cuwrrent density of
150 mA/cm » &n output capacity of 78 percent of the maximum one-man metabolic
and leakage load. A summary of the new requirements is given in Table 8.

2.5.2  System Test Swmmary

A sumary of the system <testing results is presented in Table 9.
Prior to the start of these tests, a preliminary checkout period was devoted
to calibration of sensors and flowmeters, setting of sensoi' control and limit
points, and a 2.5-hour operational test of the electrolysis cell stack.,

The objectives of the first system test were to determine the maxie
mm hydrazine feed rate possible with the new cabin p02 control technique and
the new cabin 1'.«02 control characteristics. Summary results showing cabin total
pressure and p0, control are given in Figure 1k,

In Test 2, the conditions of Test 1 were repeated except that the
cabin p02 control band was reduced in half in an effort to reduce p02 cycle
time. Summary results of this test are shown in Figure 15.

There were two objectives in Test 3; namely, to determine the effect
of increasing the low mode current and to determine the cabin atmosphere control
characteristics under varying metabolic and leakage loads. Results of this test
are shown in Figure 16. ' ' |

' Test 4 was conducted without the cabin simulator, with generated gases
being vented to ambie{nt. The obJectives of the test were to obtain steady~state
parametric data regarding operating temperature and current demsity, and to make
a comprehensive analysis of the chemical composition of the generated gases.
Detailed test results are discussed in Section 2.5.3.

The last test period, Test 5, was devoted to a long-term test of zero=-
gravity closed loop operation. Of primary interest was the performance of the
vortex bubble sepa.ratbr, its ability to operate automatically for long periods
of time, and its effectiveness in preventing electrolyte carryover during
start-stop operation. :
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2453 Test Results and Discussion

The test results are presented in this section in the form of simnary
test logs and performance plots. Analyses of the test results are presented in
the last part of the section. Detailed test logs are included in the Appendix.

2.5.3.1 Test Logs and Performence Data

Test l.~ The first test was run at the design point conditioms, i.e.,
normal metabolic and leakage loads, The test conditions are presented in
Table 10. The duration of the test was 68 hours. A summary test log is given
in Table 1l. '

The hydrazine feed rate was varied during the first 24 hours of the
test to determine the maximm allowable without driving the effluent pO2 below
13.3 kN/m (1.93 psi). This limit was arbitrarily set as the safe operating
minimm. From the performnce data shown in Figure 17, it can be seen that
the effluent pO was substantially undershooting the low mode limit of 23.9
kN/m (3.5 psi) This large an effect had not been anticipated, and it re-
sulted in 1imiting of the hydrazine feed rate to 2.33 cmS/min. This effect
is discussed in more detail in Section 2.5.3.2.

: For the conditions selected for Test 1, the cabin p02 control charac-
teristics were an average cycle time of 10.7 hours and an amplitude of approxi=-
mately 2.35 k:ﬂ/m2 (0.34 psi). This represents an improvement over the control
characteristics achieved in Phase I with the original control technique, however,
a direct com:arison {cannot be made because the leakage loads are different.

Test 2.~ The next test was conducted at the same conditions as Test 1,
except that the cabin p0, control band was reduced by a factor of two in an
effort to reduce the cabin p02 cycle time. The test was run for a total of
96 hours. As.shown in the performance plot, Figure 18, the average p0, cycle
time during the first five cycles was approximately 8.8 hours, as compared to
10.7 hours in Test i. An anomalous shift in pO2 cycle t‘i‘me after the first
five cycles was observed. ' As this was the last cycle of the test, there is
no indication that it represented a permanent shift in performance. A possible
explanstion would be an increase in the bleed rate from the tank. However, this
was not confirmed. A summary test log is given in Table .12.

52



Table 10

TEST 1 OPERATING CORDITIONS

Normal Metabolic and Leakage Loads

Low Current . 50 mA/cm®

High Current 150 mA/cm®

N, Makeup - 1050 e’ /min (.38 1v/asy)
Meta/Leak (Cabin gas) 1566 cmd /min (.597 1b/day)
KOH £low 500 cm>/min

N, flov 1.81 to 2.90 cmS/min

p02 Effluent Limits:

High 62.5 = 6540 kN/m2 (é.oé-g.ha psi)
Low 23.9 X/m° (3.47 psi)
Cabin p0, Control Bend 21,7-23.0 Wi/m®  (3.14-3.34 psi) -
Cabin B . . Control Band  99.3-99.9 KV/m>  (lbob=lk.5 psi)
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Table 11

TEST 1 TIME/EVERT 10G

Elapsed Time _
(BEr.) Events/Action Comments
6.0 Adjusted high mode currents. Currents had been drifting upward.
. Test equipment characteristic.
Te5 Recharged N2Hl+ tank;consumption Procedure.
363 g. |
2.0 Changed N flowmeter re To determine effect of high
from 8.0 £0°10.0 (scale units).  flow rate.
21.0 Changed NZE flowmeter reading Flow reading of 10 too high;
from 10.0°t6 8.0. effluent p02 undershooting
in low mode. '
2345 Changed N H, flowmeter reading Continuing flow rate investi-
from 8.0 9.0. gation. :
24.0 Recharged NaHl+ tank; consump= Procedure.
tion 639 g. |
29.0 Changed high mode pO effluegt For test evaluation.
limit from 65.2 to 62.5 kiN/m |
(9.45 to 9.05 psi).
33.5 Recharged Neﬂh tank; consump- Procedure.
| tion 320 g. |
38.5 Low P_. set point adjusted Drift in set point had been
to nomf.' : observed.
43.7 Analyzed electrolyte sample; Procedure.
Nzﬂu at 2.51M. S ;
iy 5 Recharged Nzﬂu tank; consump= Procedure.
tion 1&30 ge
y7.3 “Analyzed electrolyte sample; Procedure.
NZHM at 0.94M,
55.0 Recharged Nzﬂh tank; consump- Procedure.
59.0 Adjusted high mode currents. Currents had been drifting
- upwards.
64.0 Analyzed electrolyte sample; Procedure.
N?_Hn at 2.M.
64.5 Drained N Hla. tank; consump- Procedure.
ticn 378 &. |
67.6 Deactivated NH, feed. Insufficient time remaining in
test to complete another cycle.
67.7 " Analyzed electrolyte sample; . Procedure.

NZHII- at O .7&4.
54



BE
1

|

TTTITITT TUTITTn

15

<

Cé Lu\

1 r~
|
i
|

o)
o O
Qo
= moff

(/1)
P
(e1sd)

Time (hrs)

Fig. 17a Test 1 Performance Plot



|
u

on
£

26 |

3.

56

Time (hrs)

Fig. 1Tb Test 1 Performance Plot



—-

{

L5

Lo

35

57

(— ‘
8 a8 & § 8 g 8 3 & °
o0g (u/1et) - (/)
By & W ¥ o[ o n
M o o~ ~ ‘
(e¥sd) (eysd)

Time (hrs)

Fig. 17c Test 1 Performance Plot



Time (hrs)

Fig. 17d Test 1 Performance Plot



29

Time (hrs)

. Fig. 1Te Test 1 Performance Plot



Time (hrs)

Fig. 18a Test 2 Performance Plot



25

Time (hrs)

Fig. 18b Test 2 Performance Plot



il

g 88 § 8 °
_ (Zm/m{)
O

(e1sd)

45

%0
Time (hrs)

35

Fig. 18¢c Test 2 Performance Plot



90TJ 9oWEWIOFISg 2 389L PQT *STd

(sxq) aurg
119

05

I

(g %%@ \,m

3 O.ﬁ

(etsd)

(evsd)

63



26 ,

100 |

3.7

157

70

Time (hrs)

Fig. 18e Test 2 Performance Plot



95

90

Time (hrs)

Fig. 18f Test 2 Performance Plot



Table 12
TEST 2 TIME/EVENT LOG

Elapsed Time
Hre) Events/Acticn Comments
Te5 Recharged N H) tank; consumption 348 g. Procedure.
13.7 Adjusted low currents. Slight drift upward had
) been noted.
17.0 Recharged N_H, tank; consumption 348 8o Procedure.
26.0 Recharged Nzﬂh tank; consumption 288 g. Procedure.
35.2 Recharged NH) tank; consumption 378 g. Procedure,
2945 N floats freed by increasing setting Flometer floats had became
to fto.o for a short period. stuck together making
) reading impossible.
44,0 Recharged NH, tenk; consumption 341 ge. Procedure.
57.0 Recharged NH, tank; consumption 469 ge - Procedure.
57T Noted much higher gassing rate in Observation =« no
electrolytee. explanation.
57.8 Adjusted high currents. Slight decrease had been
noted.,
58.8 Analyzed electrolyte sample; NZH,* at Procedure.
l.]M. . ’
64,2 Analyzed electrolyte sample; Nznu at Procedure.
2.21M. |
69.0 Recharged N2Hl|. tank; consumption 479 ge. Procedure.
Tl.2 Slight adjustment of cabin 1:02 high limit Some drift in settings had
and effluent pO2 high 1imit. been noted.
T8.2 Recharged NZHh tank; consumption 339 ge. Procedure.
81.7 Analyzed e]actrblv‘be sample; BIZH‘+ at Procedure.
O.TMe
864k Analyzed electrolyte sample; N.H, at Procedure.
2.44M, .
91.3 Increased Neﬂl‘_ flow to 9.4 reading. p0,, decrease noted to be
vegy sluggish,
96.0 Drained N H, tank; consumption 671 ge. Procedure.



Test 3.~ This test was conducted for a period of 92 hours. Changes
in the test conditions from the previous tests are reflected in Table 13. The
low mode current was increased from 50 to TO mA/cma. A corresponding change in
the pO2 effluent limit was also made. The test log is given in Table 14, and
the performance plot in Figure 19.

For the first three cabin p02 cycles, the normal metabolic and leakage
loads were used so that the ;pO2 control characteristics at a low mode of TO mA/cm2
could be compared with Test 2 at 50 mA/cm®. As shown in Figure 19, this increase
in low mode resulted in a decrease in p02 cycle time from 8.8 hours in Test 2
to 6.0 hours in Test 3.

Three other cases of metabolic and leskage loads were run in the -
remainder of the test with each change in conditions made as a step functionm.
Two cabin pO cycles were completed for each case. The performance plot, .
Figure 19, Shows that both cabin P and pO2 were in control throughout

total
the test. Cabin Pt otal Vo8 completely unaffected by changes in load except
for the expected variation in time in high current mode. Both the amplitude
and cycle time of cabin pO2 varied with load, with the best response being

achieved as expected at the design point normal conditions.

During the normal metabolic and minimumm leakage condition, the low
leakage rate results in a slow recovery in p02. These two cycles show long
recovery times from the turnaround in pO2 at 28.5 hours and 38 hours. The
second cycle is somewhat longer than the fi_rst. A review of the data showed
no apparent explanation. Possibly, small variations outside the normal
control band have a la.rge‘ effect on this condition.

Test 4.- This test was conducted for 92 hours in the manusl mode
without the cabin and metabolic/leakege simulator for the purpose of obtaining
steady~state parametric dats regarding operating temperature and current density,
and to make g comprehensive ana]&sis of the chemical composition of the generated
gases. The vortex bubble separator was installed for this test, and the gas
removed from the electrolyte by this device from the electrolyte by this device

vas 8lso analyzed.
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Table 13
TEST 3 OPERATING CONDITIONS

Variable Metabolic and Leaksge Loads

Low Current | 70 mA/cn®
High Current 150 mA/cn®
N,, Makeup 1050 to 1690 cm/min.
Meta/leak (Cabin gas) 1566 to 2350 cmd/min.
KOH Flow . 500 cm3/min.
NH, Flow 2.33 0 3.52 cmd/min.
pO2 Effluent Limits

High 5342 ki/n®

Low | 26.6 XN/m°
Cabin PO, Cantrol Band  21.0 to 22.0 kN/m"
Cabin By . . Cantrol Band 99.3 o 99.9 WN/m®
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(4386 = .62 1b/day)

- (597 = &9 1b/day)

(7.72 psia)
(3.84 psia)
(3.04 = 3.19 psia)
(144 - 14.5 psia)



Table 14

Test 3 Time/Events Log

(hr.) Events/Action Comments
0.2 Closed manual N2 purge valvee. Noted N2 solenoids leaking.
0.6 Water feed not working.
1.0 Shut down and replaced I.C. chip Failure caused by rroblem with
in water feed circuit. power supply prior to test start.
549 Increased N flowmeter reading Low p0, 1imit not being reached.
from 9.0 t0710.0 scale units. Furthe? increase in N H, flow
- possible,
7.0 Recharged Na}lu tank; consumption Procedure.
‘400 e
15.0 Recharged Nznh tank; consumption Procedure.
284 e
17.6 Increased N.H) flowmeter reading Low p0, limit not being reached.
' to 11.0.
20.5 ' Recharged I\IE,H,\t tank; consumption Procedure.
263 8o .
2h.2 Chenged Meta flowmeter to 13.0; Procedure; step change from normal
I‘I2 makeup to 10.0. metabolic and leakage to normal
: metabolic; min. leakages.
T 26.1 Recharged N, tank; consumption Procedure.
221 e s
36.5 Recharged WA, tenk; ccnsmn;ptian Procedure.
k2,7 System stayed in low mode 70 min Cause not determined.
Normal is 45 minutes. ‘ v
k5,0 Changed Meta flowmeter to 17.0, Procedure; step change from normal
: N2 makeup to 12.8. metabolic, min. leakage to max.
metabolic, normal leakage.
41.1 Rechurged NH, tenk; consumpbion Procedure.
219 g.
S5heT Recharged N B, tenk; consumption Procedure.
‘ 228 g. .
61.1 Recharged NH) tenk; consumption Procedure.
2?7 g ) :
64,0 ma.keup flometer reading too N, supply cylinder pressure
5 13.5; adjusted to 12.8. - h84 changed.
66,2 Changed Meta flowvmeter to 16.0; Procedure; step change from max
N2 makeup umchangede metebolic, normal leakage to max
’ metabolic, minimum leakage.
69.0 geégha.rged N_H, tank; consumption Procedure.
90.0 Drained N2H4 tank, conswnption Procedure.

252 g.
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The following matrix of températunes and current densitlies was used
in the testing with same duplicate runs made as indicated to determine data
scatter.

Tenperature Current Density (mA/ cm?)
C 50 100
oL 2 1 2
29 1 1 1l
33 1 2 1

At each set of caonditions, an initial charge of hydrazine was added to the
electrolyte to bring thé- hydrazine to approximately 2-3 molar. Electrolyte
samples were then analyzed at 1-2 hour intervals, to determine the hydrazine
decay rate. p02 in the anodic effluent was continuously monitored with a
stripchart readout. The raw data on the hydrazine decay rate are shown in
Figure 20 and indicate the high precision that was typical throughout the
test. These data are an excellent confirmation of the first order reaction
mechaniem of the hydrazine, l.e., confirming that the reaction rate is -g-g =
cm where m is the reaction rate constant.

Similar results were obtained with the pO2 monitor on the anodie
effluent gas as shown in the raw date sampling in Figure 21 (plotted as Ppe
PO, = pNa) . Again, excellent correlation was observed. Cross-plots were
m.deofCNQHhandeaforallthe runs and are shown in Figure 22, The
current density effect indicated in these results appears reasonable; however,
the temperature effect appears anomolous. The raw data showed almost no
scatter (as indicated in Figures 20 and 21), and the results were reproducible
in the duplicate runs that were made. In carefully reviewing the test condl-
tions, the only difference which was found between individual runs was the
manner in which hydrazine was added to the system. In all runs except the
24°¢/50 mA/cm®, 24°C/150 mA/cm?, and 33°C/150 mA/cm®, the hydrazine charge
was added to the upper reservoir and mixed within 20 minutes. In the 24°C/
50 mA/cm> and 24°C/150 mA/cm® runs, the hydrazine was introduced imto the KOH
inlet line to the module over a period of 1-2 hours. In the 33 c/1so mA/cm
run, hydrazine was added to the upper reservoir but in small increments over
a period of an hour.

16



f 383 ~ 938y UOTJOBSY SUTZBIPAY BOZ °JTJ

(sayq) ey
of Ge 0e st ot S
x
Ng\gn 0s. . .. N§\<E 0S -
DHE x D2
[0} X pus
<
x
0T ., ot
[o] o
o]
o -
5 .
© o L
° ° o
UOT3BIFUSOUOD vmmz =+ 4. . . . —0°0T. - COT
uoTyBIUSOUCd O epTs °f = X (4FITT/TON) WOTIBI}USOUOH THEN w.lllnllul H
UOT3BIFUSOUOD Sy opts %0 =0 S (%) co.ﬁpmhpqmoqoo. N



(penutquo))
H 9891, - 938y UOTIOBSY SUTZBIPAH qO2 °BTd

(sxq) aurpy,
09 . 56 05 &h o4 . ¢€
" _ — . . . —]T°0 0T
wo /Yy 05 . wo /ym 06T . wo fyw 00T
2 2 2 “
o otE OoEE 0,€€
—
70T | Ot

0°0T - 00T

- U0T}BIJUWB0U0D Qmmz =4

UOT3BIFUSOUOD Nz epTs Nm,ux : (4IIIT/TON)  UOTIBIIUSOUOY ¢mmz||||.u.l H

Z.
UOT3BI3USOUCD Oy 8pTs S =O (%) UoT3BI3uLOU0) N

78



(venurquoy)
f 389 = 998y UOTIOBSY JUTZRIPAH °02 *3TJ

(sxq) awrg
06 ) 0| L oL 9

i e i 3 b J

wo/ym 00T

m“.M\MM ot %9,6°62 maoom s =/ 0, £ *|

+

|

Lit g

‘ TO0T3BIIUSOUOD Qmwz =4 . . . . | . : 00T - 00T
qqﬂpcnpsoocoomz%ﬁmmm.u.x Ammqu\Aozvqoﬂw.quocoo @mmz|“_| I—I

UOT38I3UBOUOD Nz epTs No =0 : (%) no..npmhpqmosoo. N

79



10---

SR

| U
| i-
wa
}
i
i
t
1 A .
1
il i ¢
—
BERE NN ;
NN _
1. ! i i
: i Yt

i )
L (5. I ERN
AR R ﬂhﬁ
o [
[ - B .
- P i
.

Anodic Gas Composition, Test 4

Figure 21



BYEQ SBDH OTPOUY DUB suTzeIpAH JO A0TJI-SSOID

]

2.

g2 aam3TJ

10w

g B il R O D R 2.

7
G

STHH VT

d

81



If the three runs in which the hydrazine wa.s fed over & period of
time are disregarded, a trend is observed which shows increased decomposition
with temperature. This would be anticipated from the increased kinetics of
decamposition with increasing temperature. However, as ﬂa should vary with
hydrazine concentration and not with history of feed into the system, it is
difficult to rationalize dismissal of this data. In summary, there is not
enough data, consistently taken, to draw any definite conclusions. |

Cansidering next the chemical composition of the generated gases,
comprehensive analysis techniques .including gas chranatopa:hy, infrared, and
mass spectrametry, were used to establish the levels of trace contaminants in
the generated gases and also in the bubble separator discharge. A summary of
‘the results is shown in Table 15. Considering first the hydrogen product gas
stream, high oxygen levels in some samples show corresponding high argon
levels (indicating room air contamination of these samples) and should be
discounted. Trace amounts of NO, (<20 ppm), RH, (20-30 ppm), and KH,
derivatives (< 20 ppm) were detected. :

In the 1«2/02 gas stream, NO, (<20 ppm), N0 (20-30 ppm), NH,
(30=40 ppm) Naﬂh derivatives (<20 ppm) and CO (9-10 ppm) were detected.
The source of the CO is residual organic material in the cammercial electrodes.
N20 was detected on the mass spectrometer but was not confirmed on the gas
chromatograph.

In this test, the vortex bubble separator was used to separate gas
from the electrolyte. The gas was withdrawn under a slight vacuum which made
sampling difficult. In the samples which showed the least amount of entrained
air, as indicated by the argon levels, the following constituents were found:
0, (20%); N, ¢~78%); NO, (<20 ppm); CO (1 ppm); CH, (0.8 ppm), and N H,
derivatives (<20 ppm). No NH; or K, was detected.

These chemical snalysis results are further discussed in Section
2050302.
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Test 5.- This test waé canducted for the specific purpose of evalua-
ting the long-term performance capability of the prototype vortex bubble
separator. After 92 hours of successful operation of the device in Test 4,
it was operated for a total of 811 hours in Test 5. Test 5 data was entirely
observational. A complete log of observations is presented in the Appendix.

The first 175 hours of operating time were logged on a normal day
shift basis. This resulted in 22 start/stop operations and allowed the gas
discharge tube inside the device to stand in contact with ‘Ehe system electro=-
lyte for long periods of time, on nights and weekends. The transparent gas
discharge tube was visually inspected daily for evidence of electrolyte carry-
over, Over the one-month period of on/off operation, one small drop (less than
1 emd) of 1iquid collected in the gas discharge line. For use in & full-scale
system, the device would need to have a momentary back purge on startup to pre-
vent even such a small amount of liquid carryover. ' '

For the last 636 hours of Test 5, the second reservoir (required for
operation with hydrazine) was removed and the primary reservoir was sealed.
This modification resulted in a campletely closed electrolyte loop as would
be required in a full-scale flight system. Operation was continuous with no
interruptions during the final 636 hours of testing. A once-a-day check was
made to assure that the system was operating properly. Ko problems occurred
with the vortex bubble separator throughout the test. Its performance capa=
bility was demonstrated by a cumulative total of 903 hours of successful
operatioxi.-

2e5.342 _ Data Analysis and Discussion

O, Effluent - It was determined in Test 1 that a maximm allowable
hydrazine feed rate existed for a given high and low current due to the transient
effects occurring in the p0, of the generated N2/02 gas mixture when the current
switched between high and low. It can be seen In Figure 17 that a transient

effect was present in switching current in either direction, high to low, or
low to high. '



A diffusion model can be used to explain the transient effects. This
model is demonstrated graphically in Figure 23. The model assumes two shapes
of the equilibrium hydrazine concentration gradient across the hydrophilic
matrix separating the anode fram the bulk liquid electrolyte in the center of
the cell. The shape of the equilibrium gradient depends on whether the current
mode is high or low as shown in (a) and (b). This assumption appears reascnable
in view of the large difference in the dilution effect of water production and
hydroxyl ion consumption for the two cases. When the current 1s suddenly switched
from one mode to the other, the gradient must shift to the new equilibrium condi-
tion. As shown in (c), this non-steady state transient results in net excess
hydrazine (shown as cross-hatched area) in the case of changing fram high to
low current; conversely, this area represents a net deficiency in the case of
changing from low to high current.

A net excess hydrazine when switching from high to low current would
cause the undershoot of the equilibrium effluent p0, as shown in (d). Likewise,
the net deficiency of hydrazine in switching from low to high current would
cause an overshoot .of the equilibrium high mode value.

Transients in the effluent p02 responsé to step changes in current
were not recognized as such in previous testing in Phase I because the test
conditions did not allow equilibrium to be attained in low current mode. The
identification in this test program of the existence of the low mode transient
is particularly significant. The ability to accurately predict the value of
the undershoot will be essential In the scale-up of the process to & full-scale
system. It will be necessary to be able to predict the minimm effluent pO2
for a given 1:02 low 1limit so that crosse-over into the region of hydrogen pro-
duction does not occur. The model presented above is a very simple one and it
is recognized that a more complete quantification of the complex processes
occurring in the cells wlll be a necessary step in the continuing development
of the process.

0, Control Characteristics _

It was found that the new pO2 control technique, which modulates the
hydrazine feed at high and low mode pO2 effluent limits, improved the pO2
control by increasing its respomnsiveness. The improvement in 1:02 cycle time
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which vas achieved by decreasing the control dead band (Tests 1 and 2) indi-
cates that an even more sophisticated control technique, possibly proportional
or rate control, might ultimately be considered for this system.

It was demonstrated in Tests 2 and 3 that increasing the low mode
current improved the p02 control by reducing the cycle time. If there were
no other constraints or requirements on the system, it is obvious that the
optimm po‘,'3 control would occur with constant current opez_-a.t:lon. A manned
spacecraft, however, can realistically be expected to have a wide range of
metabolic and leakage loads. The N,/0, system mst therefore be versatile
enough to meet the varying demand by having more than a single cwurrent mode.
It appears that a reascnable compromise of the conflicting requirements to
optimize p02 control yet still control the total mressure of the cabin would
be to set the low mode current as high as possible, i.e., to provide far
minimm metabolic and leakage load, and to set the high mode current at the
lowest possible value, l.e., to provide for maximm metabolic and normal
leakage. The case of maximum leakage would then be handled by turning on
an installed spare module. This approach would allow the high and low mode
currents to be set reasomnably close together to 'achieve good :902 control and
would still allow the maximum demand conditions to be met.

The four cases of metabolic and leakage loads which were run in
Test 3 were a good demonstration of the ability of the 112/02 system to
respond to step changes in demsnd without control upset. The p02 control
characteristics for each case are presented in Figure 24. These data show
that as expected, the shortest cycle time and smallest amplitude of 0,
occurred at the normal design point conditioms. The worst response occurred
at the conditions of Case IV, where there was a minimm percentage requirement
for nitrogen. Here, the high Nzﬂh feed rate resulted in a large undershoot
of the po2 control band.

Trace Gas Ccntaminanfs

Undesirable trace constituents were found in the gases generated by
the system in sufficient quantities to require attemtion. The chemical analysis
results of Test 4 are sumarized in Table 16 and are cansidered individually
below.
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Carbon monoxide, detected in the N 0 efﬂnmrbandthebubble
separator effluent, was produced by the slow oxida.tion of residual organic
materials in the commercial electrodes used in the cell stack. This would
not be a problem in a spacecraft system because the experimental electrodes
being developed as part of this program do not produce CO. .

Methane, detected at an extremely low level in the bubble separator.
g€as, would not require special control because of the very low level and the
very low gas production rate. It is also very possible, because of the
difficulty of obtaining clean gas samples from a reduced pressure point,
that the analysis was not correct.

Nitrogen dioxide was indicated by the analyses to be present at
all three sample locations. The analysis techniqué used was not very sensi=~
tive for NO the presence of NO should be verified in the future by chemi
lmn:l.nescez;ce. If, indeed, NO2 :ls being produced by the system, processing
of the N2/02 by wet charcoal or a basic sorbent would be necessary in a space=-
craft application.

Nitrous oxide was detected in the N2/02 gas by mass spectrometer
analysis but was not confirmed by gas chromatography. Its actual presence
is questionable, but if present, would require processing with wet charcosal

in a spacecraft application.

Ammonia was detected at levels well above the limits of detectability
in both the mz/o2 and the hydrogen geses. Acid charcoal of sorbeads could be
used in a spacecraft application to remove the NH3 from the 112/02 gas.

‘Hydrazine derivatives were detected in all sample locations. The
15l2/02 would require Drocessing by catalytic oxidation to remove this undesirable
constituent.

Based on availsble information concerning trace contaminant control
in a manned spacecrarts, it appears entirely feasible to process the 112/02
gas directly in the spacecraft contaminant control system without imposing
an appreciable excess load on this systeme. This appraach would permit
handling of the contaminants at their source (highest concentration) rather
than having to process them after dilution to lower concentration in the

spacecraf't cabin atmosphere.
90



Neither the hydrogen nor the bubble separator gas would require
treatment. The hydrogen would be used in a 002 reduction system where the
low levels of contaminants would not be expected to interfere. The gas

Production rate in the bubble separator is low enough not to cause a problem
if this gas is dumped directly to the cabin.
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2.6 PROTOTYPE DESIGN
2.6.1 Requirements _
Thepm'poseofthistaskwastodeﬁnethedesignofaprdbotypemit
consisting of a replaceable electrolysis module incorporating the modunlarity con-
cept of the rreliminary design effort previcusly performed in Phase I of the con-
tract. The results of an analysis effort umder a separate oxygen-only program7
form the basis for this task. The detalled cmpo:nént drawings and specifications
for the N2/02 system were submitted as a separate item under this contract. This
section of the final report covers the additional amalyses that were conducted to
expand the O -only design to an N,/O, design and briefly describes the functianal
components of the N2/02 assenbly.

2.6.2 System Analysis
The N /0 system is based an the Space Station Prototype (ssp) 0,, system

design, with changes only as required to allow the generation of nitrogen and to
account for specific mission variations. The basic differences, therefore, lie in
the areas of a revised system design point, a revised heat exchanger analysis, and
an increase in system electrolyte volume and AP due to the new reservoir design
and other minor changes. '

2.6.2.1 System Design Point

The system is designed for SSP cabin leakage and metabolic consumption
rates. Each module is designed for operation at a maximm current demsity of
150 mA/cn® end, therefore, 4 modules with 22 cells per module are required for a
6-man system at the maximm values of metabolic and leak rates. At lesser values,
fewer modules are required.

A désign point summary of input and output parameters is presented in
Table 17. Operation is based on the maximm current density of 150 mA/cm> end a
N_H, conversion efficiency of 100%. According to Figure C-6, IMSC/A9TT498, this
requires a cell voltage of 2.2 volts. Total input power is 1195 watts with a
controller efficiency of 92% and the total heat rejected i1s 489 watts. It is
assumed that only heat generated in the cell stack i1s rejected through the
electrolyte loop, as there is some convective cooling and the cell comtroller
has a separate heat sink.

92



OUTHUT -

0, = (5.10 1v/dmy)
N, - (2.16 1b/dsy)
eq 0, = (7.55 1b/asy)
- B, = (0.95 1v/day)
INFUT -
B0 « (5.72 1b/day)
N A~ (2.46 1b/day
OPERATING PARAMETERS:
Current Density
Cell Voltage (Total)
‘ nznu Conversion Eff,

POWER INPUT:

%

Table 17

MAXIMIM POWER DESIGN POINT

(1 MODULE)

232 kg/day
0.98 kg/day
3.43 kg/aay
0.43 kg/any

2,60 kg/day
112 kg/day

150 mA/cn®
2.2 volts
100%

Cell Controller (92% Eff.) 1140 watts

Punp
Other

35 watts
2 watts

Total 1195 watis

Q REJECTED:
Cell Stack
Cell Controller
Pump
Valves, etc.

3 vatts
90 watts
35 watts
0 wgtts

Total L8O watts -

23

Equivalent to H.0 (k.34 1b/day) 1.97 ke/dsy
NE, B0 (3.84 1b/day)1.75 ©



2.64242 Revised Heat Exchanger Analysis

SSP requirements for the 0 system specify a KOH inlet and water
inlet temperature of 32.6 and 18.3°C (90.8 and 65°F) respectively. Also, the
KOH and water flow rates are respectively 12 and 9.4 &mu/s.

The test heat exchanger had an a;verege of 670 J’/s ¢ (118 BTU/nr
£t° OF) (See Section 2.3) and an area of 0.068 o (0.737 £t ). Thus, for the
assumed electrolyte loop heat rejection of 3uk watts, a 7.4°C (13.4°F) IMID is
required versus the 5°C (9°F) available for the SSP case. The water inlet
temperature or flow rate must, therefore, be slightly modified to allow Proper
system operation. The easiest solution would be to lower the inlet water
temperature 2.8°C (5°F) and keep the specified low rate.

2.642.3 System Electrolyte Volume AP
Due to the revised reservoir design and other minor changes, accurate

electrolyte volume and AP analyses were run. The results of these analyses are
summarized in Tables 18 and 19. The bubble separator pump Iroduces k. kN/m
(5 psi1) AP at the required flow rate, and therefore, can easily supply the re-
quired pressure of 27.9 KV/u> (4,05 psi).

2.6.3 De'bailed. Design
2.643.1 General Description of Prcbotype Unit :

‘ As shown in Fig. 25 and schematically in Fig. 26, an n2/o electrolysis
module consists of a cell stack, electrolyte reservoir, pump/bubble separator,
electrolyte heat exchanger, base plate assenmbly, and supporting valves, plumbing,
and instrumentation. The detalled drawings which were procuced for these compo-
nents and their speciﬁcafions are listed in Table 20. All cmnponents except
the heat exchanger are mowunted on one side of the base plate assembly, which
serves as the primary mounting structure for the wnit. The heat exchanger
and quick discomnect electrical and plumbing connections are on the opposite
side of the base plate and form the sole interface with the system cabinet.

All input, output, and control functions are through this interface.

ok



Table 18
SYSTEM AP SUMMARY

Cell stack 7.92 K/m> (1.5 pei)
H_ 1.38 B/o®  (0.20 pei)
Reservoir 0.69 kN/m2 (0.10 psi)
Valves 9.92 K¥/m®  (L.uk psi)
Pipe, passages, etc. T.92 lﬂ/m2 (1.15 psi)
. Total 27.83 W/w® (4,05 psi)

Table 19

SYSTEM VOLUME SUMMARY

Reservoir 23.0 cm3 (1.40 in3)
Cell Stack 1100.0 ecm3  (67.00 ind)
P Regulator 27 (0.2 1nd)
Cell Stack Header 3 5
and Tube 0.8 cm ( 0.05 in”)
Base Flate 4942 cmd ( 3.00 1)
Heat Exchanger 60.7 cm ( 3.70 in3)
Pump/Bubble Sep. 88.5 cmd ( 5.40 1n3)
3-Way Solenoid Valve 1k.7 cm> ( 0.90 1n3)
Check Valves 2.7 cm’ ( 0.12 1n3)

Total  1342.3 cmd  (82.64 ind)
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Table 20
PROTOTYPE UNIT DRAWING LIST

PROCESS
ENG INEERING SPECIFICATIONS
BEH 20001 Schematic - N /o2
Generatlion Module
BEH 20006 Template - Base
Plate Passages
BEH 20007 Base Plate Assy. : MS 336u46
Gas Electrolysis Cell LAC-3601
BEH 20008 Spacer - Gas
Electrolysis Cell
BEH 20009 Closure, Bottom, Base LAC-3601
Plate, Gas Electrolysis Cell
BEH 20010 Spacer, Electrolyte-
Electrolysis Cell
BEH 20011 Main Body, Base Plate _ LAC-3601
Gas Electrolysis Cell
BEH 20012 Spacers, Base Plate, ' MS 33646
Gas Electrolysis Cell LAC-3601
BEH 20013 Screen Assembly, Matrix Support-
* Electrolyte Spacer
BEH 20014 ~ Spacer Assy., Electrolyte-
Electrolysis Cell
BEH 20015 Frame, Electrode
Gas Electrolysis Cell
BEH 20016 Screen, Catalyst Support Electrode
Gas Electrolysis Cell
BEH 20017 Electrode Support Screen
: Gas Electrolysis Cell -
BEH 20018 Electrode Assembly
N2/02 Electrolysis Cell
BEH 20020 Reservoir Assy. : LAC-36gl
Ca
1\12/02 | LAC-0581
BEH 20021 Base LAC-3601
Reservoir
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Table 20 (Continued)

DRAWING LIST
(Continued)
PROCESS
ENGINEERING SPECIFICATIONS
BEH 20022 Housing
Reservoir LAC-3601
BEH 20023 Support Assy., Transducer DS 8988
Reservoir LAC-3853
LAC-3601
BEHR 20024 Cage Assy. AND 10050-4
Reservolir LAC-3853
TAC-3601
BEH 20025 Adjuster Detalls LAC-~3601
Reservoir
BEH 20026 Piston LAC-3601 -
Reservoir
BEH 20027 Cap, Piston LAC-3601
Reservoir
BER 20028 Clamp, Transducer LAC-3601
Reservoir
BEH 20029 Support, Piston LAC-3601
Reservoir
BEH 20030 Spring,
Reservoir
BEH 20031 Bushing Support LAC~3601
Reservoir
CONTROL
2-113 Pump/Bubble Separator
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Operationally, the unit consists of the electi'ohte circuit, the
nitrogen circuit, the gas supply, the water feed, and instrumentation.

Electrolyte Circuit - The electrolyte is completely sealed within
the unit and circulates through all major components. Water and hydrazine
enter at the reservoir, which accommodates changes in electfo]yte volume
and also controls the water and hydrazine feed rates. Water and hydrazine
feed modes are separate, and are selected by the control system. During
the water feed mode, as water 1s consumed, the system vater volume decreases

and sensors in the reservoir activate the water feed solenoid valve. When
the volume 1s restored, the water feed is terminated. In the hydrazine feed
mode, the water feed solenoid is deactivated and the reservoir sensor con-
trols hydrazine feed. The water and hydrazine feed systems are introduced
into the reservoir to assure complete mixing with the potassium hydroxide
electrolyte before passing into the cell stack. The location of the reservoir
jmmediately upstream of the cell stack is considered optimum, as this location
presents the minimum potential for free gas accumulation and the reservoir
éerves to dampen potentisl electrolyte pressure pulses within the cell stack.
In addition, this location provides for close pressure control close to the
cell stack which is desirable for setting of gas/liquid pressure differences
and the absolute pressure levels.

The electrolyte flows from the reservoir into the cell stack where
it provides water for the electrolysis process and cooling of the stack. In
the cell stack, the liquid volume is reduced as water 1s consumed, causing
some gas which entered the system dissolved in the feed water, to come out of
solution. The cell stack is designed to assure that the free gas formed is
separated from the stack by the circulating electrolyte.

The electrolyte containing the free gas then passes into the bubble
separator and into the pump. The bubble separator and pump are combined in a
single housing and are driven by a common motor. This is a new design for the
prototype system. The liquid and gas mixture first enters the cylindrical
chamber where a rotatiné blade creates a vortéx. The liquid collects on the
outer wall of the chamber where it is directed to the centrifugal circulating
pump impeller. The gas separates from the liquid and collects in the center
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of the vortex where it is removed by a gas pick up probe. Gas removal is
controlled by a sensor which controls the liquid level in the vortex chamber.

The electrolyte leaving the pump is\ at its highest temperature
having picked up heat in the cell stack and in the pump/bubble separator. The
liquid then paesses through a temperature control valve which either selects
a route through the heat exchanger or through a bypass line and back to the
reservoir, as determined by temperature sensors at the cell stack inlet.
The heat exchanger is of nickel construction and is coated with Kynar. The
heat exchanger transfers heat to a cold plate by direct conduction through
a mechanica.l interface. Contact is assured by bolting the heat exchanger
and cold plate together. All portidons of the circulating electrolyte are
either plastic, Kynar coated, or elastomers toassure that no bi-polar elec~
trodes are developed that would produce gas in the electx_'o]yte circuit.

Nitrogen Circuit - The pressure level of the electrolysis system
is controlled by the nitrogen pressurization system. Differential pressure
regu.lators set the nitrogen pressure on the back side of the reservoir bello-
frem. A spring in the reservoir which is adjusted to a minus 13.8 kN/m (2 psi)
assures that the liquid pressure will always be less than gas pressure when
the module is inactive. This 13.8 KN/m> (2 psi) differential will allow
adequate gaspressure for nitrogen purge to inert the modules on shutdown. The
absolute pressure of the electrolyte will be 103 ki?/m2 (15 psig) to prevent
possible condensation of water from the effluent oxygen and hydrogen streams
under all operating conditions. The nitrogen also serves two other functions.
During normal shutdown of the electrolysis system, nitrogen pressurization
solenoid valves at the inlet to the hydrogen and oxygen sides of the module are
open and the hydrogen and oxygen shut-off valves at the outlet are closed. The
nitrogen then feeds slowly into the cell stack to prevent pressure decay as
the hydrogen and oxygen are slowly consumed by fuel cell effects in the absence
of electrolysis power. A pressure decay could result in flooding. A second
nitrogen use is the inerting of the modules during total shutdown and change of
a module. In this case, the nitrogen purge and shut-off valves will both be
open and hydrogen and oxygen will be purged from the stack by flowing nitrogen.
For a predetermined time interval, the module shut-off valves are then closed
off and the module is inerted.
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Gas Supply - During electrolysis operation, oxygen, nitrogen, and
hydrogen are generated in the cell stack. In order to prevent flooding, the-
gas pressure in the stack must be greater than the electrolyte pressure. Thus,
differential pressure regulators are provided which back pressure the effluent
gases in the module to a level of 2.9 KN/m® (10 in. vater) over an electrolyte
pressure reference. Gases passing through the regulators then pass out of the
module through shut-off valves.

Water Feed - When the reservoir volume semsor registers low volume,
a water feed valve is actuated which restores the electrolyte volume. Back
flow of electrolyte is prevented by a check valve in the water feed line.

2.6.3.2 Component Descriptions

Cell Stack - The cell s_ta,ck design was not modified extensively in
this program effort (Ref. 7). One variation from the basic 0, only design was
that the composition of the electrodes was changed to reflect the design per-
formince improvements indicated in Sections 2.1 and 2.2 of this report. These
design changes included the use of the reduced-catalyst cathodes and the iridiume
additive experimental anodes. In addition, a high bubble point hydrophilic -
membrane with an in-situ deposited asbestos matrix combination was substituted
for the discrete asbestos sheets used in the previous design to improve the
resistance of the cells to gas breakthrough at high gas/liquid differential
pressures.

Reservolr -~ The electrolyte reservoir is provided to accommodate small
changes in electrolyte volume due to normal pressure and temperature fluctuations,
to provide mixing of the electrolyte and water during a water feed cycle, to
compensate for changes in the electrolyte volume due to the consumption of water
or hydrazine in the electrolysis process, and to allow the addition of relatively
large amounts of hydrazine to the electrolyte when N2 generation is desired. In
addition, the reservoir controls both water and hydrazine feed, controls the

system electrolyte pressure, and provides system safety signals.
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The unit consists of a base and housing which support the ethylene

propylene and dacron bellofram diaphragm, a guided pistan and the piston support,

the transducer and transducer support, a spring and spring adjuster assembly,
and the outer case assembly. The bellofram divides the unit into separate
electrolyte and gas chambers, and the electrolyte interface to the base plate
is through face "O" ring seals. All metal camponents are stainless steel,
vhile seals are ethylene propylene rubber.

The gas side chamber is formed by the outer case assembly and the
housing. It has a maximum operating pressure of 15 psi, and contains the
priston and support assembly, the pressurizing spring and adjuster, and the
transducer assembly. The piston is supported in Delron AF (a mixture of
Teflon and Delron) bushings which assure a low coefficient of friction and
minimm wear. The coil spring assures a high load with a minimum instalied
length, and the pressure on the bellofram is easlly adjusted by inserting
two rods through the slot in the transducer support assembly and rotating
the adjustment nut relative to the adjustment sleeve. The hollow support
sha.ﬁ: allows the transducer to be placed inside the shaft to minimize
external case dimensions. '

The transducer itself is a DC input, DC output differential trans-
former with a built-in carrier oscillator and phase sensitive demodulator. -
It provides a DC ocutput proportional to linear displacement, and is extremely
accurate. It assures long life as the only moving part of the assembly is |
the transducer core. Electrical feedthroughs are made by a hermetically
sealed connector in the outer case.

During operation, the unit is used to control both water and hydra=-
zine feed. Water feed is normally controlled to +1% of total system volume,
while a hydrazine feed of up to 17.7% of the nominal system volume can be
accommodated. If, during the water feed mode, system volume exceeds +3% of
the nominal system volume, high or low electrolyte level safety signals
are initiated. Also, if during the hydrazine feed mode, the hydrazine feed
limit 1s exceeded by 2% of the nominal system' volume, a safety signal is
initiated. Volume control functions are summarized in Table 21.
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Table 21
RESERVOIR VOLUME CONTROL FUNCTIONS SUMMARY

Control positions and nominal percentages of system volume:

0 O 0 ©O

Low electrolyte volume limit - 3% below nominal system

Water feed on point - 1% below nominal system

Water feed off point - 1% above nominal system

H,O feed high electrolyte volume limit - 3% above nominal system
volume.

N,H, feed safety limit - 20.7% above nominal system volume

High electrolyte volume limit - 22.7% above nominal system

volume.

104



An additional function of the reservoir is to provide system electro-
lyte pressure control, both during storage and during system operation. At
the nominal volume point, the reservoir provides a differential pressure of
13.8 kN/m2 (2 psi) between the gas and liquid sides of the system, with the
higher pressure on the gas side. This pressure is allowed to fall as low as
3.k kN/m2 (0.5.ps1) at the hydrazine feed high limit point. Total system
pressure is controllzd -by pressurizing one side of the reservoir with nitrogen
gas. During storage, gas sealed in the reservoir maintains the electrolyte
system pressure at. 13.8 kN/m2 (2 psi). During operation, 117 k.IﬁI'/m2 (17 psi)
nitrogen 1s applied to the a.cct_.umﬂator, resulting in a nominal system pressure
of 103 kN‘/m2 (15 psi). '

Pump/Bubble Separator - The pump/bubble separator is manufactured
by the Fluid Dynamics Corporation. It combines the functions of electrolyte
pump and gas/liquid separator into one unit driven by one motor. It is,
therefore, used to circulate electrolyte through all fluid components, and
+t0 remove gas bubbles which are formed in the cell stack.

The unit consists of a vortex section and seﬁsing impeller, a
pump éection, and & magnet drive and motor assembly. The unit mounted to
the polysulfone base plate, which in turn mounts to the electrolysis unit
main base plate.

The vortex section consists of a polysulfone impeller mounted on
the central stainless steel shaft. This shaft also passes through the pump
impeller and is attached to the inner magnet drive. A vortex core diameter
sensing wheel is free-floating on the central shaft, and consists of a plastic
paddle wheel with internally imbedded toothed nickel wheel. Adjacent td
this wheel in the housing, is a magnetic proximity detector.

The pump sectlion is between the vortex section and motor, and plastic
impeller, which also is attached to the central shaft. The end of the shaft
is attached to the inner magnet drive assembly.

The outer magnet drive assembly and motor attach to the end of
the pump section. The motor is air cooled and operates on 1 phase, 60 Hz,
115 volt power. The motor case is anodized a.lmimnn and contains space for
control electronics. The motor and outer magnet drive are easily replaceable
105



as a unit, as they are held in place in the housing with a snap ring.

The whole separator unit weighs less than 1.6 kg (3.5 1b) and
consumes 35 watts of power. The case is designed for a maximm of 240 kN/m2
(35 psi) internal pressure. During operation, the motor drives the central
shaft through the magnet drive assembly. Liquid enters through the base and
passes into the vortex generator where tﬁe spinning vortex wheel creates a
liquid vortex with a cylindrical gas core, thus separating any entrained gas‘
from the liquid. The size of the gas core is controlled by the vortex sensing
wheel and proximity detector. As the gas core expands, the wheel 1s less
immersed in liquid and slows down. This 18 detected by the sensor and the
assoclated electronics opens the gas vent valve. As the core shrinks , the
wheel speeds up and the valve is shut. In excess of 10 cm3/hr of gas can be
removed. '

Gas free electrolyte then passes from the vortex chamber into the |
pump stage where a centrifugal impeller pumps it through ‘the system. The
pump can deliver 12 cm3/s (12 GFH) at 27.6 kN/m2 (4 psid) at 24°% (75°F).

Heat Exchanger - The prototype heat exchanger, designed and fabri-
cated in a separate phase of this program (see Section 2.3), was design
verification tested and found to be suitable for use in this prototype unit.

Base Plate - The Oe-only base design was modified only to the extent
necessary for use in an oxygen-nitrogen unit assembly. It was modified to
a.ccept the prototype heat exchanger discussed above.

Supporting Equipment - Supporting equipnent such as valves, plumb-
ing » and most of the instrumentation were not considered in this effort

because the design was directed to an early prototype assembly utilizing
laboratory support equipment, rather than to a full-flight prototype unit.

2.6.4 Process Specfications

Standard good practice, manufacturing specifications, both IMSC
and MIL specs, were identified for those components that would be expected to
be fabricated by the IMSC R&D machine shop. For those components or parts
of components which are still in the' development phase, e.g., electrodes,
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catalyst materials, and baseplate, process specifications were indicated as
TBD (To Be Determined).

2.7 RELIABILITY ANALYSIS

A formal reliability program was not required by the contract. There-
fore, other than the rel;t.ability inherent in good engineering Jjudgment, there
was no attempt to invoke the reliability principles that would be normal for
a flight article.

With regard to the breadboard system, the long-term performance
test. of the vortex bubble' separator did provide useful reliability data,
indicating the need to incorporate in the design a rellable means of pre-
venting liquid carryover.

In the detailed design of the prototype unit, the reliability
analysis conducted in the preliminary design effort in Phase I was enforced.2

In developing the water electrolysis system, it was decided that
the optimum approach was to avoid breaking into the electrolyte circuit to
perform any maintenance tasks. This approach eliminated the necessity for
handling the electrolyte in zero gravity and could be implemented with no
significant weight penalty. The maintenance concept that was evolved cone
sisted of providing individual self-contained hydraulic assemblies with no .
electrolyte connections. A. reliability analysis was then conducted to deter-
mine the optimum size and number of these Individual assemblies.

Preceding page blank |
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Section 3
CONCLUSIONS

3.1 CATALYST ADDITIVES

Substantial improvements in the long-term performance stability of
electrolysis cell anodes was achieved througﬁ the use o catalyst additives,
in particular iridium black, and through improvements in the electrode fabri-
cation and processing techniques. This order of magnitude of performance
improvement would be reflected in a full-scale system design, e.g., the 12-man
preliminery design of Phase I, as a 10 to 20 percent reduction in power require-
ment (a savings of 0.78 to 1.57 KW) and approximately 50 percent reduction in
. cooling requirement (2 KW).

3.2 CATHODE DEVELOPMENT

Reduced catalyst loading of the electrolysis cell cathodes was demon-
strated experimentally to be a feasible means of improving the hydrazine reaction
efficiency in the cells. Even though reduced catalyst loading increased the
cell voltage to a full-scale total equivalent weight (TEW) tradeoff shows a
potential savings of 20 percent in TEW resulting when the conflicting parameters
of power and cooling are compared to fixed weight savings in hydrazine storage.

3.3 PROFOTYPE HEAT EXCHANGER

The prototype heat exchanger conceived for the 12-man preliminary
design effort in Phase. I of the program was successfully fabricated and tested.
Its performance was demonstrated to be:better than the original analysis had
predicted. Analysis of the test results indicated that this unit would be
acceptable for use in a prototype module assembly.

3.4 SYSTEM TESTING

Over 1000 hours of cumulative operating time were logged on the
one-man breadboard system under various test conditions. The tests that were
canducted have led to a more complete characterization of the hydrazine/water
electrolysis process in the following specific areas:
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o A new cabin 1302 control technique was successfully demonstrated.
The use of this technique, coupled with more optimm control band
and current level settings, resulted in achieving a cabin pO2
cycle time of 6 hours as campared to approximately 12 hours in
Phase I. ' :

0 The ability of the system to respond without control upset to
a wide range of cabin gas demands was demonstrated.

0 A closed-loop test of laboratory prototype zéro-gravity components,
i.e., a vortex bubble separator and bellofram reservoir, was
successfully conducted.

o A series of parametric tests in which current density and tempera-
ture were varied were carried out. The data indicate that in-
creasing temperature increases the hydrazirie decomposition rate.
However, results are not conclusive because of differences in
method of hydrazine feed to the system and the range of tempera-
tures investigated was not sufficiently large to give a clear

. trend. _

o A comprehensive analysis of the chemical compoéition of the
generated gases led to the conclusion that processing of the
generated 32/92 mixture to remove trace nitrogen compounds will
be necessary in a spacecraft application.

3.5 PROTOTYPE UNIT DESIGN _

Engineering drawings and specifications sufficient to fabricate/
procure the necessary components of a prototype N2/02 electrolysis module
were completed.
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LIBRARY CARD ABSTRACT

A development program was conducted concerned with the use of a
hydraime/water electrolysis technique to provide both the metabolic-oxygen
for crew needs and the oxygen and nitrogen for spacecraft cabin leakage make-
up. Anode stability was improved with catalyst additives and improved
Processing techniques. The hydrazine conversion efficiency was improved by
using redﬁced-cata.lyst loading of the cathodes. Over iOOO hours of testing of
& one-man breadboard 02/1\12 system provided data for characterization of the
hydrazine/electrolysis process and for improvement in system control. Detailed
design of & prototype modular unit was. conducted including fabrication and
design verification testing of the internal heat exchanger, which is a
component of the unit.
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APPENDIX

TEST DATA LOGS

CATALYST ADDITIVE TEST DATA

The following section presents the raw data taken on electrodes in the
testing of various anode campositions. Data are presented for the most
promising electrodes only. Many of the electrodes built up were not
subject to cell testing due to mechanical defects. A diécussion of these
data is presented in Section 2.1 of the text.
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Matrix ' : \

Assenbly S{A 3] (/é o

Electrolyte 2 = 7&' /60 //7/

Test Description: .

Test Analysis:

‘Total Operating Time

Reason for Stopping Test

Remarka_
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WATER ELECTROLYSIS DATA SHEET Tt T2

- Cell No,_2/- %10
Date'_:éfi_werator . - Sheet__/ of__
Cell Description: Size___/ 3‘12;, m )
Anode -#/5’ 257 7#//0\ ».Sa?éi./’:\gua,f 20%c - /)‘IL 5% P/;u/ru‘m
Cathode, (- Cl -/ v}?,-".v As ;{‘/\ 5\% c'p & %4— |
Matrix ' 3 A\ '

Assembly VST’AanrC[

’ =4 - //‘ A .
Electrolyte 32 L-/{‘-' //\-() //

Test Déscr:lgti_.on: C

Test Ana;z' gis:
Total Operating Time_.

Reas.on for Stopping Test

Remarks_~
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-WATER ELECTROLYSIS DATA SEEET

Cell No. 2[ =//

Date l 2/2> - Operator___- ' . Sheet / of
Cell Deseription: - Size /(Q C. ?J : .
Anode "'/é" 257 ‘_/://m.' 2>/qumr 7u7pf’f Sh TIX t"(/um
Cathode LG-71( _AJL-:LL Iy & “ ~f C‘,\«F ) '
Matrix ‘ _

 Assembly___ SToudsed

Electrolyte . KX (Z' A/O/ /

Test Description: '

Test Analysis:

Total Operating Time

Reason for Stopping Test

" Remarks___
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CATHODE DEVELOFPMENT DATA

A series of four tests were run on cathodes having different platinum
loadings as described in Section 2.2 of the text. The test data for these
electrodes is presented in the following pages. The basis for analysis was
taken as a hydrogen flow rate of 1.70 cc/min at a current of 13.5 amps and
no hydrazine. Calculations of increased hydrogen flow considered the

difference between the measured flow at each molarity and the 1.70 cc/m.in
baseo » ’ ’
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WETER ELECTHCLYSIS DATA SiuiT
Cell YVo. /- z - . .
. wtex C7 7{ Cperator ﬂ,v/LQ/H-M q/ Sheet, I ‘of
Cell Dezcription: Size 7‘5 an A

Anode [(d) )z[x_ZMQ ).Lw—n\ =oA)S

Cathode C. =/ M/LMMJ ZG;ZL/V& 2.S mg /Ca.
Mailrix ﬂ{ cO '

Assembly_ ) f!/"‘.?‘(/a/’ V(l

-Ele.ctrolyte 3&% f@/‘][ |

Test, Dascription:

Ma<yu .[‘x:HtWW’“ 074&/6«/“— C;Z‘[‘Vé

P S0 — Ak '7//4,&. M MZ/\

>

AroAlete H /Z"’U-@L(_A/ ?Q/

EE

Test Analvgis:

Total. Operating Time _ 5 S /"/T—“

-~

Reason for Stopping TeSt e ,7jf O/ 2 (f{L SS /ers v ,7(/

Remarks " t“r’r*\,( z H‘)o/?\ r (M. /."R‘ / A a/y'a 2717 ¢ /C”Af/fM 6
h 1. - 7
. i B . ;
. / (AT 7"((;, W l"lu\r/')/-'(/ /(Acv/u ,fz' (/ [2Xe]
/ . / ) / /
Pyl e ASSng 1-1[57"6/
: e 4
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WATER ELECTROLYSIS DATA SKEET

cel1 Fo,_E==2= 7 /-3

. "!E“/'-""”’ Al ’jC- Sheet_! ‘of .
Cell Description: Size I‘/"c" cmr ’
Anode
cathods. =2 Exrevimends]  (SThede
Matrix "l C( ﬂ '
Assembly, S \/[ >/ (/<\ ,.—t/
Electrolyte 207 Ko b_/ '

‘

Test Descrigtipn: _/ ) : .
Z m{ (1 _Seqes.  JesTing //u' MNAgp&  CHUacson
e ![ch_ [ ¢4 (LI/- VS ¢ ?-7/ /70 Q/C). Vo /1351 Q

Test Analysis:
Total Operating Time

Reason for Stopping Test,

Remarks
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WATER ELBCTROLYSIS DATA SHEET ey

/ . Cell No.__//—

Date_/// 25 Operator Q‘le,_’lf) o 4Tl IC Sheet / of
' Cell Description: size__ 70 (M >
Anode

Cathode (‘,- N [= X Pe \':wm £ TRJ C}‘/'Ac </€
Matrix ‘{ e -
Assembly, Stan dayd

Eiectrolyte S 7; /(O /_/ o

Test Desbription: . ' o . o
3RO 1N s N1 es Tés.\/mj' .%/Lj(L/‘I.B z/ne

. : . 7,
Cenyexsren, f’/f(’fjf'nj_tf ve ('"DT/)(\(/Q ve /71'?*;L(’1

Teat Andlysis:
. . / -
Total Operating Time 50 Ny

Reason for Stopping Test,

Remarks
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WATER ELECTROLYSIS DATA SHEET . ; C .

L
;7 Cell Mo, /-5

W

Date J:I .-".7[. 2 / Operator ‘e k Sheet, / of,

Cell Description: Size 90 am

Anode :

Cathode \ -3 C ¥ e vHNne] 17/<\ / ('_j 2 71'/)(; de..
i .

Matrix Ail (C (() '

Assembly ST?H(/Q{C/

Eléctrolyte' Lo h//;\ . JI, { / ‘}/-

Test Description:

&L 1h - ih S S/es 795/[/”0 ‘//bn/??l“e

CoNUEeysion g/[‘ (/‘ /) s LS (27'//)0(7/«_ L //\(/r
: /

Test Analysis:
Total Operating Time

Reason for Stopping Test

Remarks
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SYSTEM TEST DATA

The following'section presents the log sheets of the five system tests which’
were run in this program. A description appears in Section 2.5 of the text.
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PROTOTYPE HEAT EXCHANGER DEVELOPMENT

The following section presents the raw data taken during testing of the heat
exchanger. A discussion of the results of this test appears in Section 2.3 of
the text.
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