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SECTION 1. 0 INTRODUCTION

The need for a reliable, long-lived, and efficient water electrolysis
umt for closed-cycle life-support systems has prompted a number of development
programs encompassing both acid and alkaline technologies, Early acid systems
using liquid sulfuric or phosphoric acid electrolytes suffered a significant performance
penalty, as compared with alkaline systems, in that they required considerably more
power to generate a given amount of oxygen. Both acid and alkaline systems with liq-
uid electrolyte have also encountered problems with leakage, materials compatibility,
performance stability, and life,

In March, 1970, NASA Langley Research Center awarded a contract
(NAS 1-9750) to General Electric Company, Direct Energy Conversion Programs,
Wilmington, Massachusetts (then located in Lynn, Massachusetts) to investigate the
use of the solid polymer electrolyte (SPE) technology in a water electrolysis system
to generate oxygen and hydrogen for manned space station applications. The long life
and stable performance of the SPE electrolysis concept was demonstrated by four
separate laboratory cells operating approximately 9000 hours each and a seven cell
module (two-man Og rate) accumulating 11, 000 operating hours all without failure.
Under this program, a one-man rated breadboard SPE water electrolysis system
(WES) was developed and demonstrated the performance/life characteristics of the
SPE electrolysis technology. In addition, the program culminated in the fabrication
of the major components for a four-man rated breadboard oxygen generation system.
This program was completed in August 1972, with results documented in a final .
report NASA CR-112183 dated August 1972,

In October 1972, the ‘p:c.esent program, consisting of two phases, was -
initiated. Phase I utilized the previously fabricated major components, where appro-
priate, and fabricated and tested a four-man rated, low pressure breadboard WES
with the necessary instrumentation and controls. A photograph of this system is shown
in Figure 1. Phase II encompassed the development of a six-man rated, high pressure,
high temperature, advanced preprototype WES, This configuration included the design
and development of an advanced water electrolysis module, capable of operation at
2758 kN/m?2 (400 psig) and 366. 5K (2000F), and a dynamic phase separator/pump in
place of a passive phase separator design. Major components and instruments meeting
design requirements of this system, were utilized from previous WES contract work.
The six-man rated advanced WES was contained in the control cabinet and fluid package
shown in Figure 2. Evaluation of this system demonstrated the goal of saie, unattended
automatic operation at high pressure and high temperature with an accumulated gas
- generation time of over 1000 hours. Work under this contract was concluded in June

1975. '

During the period of this contract (approximately 2 1/2 years), support

was also provided to two other water electrolysis development programs of NASA.
System performance mapping tests were performed on the four-man WES, including

1
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Four-Man Breadboard WES Facility
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Figure 2, Six-Man Advanced Water Electrolysis System Control

Cabinet and Fluid Package
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exploratory, off-design conditions to provide design data in support of the Space Sta-
tion Prototype (SSP) Oxygen Generation Subsystem design. Also, the six-man WES
was tested in different operating modes to provide design information in support of
the development of the WES demonstrator unit for the Life Sciences Payload Program,
Contract No. NAS 9-14205,

4
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SECTION 2.0 LOW PRESSURE BREADBOARD, WATER ELECTROLYSIS
~ SYSTEM (WES)

The WES components developed and fabricated under Contract NAS
1-9750 were designed to be capable of continuous oxygen generation equivalent to a
nominal four-man rate basis of 4,54 kg/day (10 Ib O3/ day), with a2 maximum nominal
capacity equivalent to a six-man rate, Wherever possible and as directed by the
contract, standard commercial materials and components were selected to provide
functional demonstration compliance at minimal cost and delivery schedule. It should
be noted therefore, that these breadboard components would require modification and
redesign in order to provide flight-worthiness to withstand ""hard' environment launch
vibration, shock and acceleration along with weight and volume reductions, mounting
configuration, producibility and maintainability considerations.

2.1 Specification

A "guideline' specification for design capability of the four-man rated
low pressure breadboard WES is outlined in Table 1.

2.2, ~  Configuration

Figure 3 is a fluid schematic of an SPE water electrolysis system
showing the basic arrangement of the breadboard components. It should be realized
that additional control components and instrumentation would be necessary for auto-
matic control, performance monitoring, fault isolation, shutdown and safety
considerations. ‘

Primary fluid ahd electrical interfaces to the WES are:

28 VDC to Control Panel

28 VDC to Inverter

115 VAC, 60 Hz to Control Panel

80 psia nitrogen as necessary for scavengmg hydrogen overboard
(in and out)

Water Coolant (in and out)

Make-up (feed water) (m)

Hydrogen (out) R

Oxygen (out)

As shown in Figure 3, feed water is supplied to the WES ata make-up N
water rate of approximately 5.13 kg/day (11. 3 1b/day) and 69 kN/m (10 psig) for an -
~oxygen generation rate of 4,5 kg/day (10 lb/day). The water enters the WES through
a check value which prevents reverse flow when the system is shutdown at normal

5
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TABLE I

GUIDELINE SPECIFICA TION FOR FOUR-MAN RATED, LOW PRESSURE
WATER ELECTROLYSIS SYSTEM (WES)

WES Capacity
10 Ib/day (4. 34 k&/day) axygen (dominal four-man rate - continuous).
Equivalent 73 amp uxygen generation (maximum) - cyclic usage up to 16 hours "on'"/
8 hours "off'",

WES Gas Purity

Oxygzen Generation

99, 7% min. Qg
0. 1% max. Hg
Remainder - Not defined.

Hydrogen Generation

39, 3% min. Hg
2% max, G
Remainder - Not defined.

NASA -Maintained Downstream Gas Pressures of WES -

Oxygen Subsystem: 147 psia (10L. 4t N’/:n—) or less,
Hyrogen Subsystem: 20 < 3 psia (1537. 9 = 35 kN/m2).

Make-up Vater (Feed Water) Available to WES

Temperature: +40 to £170F (27%.8 to 350&)

Pressure: 25 % 5 psia (172 T 35 kN/m?2),

Water Purity: < 100 ppm by weight solids (assume ionic species).
< 80 micromhos/cm specific conductance (12, 500 ohm-cm max,
specific resistance).

Bacteria - Pseudomonas Aeruginosa 10 counts/ce

Alcaligenes Faecalis 10 counts/cc
Fungii - Mucor 1 spore count/cc
Molds - Not defined,

Coolant Available to WES

Fluid: Water wiia propylene glycol addinve to establish a nominal OF 273K)
freezizg point

Temperature: +40 £ 3F 277.6 £ 1.7K).

Pressura: 80 psig (552 kN/m2) max.

Flow: ‘ Up to 1 gpm (3. 78 1/min.)

Nitrogen Available to WES

Pressure: 30 psia (552 kN/m2y nominal,

Electrical Services Available to WES

28L3VDC.-
115 VAC nominal at 60 Hz.
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working pressures. The feed water is mixed with recycled module cooling water up-
stream of the particulate filter to the water pump. This process water is circulated
throughout the WES by a gear-type pump with quantity regulation maintained by the
water flow control vzlve and needle bypass valve. The pump design includes an in-
ternal relief valva which becomes functional if an internal dead-ended condition arises
within the pump., PFressurization of the feed water to 69 kN/m2 (10 psig) reduces the
pump pressure rise and subsequent journal bearing load and also prevents the relief
valve from continuously relieving., Excess pump capacity is delivered through the
needle bypass valve. An orifice could be used in place of the needle valve for a flight
designed system. The water pump is powered through a DC to 3-phase AC inverter
with a 28 VDC input. Downstream of the pump, the water flows through a deionizer
resin bed which reduces the ionic contammatlon level to acceptable WES purity limits
of 2 400, 000 chm-cm.

The water then passes through a regenerative heat exchanger prior to
mixing in a temperature regulating valve Wmch controls the supply temperature to the
electrolysu module at approx1mately 311K (lOOF) This temperature control main-
tains electrolysis module performance essentially independent of coolant and environ-
mental temperature variations. The process water is delivered to the cathode (hydro-
gen generating) side of the 13-cell electrolysis module, Since the electrolysis occurs
at the anode, water required for this reaction diffuses through the solid polymer elec-
trolyte at a rate just equal to that required for oxygen generation. (A cross section
showing the SPE electrolysis cell concept and a description of operation are provided
in the Appendix.) The generated oxygen will be saturated at the cell temperature and
pressure [approximately 322K (120F) and 428 kN/m?2 (62 psiaj], but will contain no
liquid water when discharged to ambient pressure, The free liquid water required for
cell cooling will remain on the cathode side and will exit with the hycdrogen as a two-
phase mixture, This heated mixture passes through the regenerative heat exchanger
to transfer its heat to the incoming colder process water. The two-phase mixture
(hydrogen and module cooling water) leaving the regenerative heat exchanger is then
cooled to approximately room temperature in the primary heat exchanger which trans-
fers heat to the interface coolant fluid,. Waste heat from the power conditioner is re-~
moved by the attached heat sink through which the interface coolant is also circulated.
A biological resin bed filter is installed immediately upstream of the two-phase sepa-
rator to remove micro-organisms (i. e., bacteria, molds, fungi, yeast) and particulate
matter by three possible mechanisms, namely: electrostatic attraction to the resin
beads; particulate matter depth filtration through the resin bed column; and retardation
or actual destroying of bacteria and mold growth by any localized ac1d1f1ed Water within
the resin bed column.

The two-phase mixture, therefore, has been pre-cleaned prior to entry
mto the two-phase separator. The life of the hydrophilic tubes with a2 pore size of 2
to 3. 5 microns within the separator is therefore increased since pore clogging is
minimized, The Hg/H20 phase separator provides a passive means of separating
liquid from a gas in a zero gravity environment using both hydrophilic and hydrophobic

8
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separation elements. Primary separation is accomplished by removing water slugs
from the two-phase mixture (hydrogen and water) with five hydrophilic porous glass
tubes connected in a series fluid flow path. The hydrophilic elements permit the
water to pass through the tube wall under a controlled differential pressure to the
housing side of the assembly. Gas leaving the last tube, which is normally free of
entrained water, passes through three parallel hydrophobic membranes located in

the separator cover. The hydrophobic membranes, by their ability to pass only gas,
serve as a trap to prevent water carryover to the hydrogen outlet stream in the event
of porous tube failure and/or differential water regulator failure. The pressure dif-
ferential across the hydrophilic elements is controlled by a differential back-pressure
regulator which is referenced to the inlet side of the hydrophobic membranes. The
water leaving the differential back-pressure regulator (module cooling water) is mixed
with the feed water and returned to suction side of the pump through the particulate
filter.

The electrolysis module is supplied by a power conditioner which main-
tains a constant current corresponding to a pre-selected oxygen generation rate, This
electronic unit is capable of 75 amps maximum input to the module which is an oxygen
generation rate of approximately 15. 3 1b/day.

The WES would normally be operated through a single switch at a fixed
oxygen generation rate output,

The major componerité developed and fabricated under Contract No,
NAS 1-9750 were:

1) 13-Cell Electrolysis Module
2) 75 amp Power Conditioner
3) Control Panel
4) Prototype Two~Phase Separator
5) Deionizer Resin Bed
6) Biological Filter Resin Bed
7 Regenerative Heat Exchanger
8) Water Temperature Control Valve
9) Process Water Pump
10)  DC/AC Inverter
11) Water Flow Valve
12) Absolute Oxygen Back-Pressure Regulator
13)  Absolute Hydrogen Back-Pressure Regulator
14) Differential Back-Pressure Regulator

These breadboard components were individually acceptance tested as
part of the aforementioned contract. Installation and operation of these components
as part of an integrated four-man rated system was accomphshed under Phase I of
(‘ontract No. NAS 9-13430. :
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Figure 1 illustrates the four-man rated breadboard WES which resulted
from modification of the NASA/LRC fzcility (ref. Figure 13 of Report NASA CR-
112183), The modification required complete teardown of the one-man rated WES to
install the four-man rated breadboard components previously listed.

In addition, the installed system and facility were modified to include
start-up pressurization capability, increased make-up water reservoir capacity,
primary heat exchanger, city water coolant system and automatic shutdown capability
with a fault detection and isolation panel. A 100 amp DC power supply along with
facility wiring and temperature, pressure, current and voltage readout was also
prOV1ded

2.3 Component Testing

As previously described, the fourteen major components listed on
Page 9 had been designed, fahricated and some individually bench tested under
Contract NAS 1-9750. Component descriptions, specifications, drawings and check-
out test data are included in the Final Report NASA CR-112183 under that confract.

Component checkout tests were completed under the current program,
most of which required installation with instrumentation as part of an electrolysis
system in order to obtain meaningful operating conditions and test data. The
following component checkout activities were undertaken,

2.3.1 13-Cell, Low Pressure, Electrolysis Module

A 13-cell, low pressure (434 kN/m2, 100 psi, maximum operating
pressure), electrolysis module design, as shown in Figure 4 and pictured in Figure 5,
was designed to meet requirements of a four-man rated low pressure WES under
Phase I of this program. As reported under Phase II, most of the cell parts were
salvaged for modification and incorporation into a six-man rated, high pressure
(2758 kN/m2, 400 psi) advanced electrolysis module design. A satisfactory proof-
pressure leakage test was performed on the low pressure module design (10/17/72)
submerged in water and under 690 kN/m?2 (100 psig) nitrogen pressure common to
-oxygen and hydrogen sides. There was no indication of external leakage. Subsequently,
a satisfactory cross-membrane leakage test was performed with 345 kN/m2 (50 psig)
nitrogen to the hydrogen side and atmospheric pressure on the oxygen side, Measured
gas leakage was within acceptable SPE permeability limits.

Module flow-pressure drop characteristics of the cathode side were
measured with "solid" water flowing respective of a non-operating condition as shown
in Figure 6. Two tests were performed, of which the 11/21/72, data is considered
more appropriate because some residual gas may have been trapped by screens in the
cells for the 11/20/72 evaluanon. ~

10
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The module demonstrated satisfactory steady state performance on
11/27/72. This was at four-man rated design point conditions of 49.1 amps, current
densxty of 230 mA/cm?2 (213 ASF), a process water feed rate of 80 cc/min at 311K
(1OOF), two-phase mixture (hydrogen plus liquid water) outlet temperature of 331. 7K
(137. 5F) and nominal operating pressure of 75.8 kN/m2 (11 psig). Typical voltage
performance at these conditions was as follows:

Voltage, VDC
at 49.1 Amps, 230 mA/cm?2

Cell No. : Total Total
1 2 3 4 5 & 7 8 9 10 1 12 13 Sum. Term
< [AY] [v 0] i [ ] L - 3 (=] o0} o] < fo) [~ ] [ ] o]
DN 0 e =7} -} o~ © © o~ Q o= b~ ™ ®
(3= =] (-] <o (=] o L (=] ] K= K] K] .
- - -t R . - p - - - - = b

Immediate gas generation was demonstrated during push-~button starts
at pre-selected current settings from a nominal 5. 6 amps to 49.1 amps. During
cyclic operation under typical space-station orbit conditions of a nominal 55 minutes
"on' and 39 minutes "off'", the oxygen was delivered during the instantaneous start-up
transient and thereafter, free of liquid water. Liquid-free oxygen delivery was
observed during pushbutton starts following shutdown periods of up to 16 hours. How-
ever, with shutdown periods of approximately 24 hours, or longer, some water will be
delivered with the oxygen during a subsequent start transient (10 to 30 cc of water).
The start transient is that elapsed time from a pushbutton start (at a pre-selected
current setting) for the module oxygen-side pressure to reach a steady-state level as
set by the absolute oxygen back-pressure regulator. In this four-man rated system,
the regulator is set at a nominal 310 kN/m2 (45 psig). This water discharge, only at
start-up, is caused by the hydraulic permeability of the SPE membrane which allows
the gradual transport of water from the flooded hydrogen side to the oxygen side over
an extended shutdown period.

2.3.2 .. Power Conditioner and Control Panel

The power conditioner and control panel checked-out satisfactorily for
all steady state, start and stop transient conditions up to the four-man design point
of 49,1 amps (230 mA/cm2). In addition, satisfactory operation was demonstrated at
above design point conditions up to 75 amps (350 mA/ cmz).

The automatm current limit shutdown feature of the power condmoner
was sahsfactonly demonstrated at approximately 80 amps.

14
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2.3.3 Temperature Regulating Valve

This valve, Model No. 8A767 - Rev. 002, manufactured by Standard-
Thomson Corp., is factory set to control the outlet water temperature of the valve
313 t 2, 2K (104 £ 4F). However, during WES testing in October - December 1972,
there was observed occasional upward shifting of the controlled mixture-out tempera-
ture (cold water plus hot water) to as high as 313K (140c’F). It has been hypothesized
that residual gas bhubbles in the water at the 80 cc/min. process water rate would
tend to collect in the vicinity of the "wax" actuator internally in the valve, causing
poor heat transfer characteristics with subsequent "out-of-spec!! control of the tem-
perature, During WES operation, when temperature regulation was out-of-spec, it
was demonstrated that manually tapping the valve would clear the gas and re-establish
proper temperature control at the nominal 311K (100F) setting.

On 1/3/73, the valve was removed from the WES for a bench evaluation.
The results of this investigation demonstrated satisfactory performance of the tem-
perature regulating valve with ""solid" water flows of more than 100 cc/min.

In the WES, process water is delivered to the module cathode side for
electrolysis and module cooling. A two-phase mixture of water-hydrogen gas sluglets
therefore exits from the module at module pressure and temperature., This water
also contains dissolved hydrogen gas.

The downstream passive separator removes the water sluglets from
this mixture with subsequent return circulation of the water to the pump suction side.
In the WES, pressure-drop of components in the return circulating loop (water dif-
ferential back-pressure regulator, check valve, etc.) have been kept low to minimize
the release of dissolved gas in the water "from coming out of solution', due to expan-
sion from a high pressure region to a lower region. It is possible, therefore, that
some dissolved gas may come out of the water (effervescent effect) which will be re-
circulated by the pump. It was concluded, therefore, that the temperature regulating
valve had previously failed to control because of this gas mixture condition.

The evaluation of the problem resulted in the following corrective
action:

1) For gravity operation, the valve must be mounted at a 450 attitude
to provide internal gas clearage from the wax-actuator end of the
valve. This facility change was incorporated on 1/24/73. A con-
figuration design change to the valve is poss1b1e to remove the
attitude sensitivity.

2) To enhance gas clearance through the valve, the process water
rate was increased by 50% (from 80 to 120 cc/min. ).
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After introducing these corrective actions, performance of the
temperature regulating valve was satisfactory.

2.3.4 Absolute Oxygen Back-Pressure Regulator

Regulator performance of the controlled upstream pressure was evalu-
ated on Ausco Inc, regulator, type P320-51. Figure 7 presents the results of this
investigation. Compliance with GE/DECP requirements was satisfactory.

2.3.5 Absolute Hydrogen Back-Pressure Regulator

‘Regulator performance of the controlled upstream pressure was evalu-
ated on Ausco Inec, regulator, type P320-52. Figure 8 presents the results of this
evaluation. Compliance with GE/DECP requirements was somewhat marginal due to
the controlled setting being near the lower specification limit, Actually, the results
confirm the setting of this component as it was originally received from the vendor,
The setting is readily changeable and was adjusted to bring the control point up to
approximately 172 kN/m?2 (25 psig) from a nominal 165 kN/mZ‘ (24 psig).

2,3.6 Differential Back-Pressure Water Regulator

Regulator performance of the controlled upstream water pressure be-
low a nominal hydrogen reference pressure of 165 kN/m2 (24 psig) was evaluated on
Ausco Inc, regulator, type P321-50. Figure 9 presents the results of this investiga-
tion. Compliance with GE/DECP requirements was satisfactory.

Figure 10 presents the adjustment characteristics of this regulator as
investigated from the original as-received setting.

2.3.7 Inverter, Process Water Pump and Flow Valve

These components were always operated together in bench testing and

for the delivery of process water in the WES. A second pump, Micropump Corp.

Model No. 02-70-316-986, which included a plastic poppet-type relief valve in place

of the ball-type and a 316 SST gear housing in place of a plastic housing, was purchased
for this program as a back-up to the original pump (Model No, 02-70-316-731)., The
performance characteristics of these two pumps are presented in Figure 11, Compon-
ent evaluation also occurred during systems testing of the WES which identified a
number of pump problems that were investigated, A summary of these problems with
corrective actions is presented as follows: o

1) Uncoupling of the magnetic drive between the motor and pump was

~ resolved by drilling pressure balancing holes in the Teﬂon hub of
‘ the driven magnet '

16
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2) Oscillations in pump discharge pressure had resulted in breakage
in the internal relief valve spring. Tried a vendor recommenda-
tion of relief valve ball material change from Teflon to rubber, but
spring breakage continued. A change from a ball=type to a poppet-
type relief valve design configuration did reduce pressure fluctua-~
tions and resulted in no spring breakage.

3) Pump cavitation was caused by entrained gas in the pump suction
resulting from dissolved gas (the water is saturated with hydrogen
at the operating pressure of the phase separator) coming out of
solution at reduced pressure and increased temperature. An
attempt to reduce pump pressure fluctuations with an external by-
pass to deliver excess fiow (approximately 75% of input flow) ex-
ternally to the pump rather than internally through the relief valve
increased the cavitation problem. Cavitation was reduced by rais-
ing pump suction pressure; reducing pamp suction water tempera-
ture and by increasing water pump throughput rate from 80 to 120
ce/min which forced out residual gas.

4) The audible noise emitted by the pump was reduced by a material '
change of the pump-gear housing from plastic to stainless steel.

5) External pump leakage was eliminated by a design change to gaskets
in place of an O-ring seal.

2,3.8 Pé.ssive Phase Separator

Operating characteristics of the prototype, five-tube passive phase
separator were evaluated during transient and steady-state operation of the four-man
vated electrolysis system. A photograph, drawings and a complete description of
this assembly is provided in Report NAS CR-112183. This is a passive phase separa-
tion device (a dynamic phase separator was developed and tested under Phase II of
this program) which utilized five hydrophilic fritted glass tubes for water transport/
gas blockage and hydrophobic polypropylene membrane material for gas transport/
water blockage.

During system startup, a transient high pressure differential existed
momentanly across the hydrophilic tube walls which resulted in some bubble-point
“breakthrough. This was resolved by replacing twc tubzs with bubhle points of 47 kN/
m?2 (6. 8 psid) and 59 kN/m2 (8. 5 psid) with tubes of higher bubble points such that all
five tubes were greater than 62 kN/m?2 (9, 0 psid).

Flooding of the hydrophobic assembly also occurred which was attri-
buted to loss of water permeability of the hydrophilic tubes due to pore contamination
and the effects of higher water viscosity and insufficient hydrophilic AP margin when
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operating with a cold (278-283K) (40-50°F) two-phase mixture. Corrective action in-
cluded (1) discontinuation of the tubes capable of reclamation which resuited in higher
water flow permeability of the separator assembly, (2) increasing the hydrophilic

A P by adjusting the water differential regulator from 16.5 kN/m2 (2. 4 psid) to

42,7 kN/m2 (6. 2 psid), (3) thoroughly draining and flushing the system to remove

- contamination (particulate matter and/or microbiological species), and (4) repacking
of the deionizer and biolcgical filter resin beds with new beads after thermoplastically
coating (with FEP) the inside of the housings to eliminate & possible corrosion con-
tamination source. Test data showing the water flow permeability of the refurbished
separator assembly is provided in Figure 12,

2.4 System Evaluation and Test Results

2.4.1 , System Checkout Tests

WES system checkout was essentially performed during evaluation of
components, as described in Section 2, 3, such as the electrolysis module, power
conditioner, static phase separator, water pump, pressure regulators, etc,, under
various conditions of module current or gas generation rate, process water rates,
process water temperature city water coolant temperature, etc.

As part of WES testing, electrolysis module operation prior to April 4,
1973, had been exclusively operated in the cathode water feed mode with the oxygen side
pressure greater than the hydrogen (cathode) side pressure. This Oy >Hppressure condition
was selected to minimize water carryover to the oxygen side by hydrodynamic per-
meability through the SPE cell from the flooded hydrogen side when the eiectrolysis
module was shutdown. In support of a parallel engineering design effort on the oxy-
gen generation subsystem for the Space Station Prototype (SSP) it was necessary, for
overall life support system considerations, to learn the effects of electrolysis module
operation and deactivation with a Hg > Og pressure condition. Laboratory experi-
ments have verified that electrolysis cell performance (i.e., cell voltage) is indepen~
dent of oxygen pressure, but that cell voltage increases about 30 millivolts for each
tenfold increase in hydrogen absolute pressure in agreement with the theoretical
Nernst equation. Because of protonic pumping (Ref. Appendix) of water from the

- anode to the cathode in the SPE cell under load, there would be no water transport to

the oxygen side even with a Hz > O2 pressure differential as was evidenced by test,
The effects of a deactivated electrolysis module were studied during the typical orbi-
tal "off" period of 39 minutes, and also for extended shutdown periods up to 90 hours, -
The effects of diffusion and the consumption of gases (Hg and O2) in the '"fuel cell”
mode were demonstrated after shutdown., Module total voltage decreased from an
operating value of about 22 VDC to less than 2 VDC within 2 hours of shutdown for
either Hg > O2 or Oz > Hg pressure condition, Because the frapped gas volume on
the oxygen side of the electrolysis module is considerably smaller than that on the
“hydrogen side, which includes the heat exchangers, biological filter resin bed and
phase separator, the oxygen pressure decays more rapidly than the hydrogen pressure
-after shuidown. The results of measuring oxygen side pressure decay are plotted in
‘Figure 13.
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Water accumulation on the oxygen side after shutdown depends upon
initial Hg > Og pressure cond1t1ons and the time interval for water transport. The
water discharged from the oxyfren side was measured on the subsequent start-up. In
summary, the water discharged at start-up after a 39 minute orbital shutdown amount-
ed to about 2 to 3 cc. After an extended 90 hour shutdown about 90 cc of water was
discharged at start-up. This is greater than the total calculated volume of all 13 cells
on the oxygen side of the electrolysis module, indicating eventual complete flooding
with time,

For module operation with Og > Hg pressure conditions, the discharge
of water from the oxygen side on start-up is substantially reduced. No water was
ever delivered out the oxygen side for any orbital cycle start-up (39 min. "off'"" period)
and for any extended shutdown period up to 16 hours. The following quantities were
measured after the shutdown periods cited: 10 cc in 24 hours, 15 cc in 72 hours, 63 cc
in 12 days.

2.4.2 SSP Mapping Tests

Exploratory system testing was conducted in support of anticipated SSP
operatmc requirements which represented conditions of overstress outside the design
point of the four-man rated WES capability of 4. 54 kg/day (10 lb/day) oxygen genera-
tion rate. Steady state electrolysis module voltage performance is shown in the fol-
lowing table at the four-man rated WES design point represented by a current of 49.1
amps (230 mA /cm2), module controlled water mlet temperature of 311K (1 OGF) and two-
phase (Hg/H20) outlet temperature of 327, 7K (130F) obtained from a process water
flow of 120 cc/min, 326 kN/m2 Og2 pressure, and 174 kN/m2 hydrogen pressure.

Voltage, VDC
at 49.1 Amps, 230 mA/cm?

Cell No. Total Total
Date 1 2 3 4 5 6 7 8 9 10 11 12 13 Sum. Term.
2 ) Te) [ I [ 3] [~p] 1] Te] Ip] ] N [ g =H [ w0 B <
N oot (=] D — [=} [v o] [on] (=1 i (=1 o] <N [=1] - it
P D ~ ~ b~ ~. - © . © - t~ © @ . .
L Tk S SEE L S S S . e R
H .

Five simulated orbital cycles were demonstrated, each consisting of a
a5 minute ""on" power period and a 39 minute "off" period. Design point operating con-
ditions were identical to those cited above except that module Ha/HoO outlet tempera-
ture of 321. ZK (128. 5°F) was shghtly lower reﬂectmg a shorter warm-up period,
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‘ At essentially the same operating pressures, but at a minimum load
condition of 5.7 amps (27 mA/cm2), module water inlet temperature of 282, 6K (85F)
and Hg/H0 outlet temperature of 303. 7K. (86. 8°F) the following steady state voltages
were measured.

Voltage, VDC
at 5.7 Amps, 27 mA/cm?2

Cell No. Total Total

Date 1 2 3 4 5 6 7 8 9 10 11 12 13 Sum. Term.
' [=;] < N () - n [0 o] v 4t
2 g ocg % % 23 Te) H=] {[e] o o] N} w % N o™
~N o] [Te I8 w0 te] [le] n T} o] u Te] [Te] e} ) 1] o. c.
g L L o s . Q Q

With the Og and Hg pressure regulators maintaining design operating
pressures as before,and with the temperature regulator controlling water inlet tempera-
ture to the module at 311. 5K (100 9F), off design conditions were established for a
load of 75 amps (350 mA/ cm-*) A module two-phase outlet temperature of 343, 2K
(158F) was established at the same process water flow of 120 ¢cc/min. Cell voltage
performance was measured as follows,

Voltage, VDC
at 75 Amps, 350 mA/cm?2

Cell No. _ _ ) Total Total

Date 1 2 3 4 5 6 7 8 9 10 11 12 13 Sum. Term.
N FZ ¥R 2 LIS B G 8T B = S
~G D [ | g D [N [ d (a3 (o] [ o] (g [ O N. N.
g o o . s R &

Two simulated orbital cycles, each of nominal 55 mmutes ""on'' and 39
minutes "off"", at the off design condition of 75 amps were also successfully completed,
as was the minimum load condition of 5.7 amps.

An evaluation of electrolysis module operation at higher temperature
was made with the water inlet temperature manually controlled at a nominal 399K
1 50F) and at design load of 49.1 amps. Steady state module H2/H20 outlet tempera-
ture was measured at 348K (166 8F) with the followmg improved correspondmcr voltage
performance.
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Voltage, VDC
at 49.1 Amps, 230 mA/cm2

Total Total
Date 1 2 3 4 5 6 7 8 9 10 11 12 13 Sum., Term.
oﬁ w0 N L= [o o] (=] =2) -] N e 0] [+ 2] C= o =] D ]
lad < [ B} or] [y et ] N [y} N 7] [5] ] N ]
E <o < L= N -} <o L -] [=] © < <o =} ‘_; ‘_:
S e T N SR S S S S| ™ ™
2.4.3 Breadboard System Unattended Test

‘ Following component and system checkout tests, the WES breadboard
cohﬁguration and operating conditions were sufficiently defined to specify requirements
for automatic control, fault monitoring detection with automatic safe shutdown allowing
unattended operation. A Failure Mode and Effects Analysis of the WES was made to
identify single point failures and determine where redundancy or fault detection of
components was required in the system, A Fault Detection and Isolation Analysis
(FDIA) identified the monitoring instrumentation and control requirements for auto-
matic WES shutdown capability.  Wherever possible, commercial "off-the-shelf" com-
ponents were purchased to minimize the cost of the FDIA instrumentation.

Table II is a summary of those monitoring devices installed to detect
out-of-limit component operating conditions which result in an automatic shutdown.
An emergency controller shown in Figure 14 was designed and fabricated which moni-
tored sensor signals and provided conditioning and logic for automatic emergency
shutdown of the WES.

After complete installation and checkout of all fault detection and isola-
tion instrumentation, breadboard system operation at design point conditions was ini-
tiated on 8/7/73. Typical electrolysis module voltage performance logged on the fol-
lowing at 49,1 amps (230 mA/ cm?) with temperatures of 310.8K (99. 7F) water-in,
328K (130. 8F) Ha/Ho0 out, 121 cc/min process water rate, 165.4 kN/m2 (24, 7 psig)
O2 pressure and 265, 5 kN/m2 (38. 5 psig) Ha pressure was as shown in the following
table,
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Table I

FDIA Automatic Shutdown Summary

Fault
WES Component J Monitoring Isolation
Func_:tional Description Device ‘Device WES Result
Low Module Current (Pwr.. Cond.) Meter : Re,.d light on Automatic Shutdown
High Module Current (Pwr. Cond.) Meter Red light on '
High Two-Phase Module Outlet  Meter Red light (3)
Temperature on
High Hp Concentration in O3 Meter - Red light on
Outlet
Low City Water (Coolant) Flow Flowrator Red light on
Loss 28 VDC Supply Voltage ' Meter Green light
S . out
Loss 115 VAC Supply Voltage - Green light
out o
High Power Conditioner Input 'SW Pos. Red light on
Current (Circuit Breaker) '
High Pump Outlet Pressure Meter ~ Red light on
High Separator Hydrophilic AP Meter Red light on
High Separator Hydrophobic AP Meter "~ Red light on
High Module Og Outlet Pressure Meter Red light on
High Separator H2 Outlet Meter Red light on
Pressure ‘ ,
High Deionizer Effluent Meter Red light on R |
Conductivity

Note: | : :
- a) All circuitry communicates through electronic controller to be designed under
Tasks 1.1.9 and 1.1.10.

b) All automatic shutdowns simultaneously remove powér to the module and the
- pump. ‘ | |

c) Data recording is manual.
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Figure 14, Instrumentation and Controller Unit
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Voltage, VDC
at 49.1 Amps, 230 mA/cm?2

_ Cell No. Total Total

Date 1 2 3 4 5 6 7 8 9 10 11 12 13 Sum, Term.
2 3 2 5 2 8 ¢g 5383 g2 g 8 w8 ]
~ D= ] (g [ [l (i) [ fnd b= (] [ [ D N. N.
g T T o . X R

System operation was conducted on an unattended daily basis with mini-
mum data logging and/or operator surveillance. Four hours after morning start-up
on 8/9/73 with 18. 8 cumulative hours of unattended operation, the system was found
automatically shutdown with the '""Low Module Current' light illuminated on the FDIA
panel. Subsequent investigation revealed that a 10 micron, in-line pump filter (Circle
Seal type P/N 43115-2XTN) was severely plugged with anion resin material. A pre-
vious failure of the anion resin (degraded into a fine powder) in the biological filter had
caused plugging of hydrophilic tubes of the passive phase separator. At that time
(5/1/73) the biological filter was removed from the system which was drained and
flushed to remove this residual degraded resin. It was hypothesized that the in-line
filter was plugged with fine resin material not previously flushed from the system.

After cleaning the in-line filter, a differential pressure transducer was -
installed in the system to monitor the pressure drop across the filter during WES
operation. Also, the water reservoir facility was drained and fresh distilled water
added. '

While remaining in the breadboard test setup, the 13-cell electrolysis
module was checked for possible damage., A cross-membrane, nitrogen permeability
test revealed no leakage as evidence damage. A 1000 Hz impedance check did show
Cell No. 5 was 0.00142 ohm or 47. 6% higher than the average of the other 12 cells.

The high cell impedance was attributed to water starvation and subsequent drying prior

to emergency shutdown caused by the plugged water filter during WES operation.
Attempts to restore the performance of Cell No. 5 with low current density operation

(~ 50 mA/cm?2) was not fruitful. Retesting of the module at design point conditions
previously cited, revealed the following voltage performance at 49,1 amps (230 mA /cm?2),
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Voltage, VDC
at 49,1 Amps, 230 mA/cm?

f Cell No. Total Total
Date i1 2 3 4 5 6 7 8 9 10 1 12 13 Sum. Term.
~ t (=] o =t b= =1} i (=1] ] [=r] = [=] <t n
g E s s F e s Roe Boe R e85 4
‘S i =4 i i i =i i ol i i i = i [ | [

* Note that the voltage of Cell No, 5 is 0. 273 volt higher at 230 mA/ cm? than the
average of the other twelve cells.

Loss of water supply to one or more cells of the electrolysis module
results in drying of the SPE cell membrane and an increase in cell impedance. Ata
given load this results in a higher cell voltage. The power conditioner voltage/current
control established an upper module voltage limit about 1. 5 VDC below supply voltage
of 28 VDC. Once this voltage limit was reached a further increase in cell or module
impedance would reduce input current to the module. An automatic shutdown 'low"
limit of 5 amps was pre-set for WES operation. It was hypothesized that Cell No. 5
was more sensitive to the condition of low water supply, increased impedance and
temperature at the sustained load of 5 amps sufficient to change the SPE water equili-
brium such that normal water content impedance and performance could not be restored
as in the other cells.

Corrective action was planned to include, for Phase II, the replacement
of Cell No. 5 with a new cell when the 13-cell electrolysis module was disassembled,
modified and reassembled for high pressure operation. Also, the "low current” shut~
down for module protection would be changed to a ''high voltage" shutdown condition in
the event of water starvation or performance loss. The latter type of shutdown protec-
tion had been used successfully on laboratory cells and modules, but had been altered
to the former for system incorporation to prevent inadvertent module shutdown at high
initial current settings with a '"cold" module, ~
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SECTION 3.0 DEVELOPMENT OF AN ADVANCED WATER ELECTROLYSIS
SYSTEM (WES) WITH COMBINA TION WATER PUMP, PHASE
SEPARATOR

3.1 Specification

A guideline specification for the design of a six-man rated, high pres-
sure and temperature WES is outlined in Table IIl. The primary goals of the advanced
WES were the development of an electrolysis system capable of operating at 2758 kN/m2
(400 psig) and incorporating a combination water pump/dynamic phase separator, and
with an electrolysis module capable of operating up to 366°K (200°F), and 350 ma/ cm?2
(326 ASF). ;

3.2 System Description

The complete six-man rated, preprototype water electrolysis system is

contained within two packages pictured in Figure 15. The control cabinet

- (53 x 53 x 66 cm) on the left contains operating controls, meter displays and fault
detection and isolation lights. The fluid components and large electrical components
of the system are contained in the package (91 x 91 x 61 cm) shown at the right. The
electrical and fluid interface connections are located on the left face of this package
and an electrical harness interconnects the two packages. A more complete descrip-
tion of these packages with component identification and location will be provided
later. A list of the major components installed in the two packages of the system is
provided in Table IV, These are identified by item number and shown in the system
schematics in Figures 16 and 17. Fluid and electrical service interface connections
are shown at the left side of Figure 16 with nominal maintained values in accordance
with the guideline specification of Table II, A functional description of the system
follows and the basic functional components described are identified by respective
item numbers in parenthesis as referred to Table IV and Figures 16 and 1‘?-;

Power is delivered to the 13-cell electrolysis module ( 1) from a 28-VDC
supply through a power conditioner ( 11) which acts as a current regulator for
maintaining a selected gas production rate. The power conditioner which operates at
about 92 percent efficiency, rejects waste heat to a cold plate through which
externally supplied coolant is circulated.

Water is delivered to the hydrogen side of the electrolysis module at a
controlled maximum temperature of 339 K (150°F) maintained by the temperature
regulating valve ( 10). Some of this process water is dissociated into hydrogen and
oxygen by electrolysis, whereas the excess amount is discharged with the hydrogen
produced and carries off the module waste heat. Temperature rise of the process
water through the module is proportional to the applied load which at 75 A produces a
module outlet temperature of 366 K (200 F) at a water flow rate of 9 kg/hr (20 lb/hr).
The two-phase mixture of hydrogen and water passes through the regenerative heat
exchanger ( 12). to release heat to water delivered to the hot side of the temperature
regulating valve. The two-phase mixture is further cooled to about room temperature
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Table Il

Guideline Specification for Breadboard Six-Man Rated
Advanced Water Electrolysis System (WES)

(*Revised 11/30/73)

WES Capacitv

- 15 Ib/day (6. 8 kg/day) oxygen (nominal six-man rate);
Equivalent 75 amp maximum oxygen generation;
Continuous or cyclic orbital duty of 55 minutes "'on' power and 39 minutes
"off" power.

WES Gas Purity

Oxvygen Generation - by volume
99.7% min. O

0.1% max. H

Remainder - not defined.

Hydrogen Generation - by volume
99. 3% min. Hz

0.2% max. O

Remainder - not defined.

NASA-Maintained Downstream Gas Pressures of WES

Oxygen Subsystem: 14.7 psia (101. 4 kN/m? ) nominal
Hydrogen Subsystem: 14.7 psia (101.4 kN/m2) nominal

Ma.ke—Up Water (Feed Water) Available to WES

Fluid: Industrial distilled water
Temperature 75+ 5F. (275 2. 8K)
*Pressure: 2 to 10 psig. (13.8 to 68. 915'N/m‘2)
*Water Purity v
Microorganism species: Not defined.
Total dissolved solids: 5 ppm max.

*i’arﬁculates:
Pari:iculate No. 6f Particles
Size Range per 500 mi,
0 - 10 microns ;-Unlixfnited
10 - 25 microns 1000
25 - 50 microns 200

© 50 - 100 microns 10

34

'DIRECT ENERGY CONVERSION PROGRAMS




GENERAL @ ELECTRIC

Table I (Cont'd)

Guideline Specification for Breadboard Six-Man Rated
Adva.nced Water Electrolysis System ‘(WESL
(*Revised 11/30/73)

Coolant Available to WES

Fluid: "City' water.

Water Purity (i.e. ionic and microorganism species): Not defined.
Temperature: 487 F (289 £ 3,9 K).

Pressure: 75 psig (517 kN/m?%) max.

Flow: Up to 10 gpm (37.8 1/min).

Nitrogen Available to WES
Pressure: Selectable to 500 psig (3448 k N/m?) maximum

Electrical Services Available to WES

28 £ 5% VDC.
115 + 5% VAC, 60 Hz, single phase.

Component Design Stress Considerations

Proof Pressure: 1.5 times maximum operating pressure.
Burst Pressure: 2.5 times maximum operating pressure.
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Six-Man Advanced Water Electrolysis System
Control Cabinet and Fluid Package

Figure 15.
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Table IV

Major Components List

Pluid Package

Component
_Title

Water Electrolysis Module .

Check Valve

Make-Up Water Filter

Make-Up Water Pump

Coolant Water ¥ilter

Separator/Pump Electronic Controller
Deionizer Resin Bed

Two-Phase Dynamic Separator/Pump
Cooling Water Flowmeter

Temperature Regulating Valve

Power Conditioner/Cold Plate Assembly
Regenerative Heat Exchanger

Primary Heat Exchanger

Absolute Oy Back-Press. Regulator
Absolute Hy Back-Press. Regulator
Water Accumulator

Pressure Transducer, 0 - 500 psig (0 - 3448 kN/m?)
Differential Press. Trans., * 100 psid (% 689 kN/m?2)
Pressure Switch

Differential Back Press. Regulator
Module Outlet Temperature Sensor
Combustible Gas Detector Sensing Probe
Dual O, and H, Flowmeter

Conductivity Sensor Probe

Coolant Flow Switch

In-Line Relief Valve

Manual N, Pressure Regulator

" Manual Shut-Off Valve

Differential Pressure Test Gage,0 - 30 psid (0 - 207 kN/mz)
Needle Valve

Flow Orifice

Catalytic O,/Hy Mixture Sensor

Circuit Breaker, 80 amp

Differential Pressure Test Gage, 0-200 "WC (0 - 50 k. N/m?)

* Non-deliverable instrumentation for check out only
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Table IV (Cont'd)

Major Components List

6-Man Advanced Preprototype Water Electrolysis System (WES)

Control Cabinet

Item Component
No. : ‘ Title
40 ' Module Terminal Voltage Meter, 0-50 VDC
41 ' Module Current Meter, 0 ~ 100 amp
42 . Module Cell Voltage Meter
43 = Module Cell Voltage Selector Switch, 13 Pos'n
44 = Temperature Elec. Display Meter, 0 - 250°F
45 =~ = Temperature Sensor Selector Sw., 3 Pos'n
46 Combustible Gas Detector Controller/Meter
47 ' Conductivity Sensor Controller/Meter
48 Press. Trans. Elec. Display Meter, 0 - 500 psig
49 Accumulator A P Trans. Elec. Disp. Meter, = 100 ps1d
50 Electric Display Meter, 0 - 5 VDC
51 Elec. Meter Selector Switch, 3 Pos™m
52 Elapsed Timer

53 Module Current Adjust, Potentiometer
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in the primary heat exchanger ( 13 ) where heat is rejected to the externally
supplied coolant.

The Hz/H O mixture is delivered tc the dynamic phase separator-pump ( 8)
whs.ch provides %eparatlon of the gas and water. This device was developed by the
Fluid Dynamics Corp., Chester, California, to provide positive separation of hydrogen
and water in a zero gravity environment as well as pumping capability for the process
water circuit. It is basically a centrifugal pump operating with a gas core of a
diameter controlled by the operation of an internal pickup or sensor causing venting
of hydrogen through an integral solenoid valve.

An ion exchange column, or deionizer ( 17), is located between the
phase separator-pump and the electrolysis module to eliminate any system generated
contaminants within the circulating process water loop and impurities from the
mékeup water feed. Hydrogen vented from the phase separator-pump through the
differential pressure regulator ( 20 ) is further regulated at an absolute pressure by
- the hydrogen back pressure regulator ( 15) and is discharged from the system. The
latter pressure regulator contains a spring adjustment capable of manual settings
between 790 and 2860 kN/sq m (115 to 415 psia). The oxygen back pressure regulator
( 14 ) receiving the gas supply directly frora the electrolysis module is a similar
device which controls oxygen absolute pressure at a level set about 345 kN/sq m (50
psi ) higher than hydrogen absolute pressure. This assures a positive pressure
differential of oxygen greater than the two-phase mixture of hydrogen and water in
the module such that no water is hydraulically transported to the oxygen.side and
eliminates entrained water in the oxygen discharged from the system.

A feed water makeup pump ( 4 ) and water accumulator ( 16 ) are also
provided in the system. The latter contains a spring-loaded piston and rod-actuated
position switch. As water is consumed by electrolysis, the piston travels to a
poSition actuating the switch subsequently starting the makeup pump which is energized
for two minutes adding water to the system from the supply at ambient or cabin
pressure. The water accumulator also accommodates changes in the quantity of
water contained in the process water loop due to system startup and load transients
associated particularly with cyclic load operation which will be further discussed
under "System Development and Test Results, "

The nitrogen supply at 3550 kN/m2 (515 psia ) is utilized to pressurize
the electrolysis module pressure vessel or domed enclosure subsequently discussed,
and to maintain a regulated system base pressure under regulated hydrogen pressure.
The oxygen and hydrogen sides of the system are initially pressurized with nitrogen
- to a base pressure of 234 kN/m2 (340 psia) with a hand l1oading pressure regulator
(27 - 2) through dual check valves ( 2-1, 2-2, 2-3, and 2-4), During automatic
start up oxygen and hydrogen are generated and internal pressures built up until the
Og and Hg back pressure regulators discharge gas at their pre-set regulated settings.
When the system is electrically deactivated at elevated pressure the nitrogen base
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pressure serves as a '"floor" to which internal pressures gradually decay and
maintains a safe condition in the event of an automatic shutdown. The nitrogen also
serves as an inert gas for purging the system during depressurization.

In addition to the aforementioned basic functionai components, the
schematic in Figure 16 also shows relief valves for overpressure protection and
manual valves for venting, bypass, sampling. etc. Sensors for measurement of
voltage, current, pressure, temperature; water conductivity, ete. provide output
to display meters on the control panel as well as to the emergency controller with
preset fault detection limits which activates an automatic safe system shutdown.

The packaged system was designed for automatic operation at any preset
pressure level from 790 to 2860 kN/m?2 (115 to 415 psia). Operating controls include
0 to 75 amp load adjustment, mode selection switches for continuous, cyelic
(simulated near-earth orbital conditions) or standby operation as well as override
switches for independent makeup pump, phase separator-pump or power conditioner
(including electrolysis module) operation. Control by manual valves permits opera-
tion at low pressures close to atmospheric pressure as well as allows "bootstrap'
operation by self pressurization of both Og and H, sides under load to maximum
~_operation pressure.

. A frontal view of the control cabinet is shown in Figure 18, The
rectangular meters display module current (ith potentiometer for load adjustment)
and terminal voltage, individual cell voltage with selector switch, module two-
phase outlet temperature, O, in Hoy and Hy in Ogstemperatures sensing gas mixtures,
accumulated hours and the fozllowing pressures: Hg and O9 regulated back pressures,
accumulator piston Ap, two-phase (module), N2 dome, Ng base, phase separator-

pump Ap, and water flow orifice Ap. The nine rectangular push buttons in a vertical
line respective from top to bottom provide the following operating functions: Mode
‘selection for (1) Continuous or (2) Cyclic operation, (3) Automatic start up (4) Standby
operation (5) Shutdown and the override switches for independently energizing the
(6) Contactor (7) Power Conditioner (including electrolysis module) (8) Phase
separator-pump and (9) Makeup pump. The 24 small round lights in a vertical line
identify which one of 22 fault detection sensor limit conditions was activated during
an automatic shutdown. The fault conditions and sensor limits are listed in detail -
in Table X. To the left center of the control cabinet in Figure 18 is located a
controller and meter for a combustible gas detector, Model 180, manufactured by
General Monitors, Inc., Costa Mesa, California which detects external hydrogen
leakage to ambient from piping and components in the fluid package. At the lower
left corner of the control cabinet is the controller and meter, for a water
conductivity sensor Model 915M~SC manufactured by Balsbaugh Laboratories, Inc.,
South Hingham, Massachusetts for monitoring the quality of process water.

Inside the control cabinet are located three circuit boards which contain
the logic elements for automatically controlling sequential functions of start up,

.
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Figure 18. Water Electrolysis System Control Cabinet, Front
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shutdown, continuous,-cyclic and standby system operation as well as the require-
ments for an automatic safe emergency shutdown. Also contained within the cabinet
are eight adjustable potentiometers for each of the FDIA pressure limit conditions
which permits pre-setting these limits for any selected system operating pressure
between 790 and 2860 kN/m?2 (115 to 415 psia)., Also inside is located an emergency
shutdown bypass switch which allows low pressure system checkout below the
established high pressure regulator and potentiometer limit settings.

A frontal view of the fluid package is provided in Figure 19. Locations
of the major components are shown and denoted by item numbers identified in
Table IV and Figure 16. The electrolysis module is shown with its thermal
insulation removed.

A photowraph of the rear view of the fluid package is given in Figure 20,
The locations of many of the basic components identified in Table IV and Figure 16
are shown. Thermal insulation applied to those components operating at elevated
temperature such as the temperature regulating valve, module outlet temperature
sensor and associated lines has been removed. The primary and regenerative heat
exchangers shown consist of off-the-shelf concentric tube dual heat transfer coils,
P/N 3101-6, 4-8-6X, manufactured by Parker Hannifin, Cleveland, Ohio, which
were foamed-in-place-into insulating cylinders of polyurethane foam covered with
aluminum foil,
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Figure 19. Water Electrolysis System Fluid Package, Front View
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3.2 Component Development

Available components from the low pressure, breadboard WES developed
under Phase I were utilized wherever possible in the high pressure, advanced,
preprototype WES. Also, standard commercial materials and components were
selected where applicable to avoid unnecessary developmental costs and minimize
procurement time. Specifications were prepared for definition and development of
those components having operating requirements particular to the needs of the
advanced WES system. A discussion of these components including specifications,
drawings,‘ and iest results from bench checkout and/or system operation follows.

3.3.1 13-Cell, Advanced Electrolysis Module

A primary objective under Phase TI of the program was to increase the
capacity of the 13-cell, 4~-man rated, low pressure module tested under Phase I to 2
Six-man rated, high pressure, high temperature module design. Disassembly of the
four-man rated module revealed that all cell parts exhibited no corrosion and were
otherwise in a physically gocd condition. Twelve of the membrane and electrode
assemblies were reusable whereas one required replacement because of high electrical
impedance, attributed to water starvarion during Phase I testing, to make up a 13-cell
module., All of the cell screen assemblies and separator sheets were found reusable.
A photograph of these cell components is shown in Figure 21, 7Two screen/gasket
assemblies are required for each single cell to form the anode and cathode fluid
compartments.

Laboratory compatibility tests were conducted with vanous gasket
materials conf:aci:mc the SPE membrane for 1400 hours at 361K (190 F) and
2758 kN/m (400 psi). Fluorosilicone rubber showed excellent resistance to acid
attack as did silicone rubber faced with a thin film of teflon (TFE) on the side adjacent
to the SPE membrane. Both were considered alternate approaches for the high
temperature design with the former incorporated into a molded gasket configuration
with dual peripheral beads on each face shown in Drawing 73D2053854, Figure 22.
Tie bolt holes in all cell components were enlarged from a 10-32 to a 5/16 - 24 screw
size to accommodate the higher pressure capability. The basic cell design was
otherwise unchangéd to increase module operating performance from a Four-man to
a Six-man capability (current density from 213 to 350 MA/ cm") resulting from
attaining lower cell voltage and improved performance at higher operating temperature.
Basic design parameters of the SPE electrolysis cell are listed in Table V.

The design approach to a high pressure module configuration was to

enclose the compressed stack of 13 cells into a pressure vesSel_. A photograph of
the module is shown in Figure 23.
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TABLE V
13-CELL ADVANCED WATER ELECTROLYSIS MODULE

SIGNIFICANT DESIGN DATA

Cell Design Parameters

Electrode Diameter
Active Area

Ibn Exchange Membrane
é;rnode (Og Side) Catalyst
Cathode (H, Side) Catalyst
Cathode Catalyst Support

Hp and Oy Gas Gap Screening

Ha/09 Separator Sheet

Celi Gésket SéaJ.{

H2 Cell Water Feed Port

"Hg and Og Cell Outlet Gas Ports
Ma;nifold Gasket Seal

Pressure Pad

Operating Mode

Maximum Current

Maximum Current Density
Maximum Outlet Temperature

Cell Voltage (at Maximum Current,
Nominal Pressure and Temperature)

Nominal Cell Spacing (Including one
pressure pad)
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Design Point

16,5 cm (6.5 in.)

214 cm?2 (33. 2 in, 2)
G.E. Spec: A50GN342
E50, 12.5% Teflon

Pt Black, 12.5% Teflon

Expanded Gold Screen . 076 mm (. 003 in.,)
thick, 17.15 e¢m (6. 75 in.) dia.

5 Layers Expanded Screen 5 Nb 7, 3/0,
Platinized and Welded Pressed to
.56 mm (, 022 in.) Thick

. 076 mm (. 003 in.) Thick Niobium
Platinized

. 69 mm (. 025 in.) Thick TFE Faced
or Fluorosilicone Rubber Unfilled

.56 mm (. 022") Thick Screen Gap x
6.4 mm (. 25'") Wide

. 556 mm (, 022') Thick Screen Gap x
9.6 mm (. 38") Wide

1.19 mm (. 047") Thick Silicone or
Fluorosilicone Rubber Unfilled

1. 40 mm (. 055") Thick, 16.5 cm (6.5 in.)
Diameter Perforated G. E,. Silicone
Rubber SE-4404 -

Céthode Water Feed
75 amp

350 mA/cm?

367K (200°F)

1,72 VDC

2.8 mm (0. 110 in,)
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TABLE V (Cont'd)
13-CELL ADVANCED WATER ELECTROIL.YSIS MODULE

SIGNIFICANT DESIGN DATA

Module Design Parameters

Oxygen Generation Rate

Min. Supply Voltage (Out of Power
Conditioner)

Number of Modules in System
Number of Cells per Module
Maximum Cell Pressure

Nominal/Maximum Cell or Gasket
Pressure Differential

Maximum Dome Pressure
Proof Pressure

Top End Plate

Internal Studs
Belleville Washer Assy.
Bottom Enclosure Plate
'Dd;’n.e'q‘Ehclosure Head.
Flangé Bolts

- Tutal Assembled Weight
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Design Point

6.8 kg/day (15 1b O,/day)
23.5 VDC

One
13
2861 kN/m?2 (415 psia)

345/690 kN/m? (50/100 psid)
3206 kN/m? (465 psia)
4654 kN/m? (675 psig)

23.2 cm (9. 125") Diax 1.9 cm (. 75")
thick, 7075-T651 Alum, with .15 mm .
(..006'") thick epoxy coating

Sixteen, 5/16" - 24 Type 316 S.S.

7 nests of 3 in parallel per Stud,
P/N B0750-040-S Assoc. Spring Co.

33,02 cm (13.00") Dia x 26.8 cm
(1.055" Thick Type 316 S.S.

33.02 Cm (13.00*) Dia. x 152 cm (6. 0")

~ Deep 6061-T651 Alum., Anodized.

Sixteen, 3/8" - 24 per MS9559-28

W/O Insulation 72.5 lIbs.




13-Cell Advanced Electrolysis Module
(With Pressure Dome Removed)

Figure 23,
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The configuration consists of 13 ..2lls with projecting terminal plates
compressed with 16 tie bolts, spring-loaded with Belleville washers, between
rigid end plates. A flanged elliptical dome is fastened to the larger bottom plate
to enclose the stack assembly.

The photograph was taken before internal wiring was connected to the
terminal plates and the cell voltage tabs. These tabs of . 08 mm (. 003') niobium
were embossed with a diamond pattern to a thickness of (. 16) mm (. 006') and
inserted between the separator sheet and manifold gasket into the pressure pad
cavity of each cell. They provided a dual function of individual cell voltage
measurement and gas breathing between the pressure vessel and pressure pad
cavity thus preventing possible gasket blowout during rapid module depressurization.
A layout of the module assembly is pictured in Figure 24. Module design parameters
are listed in Table V,

The module pressure vessel is pressurized with nitrogen to approximately
345 kN/m?> (50 psid) greater than cell internal operating pressures to eliminate
gasket blowout from high pressures while providing an inert gas blanket in the event
of a module gasket failure. Cell gasket thermal expansion at high operating
temperatures is accommodated by the stack of Belleville washers on the tie rods
which permit axial displacement of the top end plate while maintaining axial load.

The advanced module was assembled initially with FE P film/silicone
rubber ( GE Compound SE - 4404 unfilled) gaskets since delivery of the molded
gaskets was later. With the domed enclosure head removed the 13-cell stack
assembly was proof pressure tested at 690 kN/m2 (100 psi) internal pressure and
- “eross membrane gas diffusion at 345 kN/m2 (50 psid) was measured within
acceptable permeability limits.

‘ The aluminum dome was satisfactorily proof pressure tested at
4827 kN/m (700 psig) using a special stainless steel test plate and filling the dome
with water prior to pressurization for safety. The electrolysis module was then
completely assembled W1th the dome and leak checked. With the dome pressurized
with nitrogen at 345 kN/m? (50 psig) leakage to the oxygen and hydrogen cell cavities
at atmospheric pressure was measured respectively as zero and 13, 2 standard
cc/hour. Calculated dome-free volume from a pressure decay test was 4320 ce.
Electric checkout for shorts and cell impedance measurements were found
satisfactory. i

Operational checkout of the electrolysis module coincided with initial
low pressure checkout of the system on June 4, 1974, All cells performed
ansfactorﬂy. Module performance, at a nominal operating pressure of
690 kN/m? (100 psig), exhibited during warmup at varied load settings is showi in
Figure 25 on June 13, 1974. Over a 429 hour endurance test period at a nominal
system pressure of 690 kN/m2 (100 psig) module performance was very stable,
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Figure 25. WES Test Run On June 13, 1974
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Tabulated below are the individual cell voltages which were recorded
after one and seven days, respectlvely, of continuous unattended system operation at
75 amps (350 ma/cm?), 827 kN/m? (120 psig) Oz, 655 kN/m2 (95 psig) H o/H50
pressures, 339 k (150°F) H20 inlet and 361 k (190°F) H2/H20 outlet temperatures at
the module.

Voltage, VDC - ,
at ' 75 Amp, 350 ma/cm?2
: . Cell Number
Date 1 2 3 4 5 6 7 8 9 10 11 12 13  Total Sum
! - Qo : S (=] < <H# (=] <# [} [e.0] 1o
B R L S N (N D R L L ’
L) D < [=4 <t o] N (<) o) fong =] N QL
6-27-¢4 £ S 2 R R R SER SRS 22. 40
O e = S G (N s S [ S

The change in module temperatures and voltage during reductions in
load followmg the endurance test period is plotted in Figure 26.

The end cells, Nos. 1 and 13 exhibit higher voltages because the
measurement, as wired, includes IR drop across the terminal plates.

' Following systenb endurance testing at 690 kN/m (100 psig) and prior
to initial testing at 1724 kN/m" (250 psig), a nitrogen dome leakage check disclosed
leakage from a Conax gland sealing module cell voltage lead wires through the end
plate This teflon gland seal becomes hot ~ 339k (150 F) during module operation
and evidentally some permanent set and contraction allowed leakage at room tempera-
ture. Upon commencement of module tests at 1724 kN/m2 (250 psig) it was discovered
that cell voltage readout on cell numbers 12 and 13 was not possible although module ‘
operation and total voltage was otherwise normal. The common voltage tab between
cells 12 and 13 was evidentally loosened or pulled out when the nut and gland was
rotated to effect a seal on the lead wires.

Measurements of module temperature and voltage over a load profile
from 20 to 75 amperes at a nommal operatmg pressure of 1724 kN/m (250 psig) are
plotted in Figure 27, . '

Coincident with this test run at a module current of 75 amps (350 ma/cmz)
the following cell voltages were recorded.
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Voltage, VDC
at 75 Amps, 350 mA/cm?
Cell No
Termi=-
6 s 4 8 9 10 11 12 13 nal

1 2 3 4 5

1,734 1,710 1,697 1.696 1,688 1,

684 1,680 1,691 1,692 1.673 1.679 * * 22,4

* No cell voltage measurement capability on

Cell numbers 12 and 13

Module performance at design point conditions of 75 amp (350 mA/em?2)
load, 2860 kN/m?2 (415 psia) nominal pressure and 367 K (200 F) outlet temperature
was satisfactorily demonstrated by the following operating conditions on 11-7-74,

Measured Parameter

Module Current, Amp
Module Current Density
Module Terminal Voltage, VDC
~ Module Dome N, Pressure
Regulated O2 Pressure
Module H2/H20 Outlet Pressure
Regulated H2 Pressure
Regulated No Base Pressure
Phase Separator - Pump A P
Mean Process Water Flow Rate
Regulated Module Water Inlet Temp.
Module Ha/H20 Outlet Temp.
Module Dome Skin Temp.
Module End Plate Skin Temp.

DIRECT ENERGY

TABLE VI
Operation Value
75
350 mA/cm? (325 ASF)
22,4

2965 kN/m? (430 psig)
2772 kN/m? (402 psig)
2578 kN/m? (374 psig)
2482 kN/m? (360 psig)
2275 kN/m2 (330 psig)
53.8 kN/m?2 (7. 8 psig)
8.07 kg/hr. (17.8 PPH)
339 k (151°F)

372 k (210°F)

350 k (170°F)

347 k (165°F)
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Voltage, VDC
at 75 amp, 350 mA/cm?2
Cell No Termi-
1 2 3 4 5 6 7 8 9 10 11 12 13 nal

1,734 1,717 1.708 1,714 1,695 1,693 1.691 1,714 1,699 1,678 1,691 * * 22,4

* No cell voltage measurement capability on

Cell numbers 12 and 13

Because of reduced pumping A P of the phase separator-pump at high

system operating pressure which reduced process water flow rate and increased
module outlet temperatures, module operating loads greater than 50 amperes
(233 mA/ cmz) could not be sustained for periods of time exceeding six hours.

After 550 hours of module operation which included high pressure and high
temperature operatlon the assembly was rechecked for internal leakave with nitrogen.
At 345 kN/m?2 (50 psid) pressure differential, N, dome to O2 side and Ng dome to
Hg side leakage rates were measured 3, 13 SCCM and 3 81 SCCM respectively,

Cross membrane cell diffusion of nitrogen at 45LN/m (50 psid) Oy to H2 side was
measured at 8. 3 SCC/hr/cell which was under the 10 SCC/hr 4ell allowable
diffusion for new cells. Nitrogen leakage from the dome to the cell prevented
locking in nitrogen pressure during unattended operation and was attributable to
difficulty in sealing the manifold port locations which was experienced during
assembly. The Og to Hg side sealing capability was effective in the cells so
testing was contained without servicing the module.

‘ The performance characteristics of the 13-cell electrolysis module at
these pressures (shown by the relationship of cell voltage, current and operating
temperature), are shown in Figure 28, These data are taken from mapping and
parametric testing of the system over a period of time rather than from a single
run evidenced by Table VI. - Lines of constant current or cell current density are
drawn which show the linear decrease in cell voltage as the module Ho/HoO outlet
temperature would increase during a warm-up period at constant load settings.

Satisfactory electrolysis module performance was also demonstrated
during the orbital cyclic mode of WES operation. Because of parasitic losses caused
by gas diffusion through the SPE cell at high temperature and pressure, a load of
5 amps or greater is required to sustain a net gas production such that the Og and Ho back
pressure regulators maintain system pressures. During a period of seven days or
170 hours of continuous unattended system operation in the automatic cyclic mode, the
module was cycled between loads of 6 and 20, 30, 40 and 50 amperes. A recorded
trace of module terminal voltage over an 11 hour period on 1-28-75 is provided in
Figure 29, Maximum voltage occurs immediately after the 40 amp load is
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Figure 28, 13-cell Electrolysis Module Performance Characteristics

61

380

DIRECT ENERGY CONVERSION PROGRAMS -




29

el sl L el ool " ,
o e S B mine ey e o S i e ske e et S s s s (oot Jeone ot e o
—y —— e — —— -— - —— — - —— — .—H — - —_— - - -
o —— e e e e S T S R e S e e e e e s e R = o
- 1 s .‘;-2 SReSE) [mEene jTISRE MM s T o ORGSRl soRes — SEE AOMMBY PISSEURL SRee=s
Sy SERRES SRR b i — RS R P WSS MG MIRMNINS MMSINGR| R ._.__l._. TR Jesstey P e ST DIsach SRS —-

i == 759 ._._.lt_ﬂ i BTN (TR /INOU P FRPUER A e e e i SRS [ - b S N i
oy Rowie ESmee seou Sowmt EnSe) Nma I TR RO SEI Sotms) mmiet sy WUSEN Guh >~ gERT posewn s v s
e e e o .Scahe,_uu- pee g ==t =5 =
ot ot g = A AR g i )} BREISE DTheRs s AR e = - T e - —— — Fdsved s s
A O Hpur e A
AT Jenm erian —f——t— 11111 31—t —i 11— l-—-— l--—~ ST | S o

)

!«'; (O __”__“ (_)v O) ("‘_f,'-““‘_”,” () () ()()nu () Q. ) _,U_ (,) _'" ‘,' u()() fz “ 'iafmo‘&’“ )'u .

Test Date: 1/28/75
0300 to 1400 Hours

Figure 29, Electrolysis Module Terminal Voltage During Cyclic (Orbital)

Operating Mode: 54.7 Min High Power at 40 Amp
40, 7 Min Standby Power at 6 Amp




GENERAL D ELECTRIC

instantaneously applied and decays slightly during the warm up period at high load.
Minimum voltage occurs immediately after the load change from 40 to 6 amps and
increases very slightly as some cooling of the module occurs at the low standby

load.

After an accumulated gas generation time of over 1040 hours on the -
module as part of advanced WES testing, it was removed from the system to be
disassembled for inspection and installation of molded fluorosilicone gaskets in

place of the FEP film/silicone gaskets as initially assembled. In addition to the
new gasket configuration, the electrolysis module will be reassembled with seven,

instead of thirteen, cells reflecting the three-man oxygen generation requirement
of a WES Test Demonstration Unit for the Life Sciences Payload Program under
Contract No, NAS 9-14205, The advanced breadboard system will serve as a test
bed to evaluate performance and endurance of the new module configuration as well
as other components incorporating modifications for the Test Demonstration Unit.
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3.3.2 Power Conditioner

The 75 amp power conditioner was developed on previous Contract
NAS 1-9750 and adapted for use on this system. The unit is of open construction
(Figure 30) with water cooling of the main power handling components., The output
is directly coupled to the electrolysis module and the output can be controlled from a
remote potentiometer to give from 0 to 75 amps to the module,

The power conditioner circuitry is shown schematically in Figure 31
It is basically a step-down, time-ratio-control current regulator,

The power circuit is a conventional transistor controlled switch us ing
two parallel transformer coupled transistors. Transformer drive is obtained with a
two transistor Darlington drive configuration operating directly from TTL logic gates
(S/N 7400N), Pulse width control of the fixed repetition rate modulator is obtained by
dynamically varying the time constants of the monostable pulse generator S/N 74122N
over the range of from < 5 microseconds to the maximum width of one half of the
330 microsecond period, The two modulating circuits acting alternately as controlled
by flip flop S/N 7474, will then provide a continuous drive to the power transistors
and a resulting continuous conduction characteristic of voltage limited operation.

The control amplifier (741) is basically an integrating amplifier
responding to the error signal difference between the shunt signal and the reference set
by the current control of the control panel,

- The fixed pulse repetition rate is provided by a unijunction pulse
generator which is amplified with a transistor and a logic gate.

The unit is normally controlled by biasing the reference circuit to
where it calls for less than zero current., This enables the unit to start-up and shut-
down very smoothly at any current setting,

One of the drawbacks of adapting this power conditioner from a
prevmus contract was the floating negative module bus, Direct overvoltage shutdown
protection divider circuitry was found to be overly sensitive to operating transients
causing erratic shutdowns., Replacement with a meter relay which did not require the
negative common reformer eliminated this problem. The same result could have been
accomplished by using PNP switching transistors and a common negative bus, however,
it did not seem practical to redesign and rebuild the power conditioner just to overcome
this limitation when a meter relay was available and worked very satisfactorily.
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c.3.3 Dynamic Phase Separator-Pump

Important to the design of an advanced, high pressure water
electrolysis system utilizing a cathode feed SPE module design, was the need for
reliable Hy /HZO phase separation and process water circulation essentially insensitive
to system operating pressure and its possible variations with operation conditions in
a 1g or zero gravity environment, Experience in low pressure electrolysis systems
with passive means of phase separation and available pumps had shown the vulnerability
of these devices to system pressure changes resulting in loss of positive separation
and/or pump cavitation. A successful centrifugal phase separation device had been
developed by the Fluid Dynamics Corporation, Chester, California. An advanced design
for the high pressure WES application required increased pumping pressure differential,
higher gas volume rates and high line pressure capability. Analyses were made from
WES component test data in Phase I to predict H2/ HyO separation and process water
flow requirements to define a specification for a combined phase separator-pump. This
specification, No, 73A49-828, is included in the appendix. j

An outline drawing of the phase separator-pump developed by Fluid
Dynamics Corporation under Phase II of this program is provided in Figure 32,

The phase separator-pump assembly consists of a single phase,
115VAC, 60 Hz synchronous motor, permanent magnet drive coupling, pump impeller,
speed-sensing pickup impeller, Hy outlet solenoid valve, overboard relief valve and
accompanying electronic control, The permanent magnet on the motor armature engages
and spins a concentric magnet sealed inside and attached to the pump impeller thus '
avoiding a shaft seal, Protruding radial vanes on the pump impeller cause the liquid
in the separator spin chamber to form a rotating hollow cylinder which creates =
separating force in excess of 200 g's on the incoming fluid. The lighter fluid of a two
phase mixture, consisting in this case, hydrogen and water, is separated by moving to
the center or core of the spin chamber. The heavier fluid is drawn into the centrifugal
pump impeller and is discharged into a chamber connected to the water outlet port,

As a mixture of hydrogen (saturated with water vapor) and water
is delivered to the separator, the gas and vapor will be forced to the center core while
the liquid will be discharged out of the pump section.

As more gas is separated the center core grows in size and must be
vented to allow the separating action to continue. A secondary, or sensor, impeller
is mounted in such a way as to face the driving impeller and the rotating mass of liquid
‘causes this impeller to rotate with the fluid, Since the diameter of the sensor impeller
is smaller than the spin chamber, the rotating liquid moves out of contact with sensor
impeller blades as the gas core grows in size. The sensor impeller, through various
components, activates a logic circuit which determines a rotating or non-rotating signal,
A non-rotating signal causes the logic circuit to open a solenoid valve allowing the gas in
the core to be vented, Since the separator is operated at a pressure higher than the
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discharge point, gas is forced out of the separator. This causes the gas core to shrink,
and the spinning liquid engages the sensor impeller causing the logic circuit to close

the solenoid valve, More gas enters, is separated, the gas core grows until the sensor
impeller slows, the vent valve is opened, the core shrinks, the sensor impeller rotates,
and the valve closes, Cycling of the solenoid valve is continuous with a steady input

of gas increasing in frequency to about ten cycles per minute at maximum volumetric
hydrogen generation rate whereas water flow rate is determined by HgO outlet minus

2 O inlet AP and the flow impedance of the recirculation loop.

The phase separator/pump and its electronic control box was bench
tested at low pressure using a seven-cell elecfrolysis stack as a source of ftwo-phase
H., /HQO flow. Operatlon was found satisfactory e\cept that measured pump pressure
rise was 63,4 kN/m-‘ 9.2 psid) instead of 89 kN/m (10. 0 psid) as specified and 71.7
kN/m-‘ (10, 4 psid) as obtamed by Fluid Dynamics Corporation (see Figure 33) at low
system pressure, A subsequent proof pressure test showed excessive leakage at the
bolted flange or end plate which attaches the solenoid valve and relief valve to the
separator/pmnp housing, Recommendation by Fluid Dynamics Corporation was made
to reduce a 0.4 mm (. 018" shim) to about .30 mm (.012 inch) thickness to increase the
compression on two O-ring face seals, This was accomplished and the aenar tor/
pump assembly auccess‘uﬂy passed 2 proof pressure test of 3840 kN /m-‘ (357 psig)
without evidence of external leakage., Subsequent bench testing to re-svaluate separator/
pump operation showed 'an increase of pump differential to 71.7 %N /m2 (10,4 psid)
probably due to reduced internal running clearance, The setting of the built-in relief
valve was mcraased from 124 to 138 KN/ ‘2 (13-20 psid) to 290 &¥N/m (1.2 psid) cracking
pressure, 207 kN/m?2 (30 psid) reseat pressure. : ' '

Performance of the phase separator/pump was satisfactory over
a 429 hour test period which included system checkout at low pressure and contmuous
operation for over 300 hours at a phase separator/pump inlet pressure of 655kN /m?2
(95 psig) and an HoO out minus 2 @ inlet AP of 64 81«:.\4/1::19 (9.4 psid), When system
pressures were adjusted for operation at a nominal level of 250 psig, phase separator/
pump operation was found to have dropped to under 41kN/m2 (6.0 psid) thereby reducing
process water flow rate. With the concurrence of Fluid Dynamics Corporation, the
manufacturer, it was decided to obtain system performance data at maximum system
pressure of 2860kN/m2 (415 psia) before returning the separator/pump for vendors
examination and correction. At this pressure level decoupling of the magnetic drive
sometimes cccurred as well as leakage of the solenoid valve and integral relief valve. :
Removal and inspection of the solenoid valve revealed from wear -marks that the open
coil of the return spring evidently snagged in the longitudinal groove of the plunger thus
preventing its return and proper seating. Correction was accomplished by reversing
the coil spring such that the open coil faced the shoulder on the plunger. An improper
O -ring seal was found in the relief valve which was corrected by removing the spring
and inserting a 1/4 inch tube spacer. This, however, left the relief valve non-
functional, but was not considered necessary for WES safe operation. It was also
learned that normal pumping AP was restored at low pressures, The unit was removed
from the system and sent to Fluid Dynamics Corporation on 9-11-74 for high pressure
evaluation and corrective modifications as necessary.
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As evaluated by the vendor, loss of pumping pressure differential
at high operating pressure was attributed to excessive thrust bearing friction causing
loss of motor speed and at times decoupling of the magnet drive to the pump element.
The thrust bearing was altered to include improved relative slip between a glass-filled
teflon thrust washer and a stainless steel ring inserted in the impeller. Recommendations
by Fluid Dynamics Corporation for a more improved redesign, not possible within the
configuration of the current unit, would include substitution of graphite for teflon for
further reduction of friction and increasing the torque capacity of the magnet drive from
22 to 35-inch-ounces. To prevent magnetuncoupling on the present unit the motor speed
was reduced slightly at high torque with the change of a capacitor in its circuit to
increase motor slip. '

Phase separator/pump operation was satisfactory when re-mstalled
in the system, although it did exhibit some sensitivity to system pressure by a AP
reductmn from about 9.5 to 8.0 ps1d between respective operating pressures of about
138kN/m (20 psig) and 9480kN/m (360 psig).  Two occurrences of component
malfunction during system evaluation resulted ultimately in a bearing seizure of the
separator/pump which required additional repair. During system depressurization
and drainage of the process water loop without the separator/pump operating, reversal
of water flow through the deionizer caused dislodging of resin beads into the separator/
pump water discharge line (which was subsequently flushed) and some inadvertently
into the impeller cavity. During unatfended system operation a broken solder joint on
a water accumulator switch prevented makeup water addition to the process water cxrcult
This ultimately resulted in fault shutdown of "low'" separator/pump &P equal to 24kN/m?2
(3.5 psid). The low APresulted from an enlarged gas core which reduced water
lubrication of the impeller thrust bearing, and some deionizer resin particles had settled
in the . 010 inch clearance between the thrust bearing and impeller, thus interferring
with rotation. Normally, the pump couid handle this foreign material as a centrifugal
pump with adequate water flow. However, with reduced water flow rate the gas core
enlarged in diameter and exposed dry regions of the thrust bearing which eventually
picked up the resin particles and bound up. New bearings were fabricated and the
separator assembly was bench tested at low and high pressure by Fluid Dynamics
Corporation.

The repaired phase separator/pump was re-installed in the system
on 12-3-74, Subsequent system evaluation revealed at the nominal operating pressure
of 2413kN/ m? (350 psig) that pressure rise across the circulating pump element was
51. 7TkN/m? (7.5 psid) as opposed to 69kN/m2 (10 psid) measured by a vendor bench
test. The d1fference was later attributed to possible deflection of the pump housing
at elevated pressure which increased the impeller clearance and reduced pump
performance.

Because a few drops of water had been observed in the glass tube
hydrogen flowmeter, a translucent 1/4'" diameter nylon line was installed at the hydrogen
outlet of the phase separator. During system operating conditions with a full water
accumulator, a pressure differential of about 159kN‘/m§ (23 psid) can exist across the
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closed solenoid valve. Water slugs up to 2.5 cm long were periodically observed
-discharged with the hydrogen when the solenoid valve was opened. Apparently, the
surge of hydrogen from the gas core at high differential allowed some carry-over
_ of water to the outlet. This condition was corrected later in the program by an
internal modification which prevented the sensing impeller from picking up water/
gas interface during venting at high differential pressure.

On 12-31-74, the system was automatically shutdown caused by a
"high' two-phase pressure fault condition resulting from a failed bellows in the
hydrogen back pressure regulator. The poppet of this component continuously cycles
between an open and almost closed position as the solenoid valve on the phase separator
is energized cyclically. The frequency, dependent upon gas generation rate, was about
10 cycles per minute at 30 amperes. It was estimated that 400, 000 cycles were
accumulated to this failure point with a WES accumulated gas generation time of
629 hours. Subsequently the system was installed with a repaired hydrogen back
pressure regulator and an electrical counter which was energized simultaneously
with the solenoid valve on the phase separator/pump.

As reported in Para. 3. 4.3 a differential Hg back pressure
regulator was added downstream of the separator solenoid valve with a reference to
separator/pump HoO outlet pressure. This device has reduced the continuous cyclic
operation of the solenoid valve and no water discharge was evidenced in the translucent
Ho outlet line. During an extended period of over 200 hours of system operation the
pressure rise of phase separator/pump gradually diminished from 7.6to about 6. 0 psid
which required readjustment of the differential pressure regulator to ""hold" the
solenoid valve open. :

On February 10, 1975, the phase separator was removed from
the system and disassembled. Inspection of the pump revealed that the teflon washer
shim between the impeller and housing had been worn and frayed. This was replaced
with a .13 mm (. 005"") thickniobium metallic washer. The separator/pump was then
reassembled and bench tested with a pressurized water reseroir up to 2413kN/ m2
(350 psig) and with c1rcu1ated water flow (without two-phase input capability). A pump
APof about 62kN/m? (9. 0 psid) was measured in this set up., After re-installation
of the separator and subsequent operation in the system at design pressure for a few
hours its measured AP changed to about 51.7kN/m? (7. 5 psid).

Additional system tests were conducted to determine the variance of
phase sepa.rator /pump AP with low and high pressure operation with solid water or
two~-phase flow separation, etc. Provision was made with a '"tee' inserted in the
two-phase line at the separator/pump inlet to inject nitrogen gas. Gas injection at
this point took the form of small bubbles swept by the continuous water stream; whereas,
electrolysis operation usually results in alternate cylindrical bubbles and water slugs,
The ''tee" was, therefore, relocated to the two-phase inlet of the primary heat exchanger.
In passing through about 6.1 meters (20 feet) of 1/4 inch diameter tubing of the heat
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exchanger as well as working against a 25 to 38 cm (10 to 15 inch) water column, a
more slug-like flow was established. A differential gage was also installed to measure
separator Ap, i.e., (HoO OUT minus 2 @ IN). Separator pressure differential was
measured under a variety of conditions, i.e., 103 to 2413 kN /m2 (15 to 350 psig)

0 to high injection rates of Np or H, gas as well as with electrolysis module generation.
At low pressure a differential of 59 to 62kN/m pf (8.5 to 9.0 psid was usually
experlenced which fell off to 51.7 to 55kN/m-‘ (7.5 to 8. 0 psid) at design operating -
pressure of 2413kN/m (850 psig). This chande was sometimes erratic and sudden,
however, part1cu1ar1y at high pressure or by stopping and restarting. Although

a Ap of 51.7kN/m?2 (7.5 psid) was normally realized at 2413kN/m2 (6.5 psid). Two
phase operation of 12 hours or more resulted in a reduction to about 45kN/m? (6. 5 psid).
The phase separator/pump was not disassembled or removed from the system
installation to further ascertain the cause; but, as previously hypothesized these
variations were probably due to changes in internal impeller clearance causing
variation in internal leakage which affects pump performance.

Operation of the phase separator/pump with the differential pressure
regulator, whereby the solenoid valve is maintained continuously open, usually results
in generation of a repeating pulse or dip in pump AP lasting one to two seconds. Periods
of steady operation may be up to an hour, but once triggered by a load change, operation
of the makeup pump or some flow transient, the pulse is sustained at a frequency of
usually two to seven times per minute. During this pulse the pump AP drops from a
normal 48 to 50kN/m2 (7 to 8 psid) to about 34kN/m? (5 psid) and then returns to the
higher value, A change in water flow coincides with the change in AP and motor speed
increases sharply as AP is reduced by a larger core diameter. Because the operation
of the phase separator pump, differential pressure regulator and water accumulator ,
are inter-related, the exact cause was not apparent. By isolating the water accumulator
and differential pressure regulator with valves and by elimination of water in the Hy ‘
discharge with a trap, the causes of possible instability could be determined. It was
found that pulses could occur when the solenoid valve was powered open, even with the
differential regulator and water accumulator ineffective in the fluid circuit by valving.

It appears that the core diameter may be oscillating slightly (noted by slight AP
oscillations) which becomes unstable probably due to a speed increase as the core-
diameter grows and the motor becomes unloaded (possibly aggravated by the built-in

slip condition). At low pump AP a churning sound is heard for about one second and

then the motor speed is reduced and high AP is restored as the core. collapses. Pulsations
liave been observed during system operation at low and high pressures and at low and
high loads. Observations were also noted during a shutdown condition with the phase
separator/pump "on' when the two-phase loop was being drained. That is, pulsations:
could occur when the solenoid valve was powered open, as caused by a partially drained
separator with an enlarged core. Although disconcerting, the pulsations noted are less
frequent and no more detrimental to system components than those oscillations caused
by a constantly cycling solenoid valve. Further phase separator testing and development
should investigate whether pulsations are prevented by a synchronous speed or whether
the vortex region or the pump impeller should be modified with baffles to retard free-
surface oscillations of the core.
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In summary, the technical difficuliies experienced with the develop
ment of the dynamic phase separator/pump were primarily related to the undersize
torque rating of the magnetic coupling which required the reduction in motor speed to
prevent decoupling. The modified speed-torque characteristic resulted in a speed
and AP output sensitivity to impeller torque variations with clearance and bearing
friction. Positive aspects of the component development were that the unit provided
effective Ha/HoO separation over the wide range of system operating pressures and
gas production rates and was proven functionally compatible with the automatic start,
stop and cyclic operating requirements of the system. Centrifical separation with
a hollow core and with gas venting capability completely eliminated pump cavitation
problems and no gas was ever entrained in the water discharge. For this reason,
the phase separator was operated continuously during system depressurization to
effectively separate and handle Hg outgassing of process water in the two-phase loop
as pressures were reduced.

74

—= DIRECT ENERGY CONVERSION PROGRAMS




GENERAL D ELECTRIC

3.3. 4 Water Accumulator

The water accumulator provides the dual function of accomodating
the changes in the quantity of water in the two-phase region of the process water loop
due to sudden changes in load or hydrogen generation rate, and, it also provides the
sensing means for adding makeup water periodically as it is consumed by the elec-
frolysis module. Bench tests with a seven-cell electrolysis stack verified the changes
in water 'held up' in the hydrogen cavity of ti3 cells at various applied loads, Also,
the quantity of water contained as cylindrical slugs with two-phase flow in fluid lines
depended on rates and the volume ratic of gas and liquid. Anticipated volumes of
fluid components handling two-phase flow were calculated with the electrolysis module,
primary and regenerative heat exchangers making up the largest portion of total
volume for sizing the water accumulator.

Requirements for the design of a water accumulator meeting the
volume displacement requirements and the switching logic for makeup water addition
are provided in Spec, No, 7T3A490-862 contained in the appendix, Commerciaily
available accumulators or aydraulic cylinders could not be modified to meet these
requirements primarily because materials used were not suitable for water service.
Response to quotations were received from four vendors but cost and delivery in all
cases were beyond program plans.

: The design of the water accumulator specially made for the WES
requirements is shown in cross section on Drawing No, 73A480-373 in Figure 34. It
~consists of a customary hydraulic actuator design with piston, rod, return spring,
hoilow cylinder and square end plates sealed with O rings and secured with four tie
rods. The piston design shown was for incorporating TFTE coated "Quad' rings. An
alternate split-piston design switable for chevron-{ype teflon seal rings was also
fabricated. The cylinder bore and piston rod were honed to an 8 RMS finish to
minimize friction. All metal parts are made {rom 300 series stainless steel. The
water storage capacity of the unit is 261 cc consistent with a full stroke of 7.62 cm
(3 inches), A .635 cm (.25 inch) square by 2,54 cm (1. 00 inch) long magnet is
contained in the end of the piston rod, which actuates proximity switches, fastened
to the surrounding bracket, at zero and full stroke positions. The number of internal
washers (one inch diameter bolt size) located on the tubular piston stop can be
varied to adjust spring force for various oppratmw pressures,

- Bench tests were performed on the accumulator to evaluate both
piston seal designs and to set pre-load on the return spring. The teflon seal, of 2
chavron-type having a captured expansion spring, demonstrated lower iriction but
allowed a small amount of water leakage (HaO to Hy outlet) which was con51dered
unsatisfactory. The TFE coated "Quad'" ring exhibited a 20,6 to 34. 3kN/ m2 (3tos
psid) pressure differential due to friction, but maintained a leak-proof seal. ’I‘he piston
was assembled with only one ring to limit friction. Typical accumulator performance
during a bench test is shown in Figure 35 with the hydrogen side of the piston at
- atmospheric pressure. At elevated system Hs pressure, the pistion pressure differential
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(H0 - Hy) increases because of the imbalance caused by the piston rod area.

Accumulatior performance during the extended period of system
operation exhibited a minimum of difficulty. On one occasion the WES was automatically
shut down due to a broken solder joint on the "empty' position switch. After cver
550 hours of WES operation the water accumulator was observed to stick nesar the
"empty'' position. The component was disassembled and the teflon coating on the -
"Quad'" ring seals was observed to be worn off and deposited on the cylinder wall near
the "empty' position where most of the cyclic stroking occurs (from phase separator
solenoid valve cycling). The seals were replaced and Dow Corning silicone grease and
"Apiezon" pure hydrocarbon grease were evaluated as lubricants. The latter gave
smoother stroking results so was used in the assembly.

The function of the accumulator was evaluated during load and
pressure transients as well as during the cyclic mode of WES operation. During
system operation at high load the high-volume components of the two-phase loop
(primarily the electrolysis module and two heat exchangers) are filled with a mixture
of hydrogen and water having a greater portion of hydrogen. At a low gas production
rate in the standby mode the mixture changes to mostly water in these components. The
difference in the quantity of water in the two-phase loop caused by load change must be
accommodated by the water accumulator. Parametric tests of cyclic operation were
conducted between a standby current of 6 amperes and selected currents of 20, 30, 50,
and 75 amperes which provide the data in Figure 36. As current is changed from low
load to high load, water is added to the accumulator from the two-phase loop. At load
reductions water is removed from the water accumulator by the return spring in the
piston. At maxumum load differential, piston displacement approximates 3.8cm
(1.5 inch). To accommodate this displacement it was necessary to relocate the
"empty" switch of the water accumulator to the center position of the 7. 62 em (3. 00 inch)
maximum stroke. This was done with the addition of a hutton-actuated switch which
was actuated by the piston rod for any stroke position between 0 and 3.70 cm (0-1. 46 inch);
refer Figure 35. From this position, maintained by water addition from the makeup
pump, the water accumulator will tend to fill with water for a load increase or almost
empty to the zero stroke position for a large load reduction. In the latter case, the
makeup pump is on for about eight minutes during the standby period to return the
piston to the mid-position. It was therefore necessary to increase the ESD delay time
for an ""empty' water accumulator from 4.5'to 9. 0 minutes.

From all piston ;positions a continuous feed of sufficient water is
always available to the two-phase loop such that pressure decay is minimized and normal
phase-separator /pump pressure rise is also maintained during load changes.

It had been concluded after system checkout that the accumulator
check valve (Item 2-6, Fig. 16) was not a necessary system coniponent, To verify
this by test this component was removed from the WES, One result was that the makeup
pump was noisier but otherwise system operation at low pressures and high pressures
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was basically the same. Throttling of the accumulator metering valve (Item 30-1,
Fig. 16) does diminish the magnitude of the piston stroke during cyclic operation of
the solenoid valve on the phase separator/pump.

The same check valve was inserted in the water outlet line of the
phase separator/pump to learn if it might reduce the pressure flow excursions caused
by cyclic operation of the solenoid valve on the phase separator/pump. It was deter-
mined that the check valve was effective in controlling the water flow direction during
priming of the system but did not alter system operation or reduce pressure-flow
excursions. It appears that rather than the gas core being collapsed by reverse water
flow when the solenoid valve is opened, there is a sudden rush of two-phase flow into
the phase separator/pump supplied by the reservoir of two-phase fluid in the
electrolysis module and heat exchangers. Pressure drop across the check valve in
the flow direction was about 6, 9kN/m? (1 psid) so that water flow rate was reduced.
The conclusion was to leave the check valve out of the system for either function.
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3.3.5 Oxygen Absolute Back-Pressure Regulator

An oxygen absolute back-pressure regulator P/N 356-01 was
designed and fabricated by Ausco, Inc., Port Washington, N.Y. in accordance with the
requirements of Specification No. 73A490-831 Rev. B contained in the appendix. A
drawing of this unit is provided in Figure 37.

The valve is of the direct acting, bellows loaded poppet type. The
evacuated bellows acts to oppose the ambient pressure force to hold the poppet seated
until crack pressure is reached, then allows the poppet to lift off its seat for flow.
Adjustment of the crack pressure over the range of pressure from 690 to 3448kN/m?
(100 to 500 psi) is accomplished by turning the gland into the body; then the key type lock
is brought into the mating slot in the body by the knurled nut. This gives a positive lock
between the body and gland so that vibration, etc. will not alter the pressure setting.
This regulator controls oxygen back-pressure on the electrolysis module in the WES,
Vemdor bench tests with No gas on the unit prior to delivery are included in Table VIL

Performance of the unit duritigg all WES testing was excellent at the
adjusted levels of 827, 1793 and 2758kN/m? (120, 260, angd 400 psig) regulated oxygen
pressure used during automatic system operation. No seat leakage was ever observed
below set cracking pressure. :

3.3.5 Hydrogen Absolute Back-Pressure Regulator

A unit identical in design to the oxygen absolute back-pressure
regulator was fabricated by Ausco, Inc. as P/N 356-02 to meet requirements for a
hydrogen absolute back-pressure regulator per Specification No., 73A490-830 Rev. B
contained in the appendix.

Vendor bench tests with helium gas on the unit prior to delivery are

- included in Table VIII. Adjusted levels of regulated hydrogen pressure were established
at 620, 1517, and :24:13kN/m2 (90, 220, 350 psig) during automatic system operation,
Pressure regulation and poppet sealing at lock-up conditions was observed to be
excellent,

A regulator failure occurred on 12-31-74 at 2413kN/m2 (350 psig)
operating pressure after 619 hours of operation andan estimated 400, 000 open/close
cycles caused by cyclic operation of the solenoid valve on the phase separator. Dis-
assembly of the valve assembly revealed a cracked bellows. The bellows manufacturer
attributed failure to cyclically applied high stress condition on the diaphragm. ‘Recommend-
ations for substantially increased cycling capability would be to increase diaphragm
thickness from . 152 to . 178 cm (. 006 to . 007 inch). '

A spare bellows assembly was installed in the failed regulator

which was re-installed in the WES for resumption of testing on 1-3-75. Because this
assembly continued the original bellows design, efforts were made to reduce the cyclic

niiture of phase separator solenoid valve operation as discussed in Para, 3.3,2,
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3.3.6 Water Temperature Regulating Valve

The water temperature regulating valve controls the process water
temperature entering the electrolysis module, This valve mixes the water heated by
the regenerative heat exchanger with a portion of the process water which bypasses the
regenerative heat exchanger to maintain essentially constant temperature leaving the
valves. Electrolysis module performance is improved by the higher operating temper-
ature, remains independent of changes in coolant and ambient temperature at high load
and module warm-up time is reduced. The water temperature regulating valve was
designed and fabricated by Standard-Thomson Corp., Waltham, Massachusetts in
accordance with Specification No, 73A490-829 Rev. B contained in the appendix. A
drawing of the unit is shown in Fig. 38. Valve function is performed by an iaternal
spool or actuator which contains a hermetically sealed eutectic wax. Expansion and
contraction of the wax due to temperature variations results in valve displacement and
subsequent proportioned mixing of "hot' and "cold" entering water.

Performance of the temperature regulating valve installed in the

WES was excellent throughout system testing at all water flow conditions. Water discharge

temperature was controlled usually within 2K (3. 6°F). of the regulated setting of

339K (150°F). This controlled temperature is maintained for all module loads greater
than 50 amps which provide a module heat rejection sufficient to raise the temperature
of process water flowing through the regenerative heat exchanger and to the "hot"
water inlet part of the temperature regulator to a value above 339K (150°F). At
module loads below 50 amps the temperature regulating valve is closed to the "cold"
water inlet part so no process water by-passes the regenerative heat exchanger and
module water inlet temperature see*s a lower level of thermal equilibrium (See
Figure 26). -
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3.3.7 Process Water Deionizer

On the basis of makeup water supplied to the WES having total
dissolved solids of 5 PPM (Refer Guideline Spec. in Table III},a mixed deionizer bed
size of about 80cc was determined for water consumption of 7. 7Kg (17 1b) /day for 60
days at 50 percent bed efficiency. Because of internal generated metal ion
contaminants resulting from slight corrosion of stainless steel (primarily type 316)
components in the process water loop, the bed size was increased to 500 ML utilizing
a commercially available, high pressure gas sampling cylinder as a container.

(Model No. 6-645-2520, Matheson Gas Products, Type 304SS, 1800 psig rating).

This container was machmed with 9/16-18 UNF female threads on each end and internally
coated with , 15mm (., 006") thick gray durathane by American Durifilm Co., Inc.,

Newton Lower Falls, Massachusetts for corrosion resistance. To the internal face of

a commercial outlet fitting was spot welded 100 mesh, type 310 stainless steel screen

A '" micron in-line filter P/N 20666-4-40, Mectron Industries, Inc., South El1 Monte,
California was installed in the outlet line. The container was filled with Universal I
monobed resin, Illinois Water Treatment Co., Rockford, Illinois and with glass wool
packed between the resin bed and fitting at each end. The results of these water flow
pressure drop tests on 2-5-74 are plotted in Fig., 39.

Because of reduced water flow rate on 11-11-75 the deionizer
in- 11ne filter was removed and found plugged with fines from the resin bed. Further
inspection revealed many dionizer beads in the water line between the phase separator/
pump and inlet to the deionizer. The latter was expected to occur a few days
previous during which rapid depressurization from 2413kN/m2 (350 psig) of the
system without the phase separator/pump operating because of a leaky Hy vent valve
(Item 28-1). Rapid venting of hydrogen and water from the two-phase region causes
flow surges, and in this case, high flow reversal through the deionizer thus dislodging
the beads into the inlet line, Inspection of the resin bed indicated considerable
anion resin material had degraded to a fine powder.,

The inlet fitting of the deionizer was also provided with 100 mesh
screen filter to retain resin beads in the event of flow reversal. The container was
re-filled with Mixed Bed Resin AG501-X8 from BIO-RAD Laboratories, Richmond,
California having a 20-50 mesh bead size which was used with good results in other
laboratory work. The degraded resin from Illinois Water Treatment Co,, was evidently
the result of a quality control problem. The result of a water flow pressure drop
test on this configuration is also plotted in Fig. 39.

Following a WES test demonstration on 2-11-75 the system was
depressurized without the phase sepa_rator/pump operating and with water flow
control valve (Item 30-2) inadvertently closed. This condition resulted from trapping
rather than expelling from the process water the hydrogen cutgassed during
depressurization. Subsequent system start up revealed a reduced water flow rate.

A bench flow test with water indicated no problem with the deionizer as the data
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shown in Fig. 39. Checks on other components of the process water circuit also
revealed no problem. Further evaluation of the deionizer showed that a gas bound
deionizer bed can initially block water flow (top to bottom at 1g) up to 12. 5kN/m2

(50" HyO) but that gradual water seapage and recirculation will remove the entrained
gas. This condition was never experienced again during repeated WES depressurizations
with the phase separator/pump operating and circulating the process water to remove
entrained hydrogen evolved at low pressure.
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3.3.8 02/H2 Mixture Sensor

Although a General Monitors Corp. .combustible gas detector
(Item 22, Table I) was used in the WES to sense external hydrogen leakage to ambient,
there remained a need for a sensor for detecting potential mixtures of Og and Hy
existing in internal lines resulting from possible internal electrolysis module leakage.
Operation at high system pressure compounded the problem.

A catalytic sensor was devised by attaching a platinum electrode
(as used in SPE fuel and electrolysis cells) to a stainless steel sheathed platimum
resistance temperature probe which could be exposed to an Og/Hz mixture in a high-~
pressure fluid line. A successfully tested configuration consisted of a pressed
electrode made with platinum black and expanded tantalum screen which was wrapped
around and tack welded to a . 64 cm (1/4 inch)dia. sheath x 14 ¢m (5-1/2 inch) long
resistance temperature detector P/N GP70-A1-P200-B manufactured by RDF Co. ,
Hudson, N. H. This catalytic sensor probe was inserted in the horizontal leg of a
3/8 inch Swagelok Tee and fastened and sealed with a 3/8 to 1/4 reducer.

' The O5/Hg mixer sensor was bench tested with various mixtures of
oxygen and hydrogen injected in the vertical leg of the Tee. The flow of gas mixture
impinged on the sensing probe.which was heated by combination of Og and Hz‘ on the
platinum black surface and ejected out one horizontal leg of the Tee, Measured
sensor temperatures versus the percentage of Og in Hy or Hy in Og are plotted in

Fig. 40. Two sensors were installed in the system, The Oy in H, mixture sensor
(Item 32-1) was installed in the hydrogen upstream of the hydrogen-‘back pressure
regulator to prevent exposure to air during shutdown. The Hy in Oy mixture sensor
(Item 32-2) was installed in the oxygen output line between the oxygen back pressure
regulator and Oy flowmeter. Automatic emergency shutdown was set for 333K (140°F)
for the Og in Hy sensor and 359K (187°F) for the Hy in Oy sensor. The latter setting
was higher because oxygen leaving the insulated oxygen regulator can reach about.
327K (130°T) :

Inspection of these sensors after about 1000 hours operation
showed that the platinum black had spalled off particularly the Oy in Hy sensor.
This erosion was caused by water impringement at rather high velocity when present
in the discharge lines. Recommended modifications would be to improve the
adhesion of the catalyst with more binder and a smaller screen grid. Also, erosion
would be reduced with a baffle or shield in the impact zone and probe installation in
a 1/2 inch Tee size to reduce local gas velocities.
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3.4 System Development and Test Results

3.4.1 System Design Analysis

Advance system development under Phase II of the subject contract
included the design, fabrication and procurement, assembly and test of a six-man
rated pre-prototype WES. Various proposed systems were studied which would
include an advanced electrolysis module capable of six-man oxygen generation rate
and a dynamic phase separator. With the concurrence of Mr. R. B. Martin, NASA/JSC,
Contract Technical Monitor, the system selected included an advanced electrolysis
module, a dynamic phase separator/pump and other ancillary components to provide
pure oxygen and hydrogen generation at high pressure (nominal 2860%«:N/m2 415 psia)
and (nominal 355K, 180° F) module average temperature. This system would include,
where possible for cost effectiveness, former NAS1-9750 contract components with
necessary modifications and off-the-shelf commercial components meeting functional
requirements. The existing 13-cell electrolysis module would be modified for
operation at high pressure, high temperature and accompanying high current density
to increase capacity from a four-man to a six-man rating. This pre-prototype water
electrolysis system would be packaged and contain suitable controls and display for
safe, unattended operation.

Tests on the four-man breadboard WES were conducted to provide
data for predicting pressure drop in the water and two-phase circuit at high pressure
conditions. Figure 41 shows measurements of pressure drop versus electrolysis
module current for process water flow rates of 4,53, 6.79 and 9.16kg/hr.(10, 15 and
20 Ibhr.).  Differential pressure was measured across a series of components in
combination: (1) deionizer, water temperature regulator and electrolysis module in
one group; and (2) check valve, regenerative heat exchanger and primary heat exchanger
in another group. Pressure drop of Group (1) was essentially independent of hydrogen
generation rate or module current exhibited by flow through screens in the cells.
Pressure drap in Group (2) was dependent upon both water and hydrogen flow caused by
two-phase slug flow in the tubing of the heat exchangers. Nominal line pressure was
310kN/m?2 @5 psia).

From the test data, hydrogen and water volumetric flow rates
were calculated to generate Figure 42, which shows pressure drop in the two-phase
region (Group (2) components in series) as a function of hydrogen/water volume ratio.
The significance of this volume ratio is illustrated by Figure 43 at degign water flow
rate, mean fluid temperature at various system operating pressures. As indicafed
by the dashed line, at constant water flow the hydrogen volumetric rate at 23 amps,
690kN/m? (L00 psia), is equlvalent to 75 amps at 691kN/m2 (350 psia). A map of
predicted system pressure-flow characteristics are given in Figure 44 with estimated
performance of the pkiase separator/pump.

Analvms of the water electrolysis module was made to predict per-
formance at 2760kN/m" (400 psia) oxygen pressure, 2413kN/m? (350 psia) hydrogen
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pressure, and a mean cell temperature of 355k (1800F), At high pressure, and tem-
perature parasitic losses are increased. This is particularly due to diffusion of gases
across the solid polymer electrolyte (SPE) membrane, A parasitic current of about

5 amps was expected at the cited conditions, irequiring process water flow of about 20
lb/hr. to limit the cell temperature gradient to 22k (409F), A higher process water
flow could reduce module temperature gradlen-ts, but increase system pressure drop
and pump requirements.

A volume study of the proposed system was also performed to pre-
dict water content retention on the two-phase side especially during oxygen generation
rate changes of cyclic operation, startup and shutdown. Since the volume ratio of
water to gas varies as a function of O2 generation rate (process water rate is essen-
tially constant), it becomes necessary to provide a water accumulator of adequate
storage capacity within the process water loop of the system.

Definition of the advanced system configuration resulted in the re-
quirement of those major components listed in Table IV on Page 37 installed as shown
in the functional schematic in Figure 16 which was deccribed earlier. Some small
but no basic revisions were made in the course of development, A safety study and a
failure mode and effect analysis (FMEA) were performed to establish single point
failures., A fault detection and isolation analysis (FDIA) was also made to establish
fault sensors and monitoring equipment requirements of the WES installation. The
FMEA is included in Table IX accompanied by the guideline criteria used in conducting
the analysis. A summary of the fault conditions, derived from the FDIA, which re-
sult in an automatic safe emergency shutdown (ESD) of the system is provided in
Table X. The limit values and hold periods shown are those set for high pressure
operation at the WES design point. Most of the limit values and hold periods were
established in advance from design criteria which defined emergency controller logic
and shutdown requirements, Potentiometer adjustments for setting all pressure limits
provide for system operation and automatic ESD at any selected pressure level and
allowed for component and system variations experienced during development.
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Table IX
‘Failure Mode and Effects Analysis

Guideline Criteria

For the purpose of the Failure Mode and Effect Analysis, the term
"failure" is defined as a structural sreak, a change in dimension or
a change in functional characteristics to the extent that the part or
coraponent no longer performs within specification limits.

In the interest of cost effectiveness, monitoring and recording is
performed manually by an operator.

In the interest of ‘co_é,t effectiveness, isolation is indicated by lights.
When two or more lights are indicating, further investigation will be
necessary to isolate the failure and cause.

1n the interest of cost effectiveness, redundancy of instrumentation
to provide a voting validation of a fault at the same location is not
included in this pre~prototype WES.

Only the major components of the WES (Table 1V, Figure 16) Wlll be
considered in the- FMEA.

Although the NASA/JSC WES components are considered '"non-flyable"
breadboard hardware, the FMEA will be evaluated for severity of
consequences, with failures categorized in accordance with space
station classes as:

Class | Description -
I . A single failure which could cause loss of personnel.

IIA A single failure whereby the next asso<31ated failure could
loss of personnel. : :

IIB ' A single failure that could cause return of one or more
personnel to earth, or loss of subsystem function(s)

essential to continuation of space operations and scientific =

investigation.

m - A smgle failure wh1ch could not result in loss of primary
‘ or secondary mission objectives or adversely affect -
crew safety. :
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Table IX

WES FAILURE MODE AND EFFECT ANA LYSIS

6-MAN ADVANCED BREADBOARD WATER ELECTROLYSIS SYSTEM (WES)
Refer Drawing 73A490-868 Rev, A
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Item - Component - Component Failure Mode liypothetical Effect of Fallure Failure Fault Detection Fault Isolition Comments.
No. Title Function Failure Mechanism Class
1. Water Electrolysis To gencrate oxygen and 1) Misture Oy 10 Hs/ Cell assembiy gasket WES will automitically shutdowa by (L] Temperaturd cise of Red 02 in Hy" or "Hp
Module hydrogen by electrolysis { HsO side), internal displacement, deterior-§ oxygen seasing in B2 outlet or by catalytic Oz/Hz mixture {in 02" or "Mod Temp
of water proportional to cross leakage, dtion or rupture; solid hydroguea sensing in Op vutlet, scosor, Temperature High" light on.
input current. polymer. electrolyte rise of Ha/1120 fluid at
(SPE) membrune pre- module outlet (Items
foration or rupture. 241, 32-2, 21).
b) ‘lmternal cross leak- Cell assenibly gasket Pressure decay of trapped Na in mod- uj Dome pressurc on Press | Iled "N Dome Low™
- age, N2 in dome 1o O2 displucement, deterior- | ule dome, ditute output gases with Ny, Trans (tewm Y7-4) drops | light on,
or Ha/H20 sides, ation or ruplure. WES will ESD (i.¢., sutomatic below low limit,
emergency shutdewny, :
¢). External leakuge of Loss of gland or O-ting Pressure deeny of irapped Ny in mod- i Same as (b). Same as (b).
Na. seais:hy permaneni set | ule dome. Ny to cabin.  \WES will
or deterioration. Frac-| ESD.
ture of dome.
d) External leakage of Loss of O-ring seal al Gross leak will deop O3 pressure bhe- b i{] Oy pressure on Press Red "0 Low" light on,
0. madule énd plate wbe low 02 reguluted pressure; WES will Trans (ftem 17-2} fulls
couneclions. ESD. Smald leak has no elfect. below low Nmit.
&) External leakage of Same as (d) #) Gross leak will drop i2/H20 pres- i d) Two-phase pressuve | Red 2@ Low" light on,
Hy or HaO. sure below Ha regulated pressure, on Press Trans (item
WES will ESD. 1y and/or HpO will 17-3) falls below ‘low
vent to cabin, - WES will £8D, 1imit.
o ey ] L) ity small leak to cabin, - WES will . b) Combusiible Gas De~ |b) Red iight oa CGD,
a ESD. . ' tector {lem 22) exceeds | Mem 22, .
% high Yimit, ~
w E - ¢) 1120 swall leak to cabin, No ESD, * ¢} Visual iuspection by . | ¢j Location of H20 drop
: p vd crew, formation.
% f) Per[ohnance decay Increased cell(s) iniped-] -Module terminal voltage will increase m Outpui voltage sensing Red "Mod Volt High"
; E} (i.e., higher input volt- ance due to (1) witer until WES will ESU. o Power Conditioner tight on.
. o age required at current starvation, (2) SPE ioa . {item 11) exceeds high
‘ a setting to generale de- contamination, (3) Jow limit.
S sired O3 and Ny rate). contuct pressure (1)
’ corrosion of current
colleetor,
g) H2/14,0 side restric— Contamination clugging | Witer sturvation of one or more cells, m Same as (f). Same as (f).
tion. cell(s) Hy/Hz0 side WES will ESD on modale high voltage.
{low passages.,
2-‘L Redundant N Input e prevent Iy feed back Valve(s) stuck closed. Contamination, 4) Unable to pressurize 112 side with m u) Pressure Trans, a) Kemove both check
22 Check Valves to Hy to Ny supply line, N2 during system pressurlzqtion prior (Items 17-1, 17-3) show [ viulvés and separately
Side 10 start~up. . . no increase on display beoch test,
meters when Py, > Py,
Visual readout.
b) M, pressure falls below Ny base b) IHems 17-1 and 17-3  Fb) Red "2¢ Low" light
pressure during normal, cyclic (WES fall below lowlimit set~ fon, perform (@),
will ESD) or emergency shutdown. ting for cyclic operation,
One valve stuck open, u) Contamination and/ No effect with redundunt units. m None. Remove both check

or spring ruplare.

valves and separatily
bencls test.
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Dales_ - 9-20-74 6-MAN ADVANCED BREADBOARD WATER ELECTROLYSIS SYSTEM (WES)
' Refer Drawing 79A190-868 Rev. A
lem Component Component ‘Failure Mode Hypotheteal Effect of Failure Fallure Fault Detection Fault Isolation Comments
No, Title, Function Failure Mechanism Class
21 Continued “Fwo valves stuck open. | Sume ats (a), both valves.] Ho admission o Ny supply line, gea- 11 ‘Temperature Red g ln‘v'();f' light on,
4-2 ’ dusl mixwire adinission to 0 side alicr entulylic Oy/H
anurmiad, cyclic or emergency shutdown, sensor (Item 32-2).
WS will ESD on restart.
External leakuyge Seal materiol set or 2} Ng side, eventual exhaustion of Ng ur e on Press | Red "Nz Base Low"
lvose connersion.’ supply to.cabin. WES will ESD, ~8) faiis lighi o,
below tow limix,
b) i3 side, iy leakage to cabin,  WES b) Comb, Lus Detector $ied light on CGD,
will ESD, exceeds kigh innig. item 22,
2-3 | Redundant No Tnput ‘To prévent Oy feed back | .Valve(s) stuck closed. Contamination, a} uUnable to pressurize O side with i1 a) Press Trans (em a) Remove both check
2-4 Check Valves to Oy to No supply line, . ’ N2 during sysiem pressurization prior 17-2) shows no increase valves and scparately
: Side . io start-up. on display meter when bench test.
Py, > Poy. Visual
readout.
by Oy pressure falls below N base b) ftem 17-2 falls below § b) Red "O2 Low" light
prossure during nsormal, cyclic (WES limit setting for cyclic on. . Perform (a).
‘will ESD} or emergency shuldown, operation, .
One valve stuck open. u) Coutamination and/ No elfect with redundant units., 13 Noue Remove both check
: Cor spring ruptare valves and scparately -~
bench test.
Two valves stuck open. Same a5 (1), both valves ) O admission into Ng supply live.  Mix-§ 1l Temperature rise of 1ted 'Oy in Hz"™
ture admission into By /H,0 stde after catalytic O3/l mixture ¥ oa. -
uormal, cyclic or emergency shutdown, sensor (ltes 3Z-1).
WES will ESD on restart,
| External leakage, ' Seal material set or 4) Ng side, evenbunl exhaustion of No it a) Ng pressure on Press | a) Red "N2 Buee Low"
' 1oose connection, sunply io cabin. WES will ESD, Trans. (item 17-5) falls light an.
below. low limit,
) - 02 side, O3 leakage to cabin,  No b) None, b) Noae,
effect unless gross leakage (see Neni 1, .
Failure Mode di.
2-5 Muakeup Water Cf:cck ‘Fo prevent drain back of - | Valve stuck closed. Convimination, Unuble o resupply process water loup u Waler Accumuiator (ftem} Red "Accum Empty" Nakeup Pump Ass'y.
Valve ) high pressure process with makeup water. WES will ESD, 16) "Empty" position light oa. (lem 3) has outlet
‘wilter:{and Hz) to low switch remains actuated check valve, so Item
pressure makeup waler beyond 20 sec. hnit. 2-5 is redundant,
supply. ’ 7
Valbve stuck open, Contamination and/or a) No effcet if vutlet check valve on 14 a) None. a) Remove and bench
. spring rupturée. makeup pump (flem ) checks properly. test,
b) I outlet check valve on makeup by Hy/Ha0 pressuve o6} b) Red "2¢3 Low light
pump fails open, WES will ESD. Press Trans (tem 17-3) | on, : ’
fulls below low limit,
External leakage, Seal material sct or i) Gross leak on high pressure side ni a) Hz/H20 pressire on a) Red "2¢) Low" light

louse connection,

will drop H2/H20 pressure to-cause
ESD.,

L) Hz0 smudl leak o eabin, No ESD.

Press Trans (em 17-3)
falls below low limit,

b) Visual inspection by
orew,

on.

by Location of HzO

" drop formativa.
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tiey from process watar.

|

water from dcionizer.

ing, high.conductivity
makeup H20, iouic con-
tamination of process
walter by WES compiun-
ents,

loa exchunge of hmpurities with hydro-
gen proton in SPE of sodule cell will
catuge some perimanent degradation of
¢lectrolysis modulu {itew 1) perlor-
maice,

tivity will exceed high
limit setting of conduc—
tivity scnsor (ltem 24).

light on.

“‘Sheet .
Date 6-MAN ADVANCED BREADBOARD WATER ELECTROLYSIS SYSTEM (WES)
Refer Drawing 734 490-868 Rev. A
item Component Failure Mode Hypothetical Effect of Fallure Failure Fault Detection Fault Isolation Comments
No. Function . Failure Mechanism Class
2-6 Wwater Accumulutor Allews guick Iitl of water | Valve stuck closed, Contamination. Hu /120 pressove will suddenly in- ni Hu/H30 pressure on Red "2¢ Wigh" light on. \
accumulator from 25 crease during stari-gp or jucreasé in P. T, (item 17-3) will '
loop during start-up or - load. -WES will ESD, exceed high limit.
\ load change transients, :
pi 2} Prevents revecse surge Valve stuck open. Contamination und/or Reverse surge of waler from accumu- m i3 /i120 pressure on Red “2¢ High' light on, { Pressure measure- .
;); during this transient and : spring ruptuze. Jator (v 208 laop could cause AP cye- P, T. (tem 17-3) will ments and transient
:“ when aakeup water pump ling in doop and spitting of separator/ exceed high limit during behavior of 2¢8 loop
Z‘ (Wem ) is operanting. pump 10 Uy outlet.  Probable ESD, [ressure surge, to be investiguled
-] } with Item 2-6 re-
‘:‘\‘) o | moved during WES
Vé' : development tests.
% External leakage. Scal material set or a) Gross leak will drop H2/H,0 pres- ur a) Hp/H20 pressure on a) Red "2¢ Low" light
A ; loose connectinn, sure o eatse ESD. P. T. (tem 17-3) falls on,
a (=] | below low limit,
ERIL i
} b) Hy0 small leak to cabin, No ESD. b) Visual inspection by b) Location of 120
j crew, drop formation.
3 Makeijp Weter ¥ilter | To rumi)ve particulate High filtexr AP or no Partial or complete Makeup pump suction pressure is low m Pressure at pressure Red "Makeup H20 Low"
: C : malteridl from water water Qow, ~clogging by contumina- | when operating. WES will ESD. switeh (flem 19) falls to light oa.
gind p to makeup pump tion. Loss of makeup actuation point.
(Meox N, : wates supply pressure, -
1
External leakage. Seal material set or H»0 lenkage to cabin.  No ESD. oI Visual inspection by Location of H20 drop
loose connection, ’ crew, iormatioa.
4 Mukéﬂp Water Pump | To supply makeup water No water delivery to Failure of motor, drive | a) Unablc to supply proces: wuler i Water accumulator {fiem | Red "Accum Empty"
. to hIgT: pressure process | witer accumulator. mechanism, plonger loop with mukeup water,  WES wili 16) "Emply' position light on.
water|loop. seal leak, or stuck in- ESD. switch remains actuated
let or outlet check valvey heyond 20 s8ce, dimit,
External leakage. Seal-material set or Mz{reakuge to cabin, No ESD unless jil} Visual inspection by Location of HzO drop
loose connecticn, lauk cxceeds ouiput as in (a). crew, formation.
5 Coolant Water Filtér | To ‘r%move purticulate Low of no water fow, Partizi or complete WES will ESD at coolait flow under 1 Coolant flow under 0.2 Red "Cool Flow Low"”
matgriad front cooling clogging by contamini- § 0.2 gpws. gpm will actuate flow light on,
wal‘t‘:}» supplic:d o WES, tion, switch, (lteém 25),
-External leakage. Seal material set or 120 Jeakuge to cabin,  No. ESD. i Visual inspection by Location of 1120 drop
. touge connection, P formation,
& Electronie Controller | Provides manual switches]  Loss of power input to Open eircuil from poor | Loss of sl}phl'jl/l&!l;/;:mllp’ﬁp und pro~ m AP press. trans, (Htem Red “'Sep, AP Low"
for Phase Separator/ | andjclectronic controt pump motor. solder counections, or | cess waler | flow, WES will ESD. 18-1) wilk full below low light on.
for |enexgizing separator/ component faidre——""] limit setting.
~pushp motor and solenoid S .
vulve, Open civeuit from poor | ‘F'wo-phasce loop pressure will-increase um 20 pressure will exceed Red *2¢ High* light on.
solder connections, or until solenoid valve velieves and/or high limit setting of P. T.
/ component failure. redicf vitlve (Ilein 26-3) opens.. WES (Item 19-3).
e . will B8,
1~ 6 remove ionic impuri- | High conductivity effluent] Resin monobed channel- | WES witl ESI by high conductivity 104 W Process water conduc- Red "Cond. High"
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ture.

binding due to containi-
nation or eorrosion
Himiting hot-water in
flow.

temperatures decrease reducing per=
formance.  ‘Terminal voltige may ex-
ceed high Timit at high loads resulting
in BSD of WES,

power conditioner (Item
11) will exceed high
limit,

light on,

lem
fem ComPonenl Component Failure Mode Hypothetical Effect of Faiture Failure Fault Detection Fault Isolation Commerits
No. Title Function Fallure Mechanism Class
T
Continued Low process waler flow Resin bed hias become Reduced provess water fluw rate witl 18k Module outlet temperaturg  Red "Mod Temp High'
- rate, partially clogped with increase cleetrolysis module /120 sensor will exceed high light on,
’ purticalate contamina- outlet temperature. WES will ESD, Limit,
tion,
R )
; No process water flow. Resin bed has hecome Water stupvation of ane or more clee- m Output voltage sensing on | Red ""Mod. Volt Bigh
2 completety clogged with | frolysis mudule cells inereases module pewer Sonditioner (Iém light on.
F‘ pirticulate contimina- terminal voltnge, WES will ESD, 11) exceeds high limit,
tion,
‘3 E)iu;rual leakage. Seal material set or H20 lenk to cabin, ul Visual inspection by Location of 1120 drop
6 l6ase connection; erew. formation,
@ Two-Phase Dygamic. | To sepavate process Loss of pumping AP and Motor failure, decou- Inudeqrate or loss of process waler oI AP on press. trans. Red "Scp AP Low" light
6 Separator/Pum) water: and Ha from 2¢ water circulation. pling of maguet drive, flow would vverheat and/or starve (Item 18-1) will full below] on. .
3 | mixture and provide AP exeessive torgue due to | electrolysic moiule (em 1), WES low limit,
for process water bearing or component will ESD.
circulation, failure, lack of adeguate
H20 in 2( mixture.
Normally closed solenoid | Open circuit due to poor } 2¢d mixture will increase in pressure m 2@ pressw'e on P, T. Red "2¢5 High" light on.
fails to open, solder joint or broken at module gas generation rale until (tem 17-3) will exceed
wire, jammed plunger, | veated by reliel vatve (ltem 26~-3). high 1imit.
contamination. WES wilt ESD.
N. C. solenoid stuck open | Spring fruclure, seal Water discharge to dowastream 1]} Visual inspectivn of Hy 120 droplets in glass
or leaks internally, materind set, jummed  § tydrogen, flowmeter by crew. Hy flowmeter, down-
plunger, contiuninution. streain ¥120 discharge
in H2 stream.
Exiernal leakage. Seal material set or a) N leakage 1o cubia detecled by i)t Comb. gas detector Red light on CGD, Item
loosc ¢onnection. comb. gas detector. WES will ESD. (tem 22) exceeds high 22,
/ limis,
. l ) 120 leakage to cabin, Visunl inspection by crew} Location of 120 drop
formution.
9 Looling Walei-'l-‘lm’v—‘ "i‘o provide visual display { High floal reading. Contamination of gas in | Nowe. u Visual inspection by crew} 1f no ESD on 25 at Jow
meter of coolant flow, flowimneter. flow, check 29 calilira~
tion,
Low float reading. Same, Nuone, Jis Same as above.
External leakage, Scal material set, Joose | B0 leakage W cabian. No ESD. m Same as above. Location of H20 drop
connection, glass : formation,
fracwmre.
1 Temperature To control the inlet water High outlet M0 tempera-] Wax uctuating valve bind] Electrolysis module inlet and outlet 11§ Temperature of 20 mix- | Red "Mod Temp High®
Regulating Valve temperature to the elec- | ture. : ing due 1o contamination | temperatures increase improving ure atangdule sullsi Light on.
T trolysis module (Item 1). or corrosion limiting module performance, WES will 855, rises above high limit.
cold-water in flow or. o
poor heul transter to
wax actuator due to ex-
cessive gas in 10,
Low outlet HyO tempera- | Wax actuating valve Electrolysts module inlet and cutlet jH11 Output voitige sensing on§ Red*Mod Volt High"
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Ttem Component Component Failure Mode Hypothetical Effect of Failure Failure Fault Detection Fuult lsclation Comments .
Na.. Title Function Failure Mechanism Class :
10 Continued External lenkiye. Scal muterial ser or H20 keak to cabin, i1} Visual inspection by Locatron of Ha0 drop
. : louse connection. crew, formation,
11 Puwer Couditioncr/ To provide manually pre-1 Zero or low currveat out= | Loss of amplilier gain, Possible buracd out electronic ele- Hy Visuai inspection of Low meter readings.
Cold Plate Assenibly | set regulated current to put o module below broken wire, overheuted | moenis or msalntion s . O Zuroor mudule current nieter
: s electeolysis module be- setting, or shorted clecirome reduced WES gas vulput. and Oy and Hp gus flow-
low a maximum volage elements, poor solder meters by crew.
: joints. -
ifigh current output to Same 4s above, Pogsible burned oul électronic ele- 144 a) input P.C, currentmay | 4) Hed “'Current High"
module, above manual ments,  Excessive current drawn by exceed circuit breaker light ou.
setting. P, . may sctivate cicenit breaker limit.
: (Iten 33) or Inerease module voltage .
resuliing in £SD of WES. b) Output vollage may b) Red "Maod Volt High”
exeeed high limit, light on,
Overhieating. Contaminaticn in coolant | Zero or veduced coolant flow. WES 111 Coolunt flow will fall be- | Hed "Cool Flow Low*
tubes of cold plate. will ESD. low acwation point of light on,
flow switch.
External coolant leakige | Carroded tubing, loose 1120 coolunt lenk (o cabin. 11 Visual inspection by Location of HyO drop
from cold plate, cennection, crew. formation,
12 Regenerative Heat Recovery of waste heat inzdequaie heal transfer Partial or complete 4) Module opecating temperatuce wiil kil Output voliage seasing fted "'Mod Vot High'
Exchanger from electrolysis to pre- | from hot side to cold clogging of wbes with reduce which inay canse eacessive on power conditioner light on.
heal process water to side, contamination. teriminad voltage at high loads. WES {tem 11) would excecd
module for elevated will ESD. high limit.
temperature operation, .
‘ L) WES will ESD Iif low process waler
tlow causes water starvation of one or
more cells, inereasing terminal
voltage,
External leukage. Seal materiul set or Hs leakage Lo cabin detected by GCD. o | Combust, ygis detector #ted light on CGD is uo.
loose connection. (e 22) exceeds high
limit.
1120 leakuge to cabin. Visual Inspection by Location of H2O drop
crew, formution.
13 Primary Heut To transfer WES waste Inadequate heat transier Partial or complele i) Reduced process water flow or sue-] 1M a) ‘Modulé: cullet temp. Red "Mod Terp Migh"
Exchanger heat (elec, module and from hot (process water) t clogging of tabes with face fouling will cause module tenip. sensor will exceed high light oa.
: power coud. } Lo coolant to cold (coolkunt water) contamination, to increase. limit.
wilter. ’ side.
b) Blocked process water flow same b). Output voltags: on Red “Mod Volt High"
as ftem 12 b, power cond. would ex- light on.
ceed high Jimit.
¢} feduced or blocked coolunt flow.. ¢} Coolunt flow will fall Red "Cool Flow Low"
below actuation point of light on.
All'will cause ESD of WES, flow switch,
144, Absolute Q2 Back Regulates pressure level | Valve elements stuck 4) Contaminiiion bju-,lmg& O3 sidi: pressure inceeases until vent- il Oy precsure on PUT, Red "O2 High' light on,
Pressure Regulator on O, side of electrolysis] closed. movable parts in elosed | ed by 02 reliel valve (ltem 26-2), WEN em 17-2) exceeds high
: modute. positioi, will ESD, limii.
Valve elemeuts stuck b} Sprivgiraclure, soft | 0, stde pressure tulls to Na base pres-| 1 0y pressure on P,'T. Red 0 Low" light on,
open, seal rupture, contani- sure wheree N is adinited. WES will e 17-2) falls below
nation binding movalde BSD, low limit.
parts in an open position
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Component

ltem Cotapencat: Failure Mode fiypothetical Effect of Failure Faiture Fault Cetection Fault Isolation Cemments
No. Title Function Failure Méchanism Class
14 Continued External lé:nlzuge. ¢) Seal materiad set or Oz lenkuge o cabin,  No ESD unless 1if None unless audible hiss Location of leakupge
rupture. Oz pressure tulls to low linnt. heard by crew. point by bubble eheck.
15 Absulute H2 Back Regulates pressure level | Valve elements stuck Sime a5 ftem 14 a, Hy regulator inlel pressure increases m Hy pressure on P.T. Red."Hz High" light oa,
+| Pressure Regulator at 3 discharge of phase | closed. until vented by B2 refief valve (Hem (ltem 17-1) exceeds high
separator/pamp (ftem 8) 26-1). WESwill ESD, limit,
and M2 side of H20 accu-
mulator (item 16), Valve elements stuck Same as item 14 b, Uy regulator inlet pressure lalls to Ny i 1y pressure on PV, Red "ily Low" light on,
open. base pressure where Ny is admitted. (tean 17-1) falls below
WES will ESH. low limit.
External leakage. Samu as Jtem 14 ¢, Hp leakage to cabin, WES'will ESD. i Combust. gas delecior Red light on CGD is on,
(Item 22) exceeds high :
limit,.
16 Witer Accumnuiitor Provides high pressure | Piston stuck in "Empty* Contaminatien, corro- WES will ESD after 4 minute delay if m “Empty” position switcls Red "Accum Empty"”
reservoir for makeup position. sion or seal wear binding ] Empiy" position sigual held contina- d by piston Rod. tight on.
water and absorbs piston or Rod. "'Empty"” ously. clectronic timer.
changes in H20 quantity position switch fails
u 208 loop during startup closed. .
wnd Toud chunges,
) Piston stuck in inter- Contamination binding as | Lack of 420 in 2¢8 loop will reduce n AP on P.T. (tem 18-1) Red "Sep AP Low" light
medinte position. abuve. separator/pump AP and WES will ESD. will fall below low limit. { on.
Piston stuck in "Overfill" | Contamination binding as | WES will ESD after 4 minute delay if i “Overfill" position switch } Red "Accuwm Overfill”
position, above. "Overfill" switch | "Overlill" position sigoual held continu- tuated by piston Rod, light oa.
o o {ails closed. ously. leleetronic timer,
rxj ?3\ Internal leakage. Piston séul wear, set, H20 will leak across piston to it 1 Visuil inspection of Hy H20 droplets visible in
rd CD scored eylinder irom chamber and Hg discharge line, Ex- fowmeler by crew. glass Hy flowmeter.
c( é E contamination. cssive makeup water Yconsumpiiin''.
w F External ieakage. Seal material set, loose W2 leakage Lo cabin, WES will ESD. 111 Combust, gas detector Red light on CGD is on,
- connection, (Item 22) exceeds high
% g limit.
m' Hy O lenkuge 1o cabin, No ESD. Visuul inspection by crew.] Location of HzO0 drop
Q formation,
a “Empty" position switch Faligue, lever fraziure. Miukeap pump will not-come on, Lack m AP on P. T, (item 18-1) Red "Sep AP Low"
fails open. of H20 quantity in 20 loup will reduce will fall below low limit. § light on.
separator/pump AP and WES will ESD.
rOverfill” posilion switch | Fatigue. *Overfill” accamutator condition can jits 2¢ pressure on P.T. Red 2 High" light on,
fails open. only occeur at start-up, load change or (Item 17-3) will exceed
secondary fnilure. Excessive 20 high Hinit,
pressure buildup as a result would
vent 20 relief valve (Item 26-3). WES
will ESD,
17-1 {Pressure Tr ducer, | To itor regulator iy | High sigmal output. Failure of interual a) False "Uigh" pressure signal can 111 ila" meter display, red Compare P.T,
0-500 psig, N2 Press, § pressure and provide eleclronic tomponent, tause ESD. "Hz High" light oa. 17-1 readout with P, &
high ind low ESD signals 17-3 and 17-5. 1
Low signnl output, Same as above, b) False "Low" pressure signal cun m "Hy" meter display, red | Same us shove,
ciluse ESD. "2 Low" light vn.
Zevo signal output, Sume as above, ) WES will ESD. pite Same us above. Same as ubove.
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Date: 9-20-74 6-MAN ADVANCED BREADBOARD WATER ELECTROLYSLS SYSTEM (WES)
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fem Com.pone"l Compm,'e"" Failure Mode Hypothetical Effect of Failure Failure - Fault Detection Fault Isolatlon " Comments
No. Title Function - Failure Mechanism Cliss
17-2 | Préssure Transducer, |- To nionitor regubator O, | High signal output. Szu.nu as 17-1. Sunie as 171 a), m “0y" meter display, red | Compare P.T. 17-2
0-500 psig, Op Press. § pressure and provide : ; "0y High" lightion. rewdout with 17-5,
high «and low ESD signals}
Low signal output. Sane as k-1, Same as 17-1 b). H "0 meter display, red | Same as above,
"0y Low'" light on.
Zero signal output. Same as 17-4. WES will ESD, uI Swume as above. Same as above.

17-3 | Pressure Trausducer, | To wmonitor 1i3/1120 Righ sigaal ouiput. Same s 17-1. Same as 17-1 a), i "2¢0 meter display, red § Compare P.T. 17-3
0-500 psig, Ha/Np0 pressure at module out- 20 High'' light on. readous with P. T. 's
Press. : let und provide high and ’ ’ 17-1 and 17-5.

low ESD signals, .
Low signal output. Same as 17-1. Samie us 17-1 b). m "2 phase”" meter display, | Same as sbove.
“2@ Low" light oa.
Zero sigaal output. Same as 17-1. WS will ESD. |11 Sune as above, Same as shove.

17-4 | Pressure Tr h . § To itor Ny pressure | High signal output. Saume as 17-1, None, m "Nz Dome" meter display.f Compare P. T. 17-4
io-ioo psig, N2 Dome in inodule dome and pro-| readout with 27-5 witk:
| Press. vide low ESD gignal. 27-1, 27-2 and 28-7

full open at low N2
presgure,
Low signal output. Same as 17~1. Same 85 17-1 by, 1 "N2 Dome" meter display ] Same as above.
red "No Dome Low* light
on.
Zero signal output, Same as 17-1. WES will ESD. 14} Same as above. Same as above. -

17-5 . { Pressure ‘I'c ch .} To miunitor Ny base iligh signil output, Same as 17-1. None, Y “Ny Base' meter display. | Compare P. T, 17-5
0-500 psig, N2 Basg pressurc and provide readout with 17-1 and
Preéss. low ESD signal. 17-3. ’

Low signal outpul. Same as 17-1. Sdme as 17-1 b). 1t "N2 Base" meter display, { Same as ahove.
red "N Base Low" light
ou,

Zero signal output. Same as 17-1. WES will ESD. o Same us above. | Same as above,

18-1 |Differential Pressure | To monitor separator/ High signal output. Failure f internat None. 311 »Separator” meter dis— Check P. T. 18-1 read-
Transducer, * 15 psid} pump AP and provide a Electronic component. play. out when separatar 8 is
Separator /Pump AP low FSD signal. switched on and off.

Compare P.T. 18-}
with P. T. 20.
Low signal output, Same o5 above. False "Low' signal can cause ESD. b1 Same as above. Same as above.
Zero sigaal output, Same as above, WES will ESD, m Same as above. Same as above,

18-2 | Differential Pressure | To momitor process High signal output. Same as 18-1, None. i "Orifice" meter display. § Check P.T. 18-2 read-
Teansducer, ® 16 psid | water flow rate, out when separator (8)
120 Flow Orifice AP is switched on and off.

: Low signul outpul, Same as 18-1. None. n Same as above. Same asg above,
Zero signal vutpat, 1 Same as 18-1. None, 1113 Same as above. Same as above.
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Ttermn Component Component Failure Mode Hypothetical Effect of Failure Fzilure Fault Detection Fault Isolation Comments
No., Title Function : Failure Mechanism Class
19 Pressure Switch o monitor natkeup Switch fails «closed. Fuilure of internal cum- False “low® pressure signal will ut Bed "l\l:ﬁ(eup H20 Low" Verify makeup 120
1 iN.OL) pump suction pressure ponent or contaminition, cause ESD, light is on. supply pressure and
and provide low (switch check with makeup
E closés) ESD signal, water pump (4) switched
A . on and off.
>
"\‘ Switch fails open. Same as ubove, Low wmakeup HO supply pressure or il None. No ESD will result with
o : clogged makeup 120 filter (Itew 3) shut-off makeup H20
will not be detected. supply line and makeup
% water pump (Item $) on.
m External leak, Seal material set or No ESD. 1130 leak to cabin. n Visual inspection by crew ] Location of H20 drop
o ruplure, loose connec— formation. :
B tion,
20 Differential Pressure | To monitor water High signal output Same as 18-1. None, u "Accumulator" meter Check P. T. 20 readout
‘Transducer £ 100 psid | nccomulator (PHi,0 - . display. when separator (8) is
11,0 Accumulator AP Pu)- : off and P.T.'s 17-1,
‘ 17-3 and 17-5 are at
same pressure.
Low signal outpud. Same as'18-1. Noune. m Same as zbove. Compare P. T, 20 read-
. out with 18-1 with
separator (8) va.
; Zero signdl output, Sume as 18-1. None, uI Sanie as above. Sameé as above.
21 Module Qutlet Temp. To monitor module Hs/ | High signal output, False "Migh" temperature signal can m "“Mod. Out" meter display} Check Item 20 resdout
Sensor 20 outlet temp. and N cause ESD. at low module current.
provide high ESD signal. : : E
’ : Low or zero sigual output.] Broken or burned out High module outlet temperature will I Sume as above, Chack Item 20 readoul
: resistance element. nol be detected. at high module current.
22 Combustible Gas To monitor Hy leakage High signal outpuig, Electrical component False “High"” Hp level signal can causy il Red light on CGD meter Check other cabin:CGD
Detector from WES to cabin and fuilure as breakage, ESD. display is on. moaitors. Recalibrate
provide high ESD signal, overheating, shorts, CGD.
Eh . poor connections.
Low or zero Jignnl output.] Same as above, 1y leakayge if present would aot be i1} CGD meter display. "Malfunction" light on
detected. CGU display.
23 Dual 0y and lig ‘fo-provide visual dis- High Doat reading, Conmmiﬁalion or 1120 in Noue. ut Visual inspection by crew.] Check module current
Flownieter Assembly play of O2 and 1§ output flowmeter. and WES pressures.
flow. rate. Tup flowmeter.
‘Low fleat reading, Same as above, Possible gas leak upstream of m Same as above. Same as above. Check
. flowmeter. for gas-leakage.
Exiernal lea Seal material set, loose Same as above. ni Same as above. Same as above.
. counection, plass frac-
e, :
21 Conductivity Sensor To wionitor the ionic High output signal, Same as 22, Contamijna-|  False "High' H20 conductivily signal m Conductivity sensor (23) Take 1,0 sample thre
’ impurity tevel of pro- tion or ruptureé of sensor | can cuuse ESD. meter display. valve 28-6 and check
cess water effluent from cell. conductivity. Check
deionizer (Item 7) and module (1) voltage.
provide high ESD sigaul.
' 4 Zero or low oulput signal. | Sune as above, Possible damage 1o madute (L) celts if [} Samc as above. Same as above.

+

makeup H.0 has bigh ionic content or

if deiomizer nob serviced regularly.

‘_(Jl
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";:‘. Cm"‘f:’sz‘m (':?n‘:'i'::l Failure Mode Fa':[’]’:‘f‘;”;‘:gﬁ:; o Ei:(ccl of Failure E;‘:‘lt:::" Fault Detection Fault Isolation Comments
23 Coolant H:2 0 Flow. To monitor cooling H20 | Switeh fuils closed. Switeh actuator slck by False “Low Flow" sigaal will ¢ause i Red *'Cudl Flow Low" Veriiy coolant HaO sup-
Switch (N. O, ) Now rate mnd provide . contamination, failure of | EsD. tight on. Coolaut flow- ply pressire dnd check
: Iow ¢switch closes)y ESD internal component, meter (24) display. with supply on and off.
signal. .

Switch fuils open. Same as above. Low coolant flow would not be detécted u None without secondary Verify Hem 25 failure by
by fiem 235, but overheating of wodule failure, no ESD with sthut-off
would cause ESD by ltem 21 coolant supply.

26-1 | In-Line Relief Valve, To provide over-press. | a) Valve elements stick ] a) Contamination binding | - Dual filluie ot ftems 15 and 26-1 will Hi Hg pressure on P.T. 17-1§ Red ''Hg High light on,
H2 Relief : ‘relief in the event of & closed. ‘alements, increase Hy pressure. WESwill £3D. exceeds high limit, Beuch test 15 and 26-1.
failed-closed Ha ) ) ) ;
regulator (Item 15). b) Valve elements stuek b) Sanie as above: Seut None if Uy leakage is less than iy 111 lig pressure on P, T. 17-1] Red "112 Low" light on.
. open or internal leakage. | material set or dumage. generation rate. WESwill ESD at falls below low tinwic. Buenth test to verlfy
) Higher leakage as lg pressure fallg failure of 26-1, 15, or
te No biase pressure. 28-1.
26-2 | In-Line Relief Valve, To provide over-press. | Same as 26-1'a). Sume a4 26-1 a). Dual failure of tems 14 and 26-2 will 1 (2 pressure on P.T. 17-2] Red 0y High" light va.
02 Relief reliel in the event of a increase 02 pressure. WES will ESD. exceeds high limit, Bench test 14 and 26-2,
i failed-closed 02
regulator - (Item 14). Same as 26-1 b). Same as 26-1 b). Nont If Oy leakage is less than Oz m O3 pressureé on P, T. 17-2} Red 02 Low" light on, |
' generition rate. WES will ESDat fulls below low limit. Bench test to verify ‘
higher feakage as O3 pressure falls to o failure of 14 or 26-2, |
Np base pressure.
26-5 | In-Line Relicf Valve, To provide over-press. | Same as 26-1 a). Same as 26-1 a). Dual failure of Items B and 26-3 will I |20 pressure oa P. T Red “2¢ High"' dight on,
"Fwo-Phase Reliel relief in the -event of a increase H2/Ha0 pressure. WES will T 117-3 exceeds high limit, Check for Hz/Hz0 dunp
failed-closed and stuck ESD. . .
solenoid valve on phase 2 .
separator/pump (Itemy 8).} Same as 26-1 b), Same as 26-1 b). 12/1120 discharge thru dump if Jeak- FH 1., Mowmeler (23) display ] Low i1z flow jndicates
B ’ o ' age less than 13 generation rate: 2@ pressure ou P. T. 26 leakage to dump,
Excess makeup 1120 " ption” §17-3 falls below low limit.] Ked "'2¢8 Low' Mgt on.
and low H2 output. WES will ESD at | Bench test 26-3,
higher leukage as 20 pressure fulls
to M2 regulator pressure.
264 . { In-Line Relief Vilve, To provide check when Same as 26-1 a). Same as 26-1 ). Unable to pressurize 2¢ loop with No 1 2@ pressure on P, T. 17-0 Red "'2¢5 Low" light on,
N2 Input to 2¢8 (P23 > Prip) and input ' for start-up, 24 pressure will decay ; below pressure on P, T. Compure 17-3 and 17-1
AP (PN > Pyg) during below Ny base pressure during WES 17-1 by greater differencd difference during N2
pressurization and shut- shutdeza,  No effect during WES than 26-9 AP relief pressurization.
down, continuous operation, seiting. :
Same as 26-1 b). Same as 26~-1 b). H20 present in Hp output. itigh m 1 flowimeter (23) display § Closure of valve 28-4
leakage can cause ESD. 2¢ pressureon P, T. halts HpO discharge.
17-3 can fall below low "23 Low' light on.
limit,
27-1" }-Manual N Pressure Manw:il setting provides | a) Regul.. valve elements { a) Contamination, valve | No elfeet during WES operation wath m "Ny Doine" meter display} Pressure on P.T. 17-4
Regulator, ‘N2 Dome Ny come pressure on fail open. clements stuck open, valve 28-7 normally closed. ‘ will increase with 27-1
Input. : module {(1). ’ spring rupture. bucked off und valve .
28-7 open,
b) Regul. valve elements] b) Contaniination, valve | Sawme as above. m Sume as above, Unable to pressurize

failed closed,

clements stuck closed.

dome with 28-7 open.
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WES FAILURE MODE AND EFFECT ANALYSIS

6-MAN ADVANCED BREADBOARD WATER ELECTROLYSIS SYSTEM {(WES)

Refer Drawing 734 190-868 Rey. A

GENERAL §D ELECTRIC

Metering (N.O.)

from accunndator.

WES will EsD.

limit,

18-1 will fall below low

light on,

Item Comp;ment Component Y Fail
ponent “ompor Failufe Mode Hypotheiical Flfect of Failure ailure Fault Detection Fault Isolaiion Comment
No Title Function - ’ * Failure Mechanism Class i
27=2 | Mubnual N fressure Manaal setting provides. | Same as 27+ 4y Same us 27-1 a). Bion down of N2 supply pressure to iz ue N3 Base” meter and O Pressure on P.F. 17-5
Itegulater, N, Base N2 buse pressuare o (r regulitor pressure setting,  High 0™ and By flowmetee dizpray. )} will increase with 27-2
Input and ik Hnes, and “Hp” flow readings on ltem ths. Possible ced "1 High'™ bucked off.  Low Ny
8 20 and Oz pressure will inerease and ) Yight ou, : supply jiressure.
may cause high pressure ESD.
-
l'd Same as27-1 b). Same as 27-1.b). \WES will ESD daring nogmal or eyclic [} Pressure on P, ¥, 17-3 Ited "' N2 Base Low”
shutdows us Nz buse pressurc decays., will Fall below low lumit. § Jight on.  Unable to re-
G pressurize.
28-1 | Manual Shut-Off Valve ] To provide means for: by { a) Internal leak, a) Scat material set or JWES will ESD if Hi; lenk exceeds 2 u Uy pressure on P.F. 17-1F Red "Hz Low" light on.
12 Regulalor Bypass passing N2 regulator (o damuge. weneration rate or during normal or falls below low limit. Bench test 1o verify fail-
° {N.C.) vent M2 and depressurize cyclie shutdowa, ure of 28-1, 15, or
WES. 26-1.

b) Externai Jeak. Gland material set or Same us above. 2 leakage to cabin, [} Same as above or com- Same as above or red
damage. Loose connce- | WES willt ESD. bustible gas detector (22) | light on CGD is on.
tion. exceeds high 12 limit.

28-2 | Méinuid Shut-Off Valve ) To provide meuns for Saine as 28-1 a). Simie: us 28-1 a). WES will ESD il O2 leak exceeds Op m O3 pressure on P.T. 17-. Red 702 Low" light va.
Oy Reguldtor Bypass bypassing O3 regulator : geacration rate or during normal or falls below low Mmit, Bench test to verify
(N.C) 1o vent 02 and de~ cyelie’ shutdown. failure of 28-2, 14 or
pressurize WES. 26-2.
Same as 28-1 b), Same as 28-1 b). Same us above. m Same as above. Same as above.
2B-4 | Manual Shut-Off Vatve} To prfwi(l& means for Same as 28-1 a). Same as 28-1 a). WES will ESD if iy leuk excecds Nz nm 20 pressure on P.T. 17-4 Red 238 Low" light on.
2@ Relief Valve By- bypassiug 23 velief to gencration rate, . iligh mukeup 120 falls below low dimit. Benceh test to verily
pass (N.C.) . vent Ha/H20 and de= Yeconsumplion’. - failure of 28-3 or 26-3,
L . pressurize WES, -
Same as 28-1 b). Same as 28-1 b). 112 and H20 will leak to cabin. WES m Same as above, CGD Same as ahove or red
: will ESD. {22) may excced high 1ight on CGD.
limit.
28-4 | Manual Swt-Off To provide means of External leak. Gland muterial set or iy leakage to cabin. WES will ESD. i1 Same as 28-1 b). Red light on CGD (22)
Valve, N2 Inputto - separately pressurizing damage, loose connec— is on.
2@ Shut-Off (N. O.) 02-side during main- tion. .
: tenance only.
28-5 ! Manual Shut-OIf “To provide means-of Same as above. Same as.above. tI20 leakuge to.cabin, No ESD. HI Visual inspection by crew]  Location of Hz0 drop
Valve, H0 Orilice adjusting 120 ilow on formation,
Shut-Off (N.O.) metering valve (30-2).
28-6. | Manual Shut-Off . To provide meuns of Same as above, Same as above, or scat | Same as above. 13 Same as above, Sume as above.
Valve; H20 Sample ' extracting process HaO material set or damage. :
Point {N.C.} sumple: '
1 ; . ,: S,
28-7. | ' Manual Shut-Off "~ T'o provide meians for Same as28-1 a), Sume as 28-1 a). Ny pressuire decay on mmadule dome. jit] Pressure on P.T. 17-4 Red "Nz Dome Low"
valve, Module Dome locking Hy in dome, : : WES will ESD. will 1all helow low limit, tight on.
Shut-Off {(N.C.) o i
Same as 28-1 by, Same as 28-1 b). Same ds ubove. Nz leakayge 1o cabin, m Sume.us above, Same as above.
28-8 -1 Manuul Shut-off To provide means for Same us 28-6. Suine as 25-6, Same as above. m Same as above. . Saine as above.,
Valve, Module Dome venting or draining. .
Drain Valve (N.C.) module dome,
3{~1 | Needle Valve, To provide means of Same as 2§-5, - Sume as 28-5. Same as 28-5. im Same as 28-5. Same as 28-5.
Accumnlator HxO resteicting Hz20 flow s E
- Clogged valve, Contamination. No mukeup 10 1o proeess 1120 loop, Separator AP .on P, T. Red "Sep AP Low"
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relay coil,

‘| remains off.

input; to WES by munuat

Date: _9-20-74 6-MAN ADVANCED BREADBOARD WATER ELECTROLYSIS SYSTEM (WES)
’ Refer Drawing 73A480-868 Rev. A
Itz ! ' : - .
bom Component Componeat | Failure Mode Hypotheticul Effect of Failure Fatlare | poun Detection Fault Inolation Comments
No. Title Funetion, "~ ; Failure Mechanism Class . :
233-2 ¥ Needlo Valve, Procesd To pruﬁM muans of Same as 28-1 a). Sume as 28~1 a), None.  Module {1) AT may be lower. ui Orifice meter display for | Bench check.
H20 Metering (N.C.) adjusting HyO flow. L il AP on P, T. 18-2 may be
. : L : lower.
31 Process Water Flow { "T'o provide means of Partially clogged orifice Contuminution, Tnadequale provess water flow rats will [ 1 Module outlet tempera- Red "Mod Temp High'
: A Orifice” - monitoring process ar screen, : . inérease lule (1) outlet t dlare, ture sensor will exceed light on.
waier flow rale, - WES will £S5 high limit,
Ccmpicwly cloggcd Contamination. Loss of process water flow will reduce {11 Separator AP on P.T. Red "Sep AP Low" Hght
- orifice or screea. separator /pump: (8). AP. 18-1 will full below low on.
i : B limit.

§2-1 datalylic, Os/kin “To menitor presence of | a) High oulput signal. Internal electrical Fulse O2 signal would cause ESD of 1} "0y iin Ho" meter dispiny.] Red 02 in Hz" light on.
Mixture Sensor l(Q_), in § Oy in Hip output gas. : failure, WES. : Check output signal with
Ha) e - : : N2 gas In 1 output line.

b) Zero or low output Same as above. Shorted | Oy in Ho oulput possibly caused by 1111 Same as above,  Visual Meter readout is con-
_ signal, resistive element. module (1) internal leak would go inspection by crew, stunt 112 output temp. ,
: undetected, unleas 32-} kas fatled.
<) External leakayge, - Seal damage.  Loosé 112 leakagé to cabin, WES will ESD. m Combustible gis dcw::tor Red Light on CGD is on.
connection. {22) will exceed high
limit.

32-2 | Catalytic O_z/uz ‘F'o monitor preésence of - § Same as 42-1 a). Sume as 32-1 a). False Hy signal would canse ESD of 1 "112 in O2" ineter display.] Red."Hp in Oz" light on.
Mixture Sensor (Hg in.§ " H2 in O2 output gas. WES. ; ‘ Check cuiput signal with
0y): ‘ Nz gus in O2 output line,

Same 4§ 32-1'b). Same as 32-1 b). Hy, if present in Oz discharged to 11§ "Hz in Op" meter display.| Meter readout is O2 out
cabin, would result in ESD of WES. Combustible gas detector | put temperature unless
. : (22) would exceed high 32-2 has failed. Red
limit if H2 in cabin, light on CGD is on.
Same as 32-1 L‘). Same as 32-le). None. ni None, Bubble check by crew.

33 Circuit Breiker (N, C.) - To prevent excgsé input | Contacts: stuck closed. Welded coutacts or Unable to manually open 28 VDC input m Greea "'28 VDC" light Unuble o remove 28

66 amp DC current lo power spring rupfurc: switch. Secundary failure in power remains en. Red "O2 VDC input to WES by

: ) conditioner (11). conditioner, if causing high current, Low' light on. manual switching of (33)]
would probably resull in burned out ;
1 - i transistor in P. C., and loss of input
e @ power 10 module-(11). - WES would ESD

| Eg during O pressure decay at open
circuit. -

e G | . , i

8 Coutacts stuck open, Contaniination, - Opeu Unable to upply 28 VDIC to WES, ux { Green 28 VDC" light - Unable to apply 28 VDC

{TVNE

>
o

!

il
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switching of (33).




) : ) . TABLE X
For Senqor :m(l anhy Pevice o o B T ' 6-MAN WATER ELECTROLYSIS SYSTEM (WES)

Jtean No, I(l(,nuf;g‘{llon and Location 2 . FOIA EMERGENCY SHUYDOWN SUMMARY.
- Refer Table I and Figure 1 B
: : : Seasor Famit Limit Nold Inhibit Disp. Devel. TFault
Fault Condition Fault Sensor Hew No, Setling? Period Required  Display Device __Item No. Visual Signal
1. MNigh Module Voltage Vollage Meler Relay None U524 VDC Instant None 0-5¢ VB{ heler -40 Red Lighi "On"
2. Ihgh Module (’. C. Out) Curr. Current Shunt None > 60 amp Tastant None 0-100 A Meter 41 Red Light "On"
3. High Powu Cond, Input Curr. 100 A Circuit Breaker L > B0 Amp Inslant None None - Red Light "On"
4. Loss 28 VDC Supply Voltage Voltage Divider ‘ Nnné L 26 Ve Instant Reset None . - Green Light "Off"
5. I.nse 115 VAC Supply Voltage  Voliage Divider None S 100 VAC Tnstant Reset None ) - Green Light "Of("
G. ng,h M(xiule Outlet 'Temp, Temperature Sensor ' 21 D 2200F 10 Sec. None 0-250°F Flee. Meter 14 ited Light "On"
7. - Low Sep./Fump Press. Rise AP Press, Trans, 18 2 3.5 psid 1 See. Start-up  0-5 VDC Elec. Metor/Sel. Sw.- 50 Red Light "On"
8. lll;,h Module 2 O Outlet Press. Press. Trans, 0-50C psig  17-3 *):l!)() psig 1/4 Sce. None 0-500 p's'ig Elec. Meler 50 Red Light "On"
9. | Low Meduie Z O Qutiet Press. Press. Trans. 0-500 pslg  17-3 L350 psig 1 Sec. Starl-up  0-500 psig Elec. Meler 50 Red Light "On"
R ‘ ' + § min timer
10, l!lgh'Oé Oullet Press.. Press. Trans. 0-600 psig  17-2 2412 psig 1/4 Sec. None 0-500 psig Elec. Meter 48-2 Red Light "On"
11, . low O.» atiet Press., . Presgs. Trans., 0-500 psig 17-2 ¥ 380 psig 1 Sce. St{\rhup 0-500 psig Elec. Meter 48-2 Red Light "On'" ¢
‘ : : + 6 min timer
12. - High Iy Outlet Press. Press. Trans. 0-500 psig L7-1 -~ A8 psig 1/4 Sec, . . None 0-500 psig Elec. Meter 48-1 Red Light "*On"
% 13. . Low M, Outlet Press. ‘Press. Trans. 0-600 psig  17-1 44330 psig ' 1 See. . Start -‘(lp 0-500 psig Elec. Meter ~ 48-1 Red Light "Oa"

+ 6§ min timer

14.  Emply Water Accumulaior k "Empty" Posilion Switeh On 16 Closed Sw, 9 Min. Start-up  None - Red Light "On"

15, Overfilled Water Accum, B “Max Stroke"” Posn. Sw. On 16 Closed Sw. = 20 Scc, None None il - - Red Light “"On*
-16. . Low Ccolant Waler Flow . Flm:v‘Swilcl‘l 25 <.t GM 1 See, None Noue : - Red Light "On"
17. - High Hg Cone. In Oy Line Caialylic Temp. Sensor  32-2 D187 1 Sec. None 0-250°F Flec. Meter : 44 Red Light "On"
18. . Low Makecup li50 Inlet Press. Prcssm;e Switch : 19 < .5 psig 30 Sec. None None - Red Light *On"
19.  Migh Process 1,0 Cent?uétivﬂy Comluctﬁlly Sensor 24 P Mo 1 Min, Siart-up  Meter . On (47) Red Light “On"
29, 'lijgh 11, Concentration Combusiibic Gas Detector ™ 22 7 >.5% Inst, None Meler On (46) Red Light "On"
21, ll:igh Gy Conc. In lig Line © Catalytic Temp: Schsor 32-1 ‘ > H0°F 1 Sec. None 0-250°F Elec. Mcter - 44 Red Light "On"
22, Hi;ow Module Dome Ny Press. i’ﬁ:;:;s. Trans,, 8-500 psig 17-1 Pot., Ad}. (400 psig 1 Sec. None 0-5 VDC Elee, Meter/Sel.Sw. 50 Red Light "On"
23, %'ﬁ‘z asc Press. mes Trans,, 0-600 psig 17-6 320 psig 15 Sce. None 0-5 VDC Elec. Meter/Sel.Sw. 50 Red Light “On*

i

—* Limit Setting With Polentiometor Adjustment
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GENERAL D ELECTRIC

3. 4.2 System Assembly and Check Out

The pre-prototype assembly for the system consisted of a fluid
package and control package or cabinet (photographed in Figure 15). The fluid
package was made of "Unistrut'aluminum frame with a'vertical aluminum panel for
mounting the larger fluid components. A commercially available cabinet was selected
of a size for mounting all the display components on the front face resulting in a
generous interior for mounting electrical conirol components and circuit boards.

Prior to installation in the fluid package, fluid components were
bench tested for proof pressure, leakage, regulated settings, etc. and instruments
were checked out as calibrated by "endors or by in-house verification. Some of this
component testing is described in Section 3.3. Sections of fluid lines with components
were also proof pressure aad leak r'heckec as sub-assemblies prior to installation
wherever possible,

Initial system testing was conducted at pressures under 345kN /1>
(50 psig) to check out major functional somponents such as the power-conditioner/
electroxysm module, phase separator /pump, water accumulator and make-up pump.
,’l‘hese conditions were also used to vemij sensor outputs, automatic startup and
shutdown sequence functions and automatic emergency Suu.pduvf"ln R

All major component performed sat1sfactor11y so that most of
cneck out period was occupled with tr oubleshootmg of automatic controls.

;
i
|
l

l
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3.4.3 System Evaluation

The following discussion summarizes in chronological order the
conditions experience¢ and observations made during extensive testing of the advanced’
WES which commenced in June, 1974. Operatingresults and test data relating to a
specific component have been presented in Section 3.3 and a functional description of
components as part of nverall system operation is provided in Section 3. 2.

Operation of the system at regulated system pressure and
temperature was initial’y performed on June 13, 1974. A load profile versus time
showing the temperature transients during warmup is provided in Figure 25. Operation
of all pressure regulators, nominally set for a 690kN/m?2 (100 psig) level, and the
water temperature regulator was very satisfactory.

Electrical checkout of automatic startup and emergency shutdown:
functions was sufficiently complete to allow unattended system operation around the
clock. Erratic automatic shutdowns in the module overvoltage channel and later in the
separator AP channel, however, interrupted sustained operation. The first was
corrected by utilizing isoiated voltage sensing with a meter relay.in place of the
previous electronic-comparator circuit approach., The cause of the latier erratic
behavior was found to be sensitivity to 115 VAC noise and load swifching on the power .
line which was subsequently corrected with a commercial noise filter on the input
115 VAC line. :

The first week of endurance testing was hampered by false
shutdowns as described. However, two weeks of continuous unattended operation was
subs«.quently demonstrated at the nominal 690kN/m2 (100 psig) system pressure level. |
Maximum gas generation rate at an electrolysis module load of 75 araperes was '

. sustained for most of the 429 accumulated hours of endurance testing at this pressure. 1

As shown by Figure 25, a regulated process water temperature
of 339K (150°F) was achieved after warmup resulting in a H o/HgO module outlet
temperature of 431K (190°F). At 75 amp load, module surface temperatures reach
about 344K (160°F) . The pressure of trapped nitrogen in the module dome is seen
to increase and eventually stabilize with temperature.

Measurement of steady state temperatures at different loads was
obtamed subsequent to a sustained period at maximum load. This load/temperature
pro\ille is shown in Figure 26. Recorded temperatures were not continuous but
readings were taken at least six hours after load changes to obtain essentially steady
state values. Process water regulated temperature is maintained at about 339K (1500F)
at 50 amps or higher and with electrolysis module AT, i.e., module Hz/HgO out mmus :
module HyO in, proportmnal to load. Heat generation rate below 50 amps was not

‘sufficient to maintain a 339K (L50°0F) process water temperature; the "hot'"* port of the , ‘\: :

temperature regulator is fully open, and system temperatures fall as shown.

112
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The initial 429 hour eudurance test period was established at
system pressures tabulated in Figures 25 and 26, nominally 690KN/m?2 (100 psig).
Subsequently the system was shutdown to adjust pressure regulaters, rehef valves and a
the accumulator return spring for' operatmn at nominally 1724kN /m2 (250 psig). The
load/temperature profile and’ tdbulated pY e\ssurus are shown in Flgure 27. Because
phase separator/pump pressure rise had d:, opped to under 41 kN/m (6. 0 psid) and
reduced process water flow rate, ma.xmmm load of 75 amp could not be sustained
without module outlet temperature;excoedmg\, 441K (200°F). In addition, a water
discharge was observed in the Hp outlet flowmeter. Differential pressure gages were
- added to monitor separator/pump AP and water flow rate. Also, 1/4 inch diameter
translucent nylon tubing was inserted at the separator/pump Hp outlet to observe any
water discharge.

The phase separator/pump was found to have a loss in AP with
increasing system pressure and a leaky solencid valve. With the concurrence of
Fluid Dynamics Corporation, the manufacturer, it was decided to obtam system
performance data at maximum system pressure of 2413 {o 9760kN/m (350 to 400
psig) befere returning the separator/pump for vendors examination and correction,
This would identify any other component difficulty at design pressure level before
suffering the extended downtime expected for separator/pump repair.

The pressure regulators, rehef valves and water accumulator
spring load were adjusted for nominal 27 GOkN/m (400 psig) system operation.
Evaluation of system operation at gradually increasing pressure levels was
accoraplished by self—pressurlvatlon at 2 10 amp load (with automatic ESD deactlvated)
and gradually "bootstrapping' the system with manual control of valves to the
followmg operating pressures kN/ m2 (psig) at regu}ated conditions: Ng dome,
2896 (420); Og regulator, 2723 (395),: 'module two-phise 2586 (375); Hg regulator,
2427 (352) and N base 2289 (332) Phase separator-pump AP was found to fall
off briskly from 66 to 31kN/ m?2 (9.6 th 4.5 psid) with'increased line pressure indicating
possible deflection of internal components proportxona to pressure. Sustained operation-
of the WES at high pressure was not ppssible because pt sudden loss of pump output
due to uncoupling of the rnagnetic drive. The unit was removed from the system on
- 9-11-74 and sent to the manufacturer, Fluid Dynamics \‘.\C‘orporation, Chester,
California for high pressure evaluation and corrective modifications. Further
discussion ‘of phase sepa.rator/pu,mp pelgrforman.ce is incl"’uded in Para. 3.3.3.
; \ ‘
| uubsequent to installation of the repcm‘ ed phase separator/pump
on 10-30-74 high pressure system evalaatlon was resumed. Adjustment of the switch
position on ﬂ1e water accumulator and 4 change in the timi mﬂ cycle of the make-up
pump was r‘\qulred to avoid falge "emmy” signals. After sat1sfactory component
performance- ‘was verified and system ar;tomatlc gtartup and shutdown sequences
were tested, 1"SD pressure limits were readjusted for high pressure operation. The
. ESD limit se\.&tmgs are listedq in the FDIA Table X. : These Jﬁmts were verified under

e actual test cor%}htmn s-where nossible with the automatic ESD‘ controls reactivated,

"High" limit px:es&urcp Values could not be demonstrated unde\r acmal system Qoper: aﬁon ‘ /
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because the Og and Hy pressure regulators relieved gas under the fault ESD valve.

System depressurization with ESD controls activated did not allow
components such as the phase separator/pump to operate at system pressures below
ESD limits, Therefore, expulsion of hydrogen gas (plus water) from the two-phase
region was accomplished by venting the fluids through manual valve (Items 28-3,
Figure 16) to atmosphere. Subsequent to rapid system depressurization on 11-9-74
because of a leaky seat on the Hg vent valve (Item 28-1) the water line connecting the
outlet of the phase separator/pump and inlet of the deionizer was found to contain
resin beads dislodged from the deionizer by pulsating, reverse two-phase flow during
depres.surizc\tion The deionizer was modified as discussed in Para. 3.3.7 and
additional phas\, separator/pump repair was requued because of damage by the resin
particles. Also as a corrective measure, an enzbling switch was added inside the

- control cabinet which could correct or interrupt all ESD signals to the controller. The
switch enabled component and system operation outs\:;f.de of ESD limits. In particular,
it allowed phase separator/pump operation during sy§;teme; depressurization to vent
e.:sentla.lly all entrapped and digsolved hydrogen gas i\rom the two phase region to the \
hydrogen outlet and simultaneously prevented flow rev»uraa.l in the process water loop. ‘
This switch also permitted low pressure system oppratlon and self-pressurization as
previously described up to regulated operating pres;gur%s although manual valve adjust-
ments were requlzred for pressure control, Normal systern pressurization is
accomplished by gTadual pressurization with the No marual regulators until all pressures |
are within design limits with all FDIA lights out. The system can then be activiated
electrically using the desired push button panel controls\.

bystem operation was resumed on ] 2-4 74 with development testing
concentrated on perf\ormn g cyclic (orbital) operation at hl‘,.u. pressure conditions,
System checkcut and ‘testing during the normal work day Wa.‘s concentrated on the setting
and evaluation of automatic functions for cyclic operation., Overnight, the system
was placed on unattended continuous operation to accumulate\ hours of endurance testing.
Electrical trouble shootmg during the cyclic evaluation t°st5\revealed that a faulty-
transistor had caused erratic time functions for cyclic opercu‘_lon and was corrected.
The electronic timer was subsequently set tc provide a 54.7 ﬁpinute system powered
period and a 40.7 minute standby period. It is not possib‘e at\high pressure to hold
‘a period of unpowered electrc»l:y sis module without the cyclic consumption of nitrogen -
to maintain & minimum a\lowclble base pressure on both the oxygen and hydrogen mdeau o
Also, it was learned that tne phase separator could not be opergated with the module £
unpowered since the separator would lose pressure differential 4nd the 1mpeller
would become noisy (caused by enlargement of the gas core), Fc\r these reasons a
minumum module IC»Wdetermined by additional telsting \in the standby mode,

-

. \ \ ‘
- /‘)\n December 31, 1974 the system was aulomahcally shutdown due ‘ ~
/tmh 1gﬁo—phase pressure which was caused by a faulty hydrogen regulator. Bench . S
e check and disassembly of the component revealed a leaky gas bellows apparently - ,
--cracked from-cyclic fatigue. Th\, poppet of the component, conhmo&sly cycles between ...

~an open and closed pos1t1on as the solenoid valve on the phase .aepardtor is enercrlzed T ‘
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= \cld“l&.«ted A mmlmum current is requn'ed to overcome the relatively higher ratw of
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yrclirally The frequency, dependent upon gas generation rate, was about 10 cycles
per minute at 30 amperes. It was estimated that 400, 000 cycles were accumulated to -
this failure point. A spare bellows assembly and gland for the Hyp regulator was recelved
from Ausco, Incorporated, bench checked, and installed on January 3, i975. An
electrical counter was also installed to measure the number of cycles of solenoid valve
operation. Subsequent system operation was satisfactory and evaluation of the cyclic
operating mode was resumed. ' o

When the failed hydrogen regulator was disassembled some particles
of catalyst material were found inside. Inspection of the upsiteam catalytic sensor
revealed the catalyst materizl had been eroded away apparently, from the impingement
of water slugs on the catalyst in the line. A future modification would include a pro-
tective screen to reduce erosion and an enlarged fitting to reduo_\? fluid velocity.

During the period of systern evaluation from J\c\nuary 3 to ‘\
January 9, 1975, accumulating 119 hours of moditle operation unde - load, 62, 703
solenoid valve (on the phase separator) operating cycles were counted for an dverage
rate of 525 cycle'&s/hour In order to prevent the potential cyclic fatigue cf relﬁted
components it wak decided to add a hydrogen differential pressure regulating v&lve
downstream of the solenoid valve. (Refer Figure 16, item 20). The \‘pvrpose oi this
regulating valve is to hold a pressure differential across the phase sepa.rcwor (Water
outlet pressure rainus hydrogen outlet pressure) slightly less than its l\ormftl pressure
rise when the gas core diameter is controlled by the magnetic pickup and solencid valve.
With this pressure regulator the gas core is slighily larger, such that the mavnet\m pickup
impeller is not rotated by the water vorfex and the solenoid valve is energized ‘*
continuously open to Ief hydrogen out, An Ausco, Incorporated differentiil pr eseure
regulator, P/N P321:-50, previously used on this program as a water differential |
pressure regulator (refer to Figure 45 and to Para, 2. 3.6) was tried for this purpo‘se.
It was necessary to aad 2 small spring on the poppet side of the bellows fo mcrease\
operating pressure diﬁferential to an initial adjusted value of 52. 4kN/m?2 (7§ psid). '

\

The \addltlon of the differential hydrcgen regulator was VGY\V "\.\ ’
- successful in aimost ehmmat ing solenoid valve cycling except during momentary ‘
transient periods of etartup, load change, and at times during system pressurlzatlon
and water priming. It w¢\1 also found that the pwevmu.sly observed cyclic emissjon of :

‘d'ifferential regulator. \

\ ;

System \evaluation continued on para\meirzo ue‘s'tmg in the cye (,ho\ \\
mode consisting of a 54,7 minute high power period and-a 40.7 low power or standly L
period. A mipimum standby elecirolysis module current of 6 amperes was established - -\

" to maintain a. small neét cras k)utput rate of about 336 SCCM Hp and 165 SCCM Og such, ’\ "

“that the’ hydrogen and oxygen,pressure regulators would hold minimum pressures above

emergency shutdown limits. \PreSbure regulator seitings and ESD limits were a¢cor _7‘ mgly)\
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GENERAL ED ELECTRIC

gas diffusion across the cell SPE membrane at 361 to 367K (190-200°F) as load is
abruptly changed from a high power of 50 amperes or greater to the standby value.
As the cells of the electrolysis module cool during the low power period a somewhat
lower current would be sufficient for a net gas output to prevent pressure decay
(When Hp and Oy back pressure regulators are closed). During an extended period of
system operation of over 200 hours the pressure rise of phase separator/pump
gradually diminished from 52. 4 to 41.4kN/m? (7. 6 to about 6, 0 psid) which required
readjustment of the differential pressure regulator to ""hold" the solenoid valve open.

System accumulated gas generation time had now reached 995 hours.

Sustained unattended operation at high pressure except for load changes and five
differential regulator adjustments described above, was demonstrated for 190 hours
from January 22 to January 30, 1975. After 20 hours of continuous operation the
system was changed to the cyclic mode demonstrating cyclic load changes between
6 amperes standby current to high power values of 10, 20, 30, 40 and 50 amperes
each for extended periods totalling 170 hours without shutdown., Because of the

loss phase separator/pump speed and pumping differential it was deecided to »
deactivate the system on January 30, 1975 until the phase separator problem could
be investigated and resolved.

On February 10, 1975, functional aspects of the system were
demonstrated at various loads ancd operating modes for a short period prior to system
depressurization to remove and disassemble the phase separator/pump. Inspection
of the pump revealed that a teflon washer shim between the impeller and housing had
been worn and frayed. This was replaced by a 13 mm (- 005 inch) thick niobium
metalhc washer. The separator/pump was then reassembled and bench tested with a
pressurxzed water reservoir up to 2413kN/m? (350 psid) and c1rcu1ated water flow
(without two-phase input capability). A pump AP of about 62kN/ m# (9. 0 psid) was
measured in this set-up. On February 11 the phase separator/pump was remstalled
in the system. Ihitial system operation at low pressure of approximately 172kN/m
(25 psig), revealed a low water flow rate at normal pump AP. After removal and
bench flow testing of the deionizer the problem was corrected, The added flow imped-
ance was attributed to gas blockage of the deionizer caused by the previous day's
depressurization with a closed water metering valve. This dead-ended the iniet line
to' the deionizer and trapped the gas comizng out of solution.  Subsequernt normal
system operation at design pressure and at module load from 10 to 75 2mperes was
- demonstrated at phase separator/pump AP of 52kN/ m? {7. 6 psid) and water flow of
90. 2kcv/hr. (22.5 PPH). ‘

Addltlonal <Vsl.em tests were conducted to determine the variation
in phase separator /pump performance which is discussed in Para. 3. 3. 3.. Phase
separator/pump AP output remained at 44. 8 to 51. TkN/m? (6.5 to 7.5 psid) at high

- line pressure attributable to internal clearance changes. Except for maintaining module

current under 50 amp durmg sustained operating periods to keep outlet temperature
under 367K (200F), high pressure system operatmn was otherwise sat1sfactory R
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In support of preliminary design work on a parallel program for a
Life Science WES Demonstrator Unit, continued system testing was used to provide
data for electrolysis module and system performance analysis. Also, design
approaches for simplifying pressure control, priming and depressurizing techniques
were also investigated. From this work a recornmendation for the Demonstrator Unit
included the use of Oy and H, differential back pressure regulators which would be
referenced to the base pressure nitrogen regulator. Thi_s.»modi'ﬁcation would allow
manual adjustment of a single regulating vailve to establish control of both H2 and Oé '
pressures at any desired operating Level rather than by pre-adjustment of absolute gas
regulators in the current system. Additional tests also verified that the accumulator
check valve (Item 2-6) was not a necessary system component and its removal was

proposed for the Demonstrator Unit.

Because of a planned change in facility location, the six-man
packaged WES was satisfactorily disconnected and transported to the new location.
With the availability of services in the new facility on 6-2-75 the packaged system
was reconnected and satisfactorily operated at design conditions within two-days time.
Subsequently the electrolysis module was removed from the system, as planned, for
disassembly, refurbishment, and installation of fluorosilicone cell gaskets to be
evaluated. Total accumulated operating time under ioad¢ was 1077 hours.
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SECTION 4.0 HIGH PRESSURE OXYGEN GENERA TION

4,1 . System Analysis

As part of the subject program, design analyses were made for the
electrolytic generation of oxygen at up to 17. 24 MN/m2 (2500 psia) with the basic SPE
cell and module configuration for the purpose of providing oxygen for a waste process
reaction,

" Requirements for the oxygen generator would be that it provide oxygen
at a temperature between 283 and 343K (50—140]5‘) and at a constant rate of 2. 95 kg/day
(6. 5 1b/day) into a reactor in which pressure normally varies between 14, 5'and 15. 9
MN/m2 (2100-2300 psia). The water utilized by the oxygen generator would be sup-
plied at ambient pressure. The high pressure oxygen output control valve would be
part of the waste process system. Two separate electrical signal pulses of 5 VDC
from the waste process system would be utilized to start and stop the oxygen generator.

Electrolysis cell operating performance at high pressure was derived
from development testing of SPE electrolysis cells for oxygen generation at 20,79
MN/m2 (3015 psia) and conforming to requirements for a Navy oxygen generating plant
under Contract N00024-72-C-5557, Project Serial No. SF0433-104, Task 16670 under
Naval Ship Systems Command, Department of the Navy. At a mean cell operating con-

dition of 393K (120F), 17.24 MN/m2 (2500 psia) and at a current density of 242 mA/cm2,

it was determined that 12 cells of 214.2 ¢cm2 area (same as in 13-cell module of ad-
vanced WES) would provide the required oxygen rate of 2. 957 kg/day (6. 52 1b/day).
Process water circulation rate would be 26. 1 kg/hr (57.5 1b/hr) for an electrolysis

module water inlet temperature of 311K (100F) and a Ha/H20 outlet temperature of
333K (140F).

This was the operating temperature and the current density demonstra-
ted during most of the life tests on submarine cells operating in the cathode water feed
mode. Higher operating temperatures were not found advantageous since higher para-
sitic losses due to gas diffusion through SPE cells at high pressures offset the reduc-
tion in cell operating voltage. Predicted input power to the power conditioner (90%
efficiency) and electrolysis module would be 1425 watts whereas, heat rejection from
both components would be 672 watts. Consistent input current would be 50,9 amps at
 a supply voltage of 28 VDC.

The electrolysis module design for 17.24 MN/m2 (2500 psia) would be
~similar in concept to the 2. 86 MN/m2 (415 psia) design of the advanced WES. That is,
the stack of 12 cells would be contained within a dome pressurized with nitrogento _—~
reduce cell gasket differential pressures to about 690 kIN/m?2 (100 ps1d) T

",v/
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The basic high pressure oxygen generation system schematic is shown
in Figure 46, Redundant components for improved reliability and necessary instru-
mentation for performance monitoring and fault detection are not included for simpli-
fication, Functional components are similar to those of the six-man advanced WES
(refer to Figure 16) except that differential rather than absolute back pressure regu-
lators are employed for high pressure control and means of system pressurization
and depressurization. The process water loop operating conditions of lower tempera-
fure and higher pressure have allowed for eliminaticn of the regenerative heat ex-
changer, This requires operation of the phase separator/pump at about 333K (140F)
and the deionizer at about, 311K (1 OOF) which is considered feasible for both components,

, As shown in Figure 46, a hand-loading base pressure regulator is used
for manually raising and lowering system operating pressure, Og2 and Hp differential
back pressure regulators and the module dome pressure regalator are referenced to
regulated base pressure. It is proposed that the O generator system would be started
at low pressure and be self-pressur:zed by electrolysis at increasing pressure levels
as base pressure is adjusted upward to design operating conditions at the following
regulated values:

N2 Base Regulated Pressure: PN2 BASE = 0-16. 5 MN/m2 (0-2400 psia)
(Manually adjusted) ,

Hydrogen Regulated Back Pressure: PH2 = PN, BA SE + 345 kN/m2
. T (50 psid)
Oxygen Regulated Back Pressure; Poy = PNy pa SE + 690 ‘<N/m2
" (100 psid)
Np Dome Regulated Pressure: Py, oo = PNy pagy 1135 kN/m?

Relief valves are provided for overpressure protection and would ba,cls? '
up FDIA instrumentation with ESD controls. Several manual valves are shown for
shut-off and venting capability to completely depressurize the system.

A water temperature regulator controls process water dehvered to the
deionizer and to the Ha side of the module at a temperature of 311K (1 OOF) Two-
phase Ho/H20 flow leaves the module at a temperature of 333K (140F) and is delivered
to the phase separator. Because of the high pressure, only a small amount of water
-vapor is discharged with the hydrogen at this temperature. Water discharged from
the phase separator is cooled by the heat exchanger with some by-pass directly to the
temperature regulator. A water accumulator, as in the advanced six-man WES, has
the dual function of providing logic for make-up water addition and a water storage
capacity for load changes. A piston-type make-up pump delivers feed wa.ter from am-
bicat supply pressure to the accumylator ata pressure of about 16. 9 MN/m?2 (2450 psia).
Coolant supplied to the system removes waste heat from the heat exchanger and power
conditioner.
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A trade-off study would be required to determine the most feasible
means of meeting power, weight, start/stop requirements of a waste process system.
Because of a high rate of Og and Hyp gas diffusion at high pressure or so-called "fuel
celling', gas pressures would drop suddenly if load was removed from the electroly-
sis module. Either a standby current must be maintained such that a small net O2
and Hy gas production is discharged through the back pressure regulators, or as the
pressures fall in the electrolysis module, nitrogen would be admitted through the
check valves shown in Figure 46, to hold system pressure at regulated Ng base pres-
sure. For short, frequent down times of the waste process reaction, maintaining a
standby load on the O2 generator sounds feasible whereas for long, infrequent down
times, the nitrogen back fill would conserve power with little addition weight for N2
usage.

It was determined that a standby current of 16 amps would be required
to overcome estimated diffusion losses at a module temperature and pressure of 316K
11 OOF) and 17. 2 MN/m2 (2500 psia)., An input power of 386 watts and system heat re-
jection of 375 watts would be required to maintain this condition. Some O2 output
valve control would be necessary to dump or by-pass the small amount of oxygen dis-
charged from the Og generator, ‘

Complete removal of current from the electrolysis module would result
in nitrogen at 16,5 MN/m2 (2400 psia) replacing essentially all oxygen and the equiva-
lent stoichiometric amount of hydrogen which are gradually combined to form water by
diffusion at the electrodes in the SPE cells. It was calculated that a total quantity of
4, 54 kg (10 1b) of nitrogen would be used for 100 system shutdowns. This nitrogen
would necessarily be purged overboard with the generated Oy and Hp for a sufficient
period of time after restarting to eliminate this diluent from oxygen delivered to the
waste process reactor. Assuming three complete system changes which include N2
pressurization of the module dome, the total nitrogen requirement would be 7.5 kg
(16. 5 1b). The gas bottle volume requirement for initial storage at 41. 3 MN/m2 (6000
psia) and use at 16. 5 MN/m2 (2400 psia) would be 26. 4 liters (0. 932 ft3) equivalent to
a sphere having an inside diameter of 36, 9 cm (14.5 inch).

4,2 Component Design

Because cell design would be identical to and the stack assembly of 12
cells would closely approximate the 13~cell advanced module configuration, only the
enclosure plate and domed enclosure would require redesign for higher pressure,
Condltlons of maximum operating pressure of 17. 9 MN/ m?2 (2600 psia), a proof pres—
sure (1.5 X) of 26. 9 MN/m?2 (3900 psia), and a burst pressure (2.5 X) 44,8 MN/m?
(6500 psia) were applied for module design stress analysis. The following modifica-
tions would apply to the module design shown in Figure 22, The bottom enclosure plate
would consist of 7075S8~-T6 aluminum, 5.08 cm (2. 00 inch) thick utilizing type 316
stainless steel inserts for fluid porting and corrosion resistance. The lower module

operating temperature permits the use of this design approach and use of this high
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strength aluminum to reduce weight. The elliptical dome of the module is made of
2024-T6 aluminum with a wall thickness of 1. 42 cm (0. 56 inch) and having a flange
thickness of 3.8 cm (1. 50 inch). The diameter of the flange and enclosuvre plate have
been increased from 33 to 37. 4 cm to accomodate these larger dimensions and larger
flange bolts. Twenty-four flange bolts 9/16-18 thread are specified by MS9738 (17-4
- Ph), precipitation hardened stainless steel. The estimated weight of this 12-cell
17.24 MN/m?2 (2500 psia) module design, is 41 kg (90. 5 1b).

The water accumulator design shown in Figure 34, which incorporates
an external actuating rod was found not feasible for much higher pressures because of
imbalance forces, A modified design concept would include an internal stainless steel
piston with encapsulated magnets and without a piston rod. Reed-type position switches
would be contained in sealed tubes 1nserted in the end plates of the accumulator, Water
capacity was reduced to 164 cc (10 in. ) because of elimination of the regenerative heat
exchanger in the water process loop and the high operating pressure. Cylinder size
would be 7, 62 cm (3. 00 inch) O.D. x 20.6 cm (8.12 inch) long. Net additional weight
over the six-man WES accumulator is 1.4 kg (3.1 1b) to a total new weight of 7.13 kg
(15. 74 1b).

The phase separator/pump would not change in concept, but would in-
crease in size and weight to provide for a heavier housing to accomodate the higher
internal pressure. Estimated weight would be 9.1 kg (20 1b).

Design of a nitrogen bottle for minimum weight considered an ARDEFORM
sphere made from cryogenically formed 301 stainiess steel shell with external glass
filament reinforcing, As fabricated, the steel inner shell is under compression and '
approaches a zero stress condition at the design operating pressure of 41.3 MN/ m2
(6000 psia), Design burst pressure (2.5 X) would be 103 MN/m2 (15, 000 psia). The
external fiber structure is of glass filament wound construction with resin cured at
422K (300F). Demonstrated tensile strength at room temperature is 2275 MN/m2
(330, 000 psi). Design configuration would be a stainless steel shell of 36.9 cm (145
inch) inside diameter and wall of 3.19 mm (0.125 inch) surrounded by a fiberglass
‘shell with a wall thickness of 4,19 mm (0. 165 inch). This configuration would weigh
19. 5 kg (42.9 1b) and hold 12,5 kg (27. 5 1b) of nitrogen having a standard volume of
13. 4 std. liters (380 SCF). ' : N

‘ Gas regulators for differential control at high pressure are commercially

avaﬂable as special equipment for the conditions cited, Contact was made with Tescom
 Corporation, Minneapolis, Minn,, who prov1ded information on the units listed in the
following table.
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Max Max Positive

o ; Inlet Outlet Reference _ Bias -
, Tescom Weight Pressure  Pressure’ Pressure Differential
Regulator Name B/N kg = e MN/m?2 (psia) ——————— kN/m2 (psid)
N2 Base Pressure 26-1024-34 2.5 41, 4(6000) .1- 17.2(15-2500) - - ~
Hand Loader ’
Ng Dome Pressure Similar to 2,5  41.4(6000) Max 17. 6(2550) 16.5(2400)- 103(150)
Reduced W1 Ref.  26-1000 ST e e ' ‘
O2 -Back Pressure Similar to 2.3 - 17.2(2500) < 15.8(2300). 16. 5{2467) ; 69(100) f
Regulator W1 Ref. 26-1700 1 i : :

Hy Back Pressure Similar to 2.3 16 9(2450) < 15.8(2300) 16. 5(2400) 34, 5(50)

Regulator Wi Ref. 26-1700
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Because of the higher process water flow rate and higher operating
pres sure than the six-man rated WES, the deionizer would utilize a larger 1000 ml
capacity sampling cylinder rated for-24.1 MN/m2 (8500 psia) operation, Container
size would be 8.9 cm (3. 5 inch) outside diameter by 29,2 cm (11.5 inch) long,
we1gh1ng 5.56 kg (12. 25 1b).

Pressure rating of the dual heat transfer coil heat exchanger, P/N
3101-6, 4-8-6X, Parker Hannifin Corp., is 18.6 MN/m?2 (2700 psia).. Similarly, most
standard commercial tube fzttmgs, hand valves, check valves, etc., have pressure '
ratings greater than 20,7 MN/m? (3000 psia) and would be suitable for service in this

system. ‘ //

e

Major components of a water electrolysis system which are weight

' sensitive to operating pressure are listed below. A comparison of component we1gnt
 is provided between that of the six-man rated system at nominal 2, 860 MN/m? (415
psia) and that of the high pressure Og generatmn gsystem at nominal 17,2 MN/m2
(2500 psia).

: High Pressure
Component Name Six-Man WES 02 Gen.

Weight kg (ib)
Electrolysis Module ; - 32,9 (72, 5) 41,1 (90.5)
‘Water Accumulator E S5.T (12.7) 7.1 (@15.7)
Phase Separator 7.2 (15.8) 9.1 (20.0)
Deionizer : 1.5 ( 3.9) 5.6 (12. 3)
Ng Gas Bottle (Empty) : Not Included ’ 19.5 (42.9)
N2 Gas Bottle (Full) . - / 82,0 (70. 4
No Base Pressure Regulator ' 2,5 ( 5.5) 205 ( 5.5)
N2 Dome Pressure Regulator 2.5 ( 5.5) 2.5 ( 5.5)
02 Back Pressure Regulator 0.7 (1.5)* - 2.3 (5.0
Hg Back Pressure Regulator 0.7 ( 1.5)* 2.3 (5.0)

- * Absolute Back Pressure Regulators designed to specification.

: It should be noted that the component weights listed, excepting the N2
gas bottle, are for commercial off-the-shelf hardware or for preprototype designs
without a critical regard for weight and would not be, necessarily, respeonve of flight-
weight desxgns. :
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SECTION 5.0  SPACE STATION PROTOTYPE SUPPORT WORK

The design of an Oxygen Generation Subsystem as a part of the
overall Life Support System for the Space Station Prototype was conducted in parallel
with Phase I of this program. As reported, testing of the four-man breadboard WES
provided information on component and system characteristics in different operating
modes and supplied test data in support of engineering design. After shipment of the
packaged Oxygen Gerneration Subsystem to NASA/JSC in Houston, Texas, in
September 1973, consultation by telephione was provided to NASA during its mstalla-
tion and checkout.

During subsystem testing at NASA/JSC on February 19, 1975,
the electrolysis module exhibited evidence of internal leakage. The torque of the nuts
on the module tie bolts was not checked before the system was tested and this was
surmised initially to be the cause of the leakage. The 27-cell electrolysis module

was returned to General Electric Co. /DECP for failure analysis, refurbishment, and - .

,chechout This work was accomplished and is summarized in a letter report included
in the Appendix. The refurbished module, containing 15 of the original 27 cells, was
returned to NASA/JSC on March 24, 1975, Satisfactory performance of the electroly-
sis module and Oxygen Generation qubsy,stem was subsequently demonstrated over a
100-hour checkout test period.
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SECTION 6.0  CONCLUSIONS

1) A 13-cell, SPE advanced module design for operatxon atan
average temperature of 355k (1800F), and 2860kN/m2 (415 psia) conditions was suc-
cessfully demonstrated in a six-man rated water electrolysis system (WE%) over a
total operation period of 1060 hours. !

prototype WES was demonstrated in continuous and cyclic operating mode‘§ ata
nominal pressure of 2860kN/m2 (415 psia). The packaged system included semi-
automatic controls for pus]t\button start, stop, FDIA instrumentation and emergenc'v
confrolle ~ for a safe emergency shutdown at hlgh pressure.

3) A combination water pump/ centrifugal phase separator was
developed which demonstrated positive separation of hydrogen and water ‘and pumping
capability in the six-man advanced WES over a wide range of o\ erating press ures
from 172 - 2758kN/m2 (25 - 400 ps 12.) \ |

2) Snin ;, unattended operation of a six--m.an,,.I:a,ted,.masi“i{%{lc.?@ Pre= o

4) An unp;a oved, dual-beaded fluorosilicone rubb<=r ganket system

was installed in the cells of the el«,cwolysm module and successfully tested at maxi-
mum design operating \,onditio:ﬁ:s of 367k (200°F) and 3000kN/m? (435 psia), |

‘ 5) A high pressure, catalvtac O2/H2 gas mixture sensing dewce
was developed which demonstratied excellent sensitivity for both lean and rich mix-
tures below and above the flamrmability limits. This device was installed in | both .the
O9 and the Hp output lines of the six-man rated, advanced WES as a fault detectio"\n
sensor. ' \

\

\
A

6) The results of a preliminary design study of a high pressure,
water electrolysis system are presented for an ¢xygen generator which would supply
oxygen at a rate of 2. 95kg/day (6. 5 Ib/day) and at a pressure of 17. 2kN/m2 (2500 '
peia) applicable 1o a waste process system. ‘
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o
SECTION 7.0 RECOMMENDA TIONS \
\

1) Redesign of tlie phase separator/pump developed un&@er this
program is recommended to provide & larger magnetic coupling and motor 'and modi-
fication of internal parts to eliminate impeller clearance changes caused by‘z\ deflection
at high pressure, Also, adesign should be developed which would incorporate a pro-
portionate control on the Hg gas discharge to eliminate the cyclic pressure pulsations

\

encountered in the initial design. ‘ \

_ 2) Electrolysis module design improvement resulting frorg. incor-
poration of a beaded fluorosilicone gasket system should be life tested at,ma.xﬂnum
module outlet operating temperature of 361-367k (196-2000F). Also, the integrity

of sealing capability should be evaluated kiy exercising the gasket system betwee\n 0 =

and 2860kN/m2 (0-415 psia) reflecting anticipated WES shutdowns for servicing 4nd
maintenance. \ ‘

3) Further unattended t\esting of the advanced pre-prototype s\y{s-
- tem, derated to three-man oxygen output, should be performed in contiruous, cyclic,
standby and high pressure ESD modes. The purpose of this testing would be to fur\-
ther evaluate component performance, life capability and uncover ancmalies requir-
ing possible adjustment or modification in pressure regulator settings, automatic
start-stop and ESD controls including setting i*gf timing sequences and FDIA limits.
Information from this testing would be applied'io improvement in the perforniance ,
and reliability of components and the system configuration for the Water Electrolysis
Demonstrator Unit in the Life Sciences Payload Program, '

e
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‘ BASIC SPE WATER ELECTROLYSIS TECHNOLOGY

: The electrolyte in the SPE electrolysis concept is a solid plastic
. sheet or nembrane of perfluorinated sulfonic acid polymer about 0,030 cm (0,012 in,)
: ., thiek, having many of the physical characteristics of Teflon. This polymer, when
\saturated with water, is an excellent ionic conductor ( £ 15 ohm-cm resistivity) and
1s the only electrolyte required in the system. There are no free acid or alkaline
hqulds, w:th only water as the free liquid. A typical cell is shown in the following
nlusrrauon. This is 2 cross-sectional view through the SPE and the attached catalyst
siruchure (or electrodes) on either side of the membrane. Ionic conductivity is pro-
| vided by fhe mobility of the hydrated hydrogén ions (H+ « x H20). These ions move
\' through nhe SPE membrane by passing betwe&en the fixed sulfonic acid groups.

\ To reduce the complemty of the water/gas separatmn techniques,
e the process ‘water (reattant and coolant) is fed to the hydrogen electrode known as the
\ thode feed mode. The SPE is sufficiently water permeable to allow water to diffuse

\ sfrr,;»m the hydrogen electrode to the oxygen electrode, where it is electrochemically

v decomposed to provide oxygen, hydrogen ions and electrons. The hydrogen ions move
to the hydrogen evolving electrode (cathode) by migrating through the SPE. The electrons
pass through the external electrical circuit to reach the hydrogen electrode. At the
hydrogen electrode, the hydrogen ions and electrons recombine electrochem1ca11y to

produce hydrogen gas.

The process water entering the cell is in excess of the amount
required for the cell reaction. This excess water functions as the system coolant by
transferring the electrolysis cell waste heat to an external system heat exchanger and

\ is recirculated within the system water loop.

\ [ ' The gases are generated at a stoichiometric ratio of hydrogen and
"\ oxygen at any pressure required of the system by simply back pressurizing the corres-
" ponding gas side. For high pressure operation, e.i. greater than 790 kN/m2 (115 psia),
\  the cell is enclosed in a pressure vessel and the d1fferent1a1 pressure across the SPE
" is controlled by the system gas regulators.

\ 130
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/Solid Polymer Eiectrolyte

‘// Anode

Cathode

Pure
Hydrocen (8

\A,
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4e’

Iwater (reactant and coolant)
SPE Electrolysis Cell Schematib
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t

*DYNAMIC PHASE SEPARATOR/PUMP ASSEMBLY SPECIFICATION

*1.0 Functional Purpose: During one GEE and zero GEE cperation ihie dynamic phase
separator/pump assembly, in any attitude, shall provide separation of a mixture
of hydrogen and liquid water and also provide circulation capability of process
water in an electrolysis system for a manned space station application.

1.1 End Items: Delivered dynamic phase separator/pump assembly hardwaire
~ shall be:

a) One (1) dynamic phase separator/pump with integrally mounted solenoid
valve and relief valve,

b) One (1) separator electronic controller,

*2.0 Mechanical Description; The dynamic phase separator/pump assembly shall con-
sist of an electric motor magnetically coupled to provide rotation to a spin
chamber in which centrifugal force will separate liquid and gas phases from a
mixture of hydrogen and water and also to provide an impeller for pressure rise
with subsequent water circulation. Rotating parts shall be fully self-contained
in the event of failure.

In addition, the assembly shall include a speed sensor (i.e., magnetic pickup and
impeller) driven by a fluid coupling with the rotating water mass and conditioning
electronic logic to open or close a solenoid valve, which is located in the hydrogen
outlet. An in-line relief valve shall be connected in parallel at the hydrogen
outlet to bypass the normally-closed solenoid valve.

*3.0 Weight: Minimal weight shall be employed in the design of end items consistent
~with compliance with requirements of this specification. Weight estimates shall
be identified on drawings. ' '

*4._0 Port Configuration:
° Hydrogen/water inlet boss MS33649-6
. ° Hydrogen outlet (one or two to be defined) . 1/4 inch Swagelok
° Water out boss (size to be defined) MS33649-4 or -6

Note: "NPT" pipe threads are not permitted.
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Page: 20of6
Electrical Interfaces and Requirements:
115 VAC * 5%, 60 Hz, single phase Available for motor
28 VDC £ 5%, Available for control logic and

Note:

(-]

solenoid valve operation

Minimum power demand of erd items shall be provided in the design
consistent with requirements herein,

Suitable Bendix bulkhead male connectors shall be provided on the end
items including appropriate mating female connectors.

The dynamic phase separator/pump assembly shall be designed to be -
ignition proof, i, e., the assembly or components thereof, shall not be '
capable of igniting any explosive mixture existing in or surrounding the

assembly either functioning or at standstill in accordance with Procedure

II, Method 511 of MIL-STD-810B dated 15 June 1967. The separatdr” ==~ -—weu...
electronic controller is permitted to be "breadboarded" however, without

potting compounds and need not be considered "explosion proof'.

The dynamic phase separator/pump asisembly shall be designed with
electromagnetic interference (EMI) characteristics (emission and suscep-

tibility) in accordance with Class No, ID equipment of MIL-STD-461A

dated 1 August 1968,

EIectrlcal wiring shall be prop{erly supported and routed to prevent chaf-
ing, provide protection against" sharp edges, mechanical strain, ete.

and conform to MIL-W-16878, Color coding of conductors of the equlva—
lent shall be prov1ded for identification.

Bonding requirements in accorda.nce with MIL-B-5087 Class H, Rand S

as applicable. e

The motor and solenoid valve shall be.capable of withstanding for one (1)

minute a potential of 1000 volts RMS at 60 Hz gradually applied to each T
connector pin and the case without damage, arcing or breakdown and shall

have a minimum insulation resistance of 2 megohms after this dielectric

strength test. o]

R
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*6, 0 Mounting Provisions:

Mounting of the dynamic phase separator/pump assembly
shall have adequate structural integrity to assure compliance to this specifica-

tion without mechanical failure or performance deterioration when subjected to:

Acceleration "hard" environment of Procedure I, Method 513, paragraph
3. 2.4 with ”Manned A»urmpace Vehicle Category™.

PSS

N Vlbratlon "hard" environment of Procedure I, Method 514, paragraph
- , 4.5.1, Part 1l {sinusoidal vibration curve 'P" and time schedule I) and

paragraph 4. 5. 2 Part 2 (random vibration.curve AG), MIL’-“STD‘-SZLOB .-
dated 15 June 1_9{67. T IR e :

H - i ' ’ : e
e - \ e ‘ - Bench handlmg shock ”hard" envmonment of Procedure V Method 516

paraorctph 3. ’7 MIT~ STI)—SiOB dfued 15 Juma 1987,

‘x ) ; :
~The’ mountmO’ conﬁguraa ion of the sepa "atcm elec'tromc c,lantroller °hall be desmaed
for $ecurement: toa horizontal plate B

\ f 3 . - - - “‘

The mountme COuflngI‘at]OH of the dynamic pbése S(xparatc»r/pump assembly shall

be demgned for securement to a cold plate whiph has cooling water flowing there‘m
0 remove heat,

4 vertical panel. The cold plate is not an end item of t 1 of thig.s x,ee“f”i“ra”iﬁ'ciﬁ — b
" I ' ’

t—l{emmwmle%hfénals n conﬁourcmon proumxty with the water, pGAI‘mlSSﬂﬁM

materials are 316 or 321 AISI stainless steels, Viton A", Lexan or Teflon,

. Consideration of other materials will be given wh.eﬁ\l pre sente.d to GE/DECP by
the vendor. No copper, iron, silver, zinc, cadmium or processes of brazing
soldering are allowed in the con:fl ratlon prommxty of the water., Corrosion
reduction processes shall be mtroduu,d to those ~un§ace& which are in configura- | \
tion proximity with the water; such as annealing. atter\weldmg plain 316 SST, ‘:

- passivation of stainless steel and thermoplastic coatm surfaces i.e., ﬂuorma,ted

‘o ethylene polypropylene (FEP) coatmc' a 316 SST spin cn\dmber or similar plastic ;l
) e coatmg to nickel magnetic SlU_D..‘ of the speed sensor. \ .

\

e . Redundant Viton "A" O- rmg seals shall be mtroduced into theddésa'\gn in |

> . . appropriate regions to as.sure_}no external leakage pf hydrogen to ambi’ent. |

B \{\\ : : \ 1

\Rub wear materials whmh‘ could contaminate the dei;wered water and/ or . \
hym'ogx,n or compromise useml life shall be minimis ed ’

: e ey . ) e 4 : Voo v
TR : 'Tx.tamum is not -permxtted in the d'eslgn. \ | ‘ '

\ N

*7.0

I

\
i

|
\\ 7. =w— - Lubrication materials are ot permitted in the design which could -

\ N

b 3 .

\ : S

contarmnate the water {nd 1wdrogen or leak to ambient, \ | ' | ’

The dynamie sepdrator/pump \.and cold plate will be secured, to w...—-—f—f——:
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Electroactivity contact of dissimilar metals per MS33586 shall be
avoided.

Materials that could liberate toxic gases shall be avoided.

The use of metallic self-locking nuts is the preferred method to secure
the assembly detail parts. Lockwire should be considered as an alter-

. nate approach, Star washers, jam nuts, lock washers, etc, shall not

\ v .~ be used. |

’,‘ Assembly d\rawing copies with appropriate parts list, material identifi-
cation and process specification definition shall be submltted to GE/DECP
' for review,

-~
Y

*£. 0 Overah Envelope Dimensions and Spin Chamber Storage Capacity:
A
Minimgfh\.sizing for compatibility to requirements of this specification is required.

M/Onilme»r’msiﬁﬁéifﬁrr d;awing copies delineating all pertinent details of the end
items (e.g., iqort title and fitting identification, connector identification and pin
designation elesctrical schematic, detail installation and outline dimensions,
servicing and agceptance test notes as necessary, rated requirements, etc.)
shall be submitted to GE/DECP for review,

*9. O Performance Reduirements
The dyrnamic phaso separator/pump assembly shall be ccmable of continuous
or cychc opera‘clon in any attitude in a one GEE or zero GEE environment with
a two (2) phase mixture of saturated hydrogen gas and "sluglet" water at 50 to
100°F (normally 75°F) delivered to the inlet,

i

Note: A cycle is equivalent to one (1) 54 minute orbit of 55 minutes "'on" power
and 39 minute%s "off" power.

The dynamic phase separator/pump assembly shall reach a sufficient speed of
rotation for positive centrifugal separation of gas and liquid delivered to the unit
. -and/or contained therein within 15 seconds of motor energization. The unit shall
~also be capable of pumping water at the specified rate and pressures within one
(1) minute of motor energization.

The dynamic phase separator/pump shall be capable of acceptable functional
performance at standstill, startup transient, steady state operation and/or
shutdown transient during any attitude within an environment of one GEE or zero
GEE and in an environment of 40 to 110°F and 0 to 14. 7 psia.
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During transient periods of starting and stopping the unit as well as at standstill
both gas and liquid may be transferred to or from the cavity between the two-
phase inlet port to water outlet port depending on environmental gravity condi-
tions, shifting and circulation of fluids in the two-phase circuit, and gradual
consumption of hydrogen by the electrolysis system. The solenoid valve and
relief valve must remain closed and unenergized during these periods to pre-
vent any discharge of water through the hydrogen outlet. Also, the inlet
passages of these components shall be designed for negligible hold up or trans-
fer of water to the hydrogen outlet during startup.

The dynamic phase separator assembly shall be capable of delivering a water

flow of 10 to 30 Ib/hr with a pressure rise (from two-phase inlet port to water
outlet port) design requirement of 10 psid at 20 Ib/hr. Simultaneously it shall
provide phase separation and delivery of hydrogen to the hydrogen outlet port

at the following conditions:

° The hydrogen content of the two-phase mixture will be delivered to the
two-phase inlet port of the unit at a flow rate of 0 to 0,10 Ib/hr.

© The hydrogen outlet pressure will be maintained by a downstream back
pressure regulator (which is not an end item of this specification) at a
selected pressure level adjustable between 100 and 380 psia. The
selected pressure level will be regulated from 0 to plus 20 psid
respectively, from cracking pressure to full hydrogen flow and with a
minimum reseat pressure of minus 20 psid from cracking pressure at
zero hydrogen flow,

° The hydrogen/water volumetric mixture ratio can vary from zero to
-15. 0 coincident with maximum hydrogen flow minimum water flow and
minimum hydrogen outlet pressure.

The dynamic phase separator/pump shall be capable of no external leakage,

structural damage or performance deterioration with a proof pressure of 549

psig or no structural damage with a burst pressure of 915 psig.

Acéeptable functional performance is defined as:

° Noiliqui‘d water (e.g., sluglet or mist) is permitted in the hydrogen
discharge for any conditions. The hydrogen outlet gas however, will

be saturated with water vapor.

° No hydrogen gas is permitted in the water discharge for any conditions.
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Pump pressure-rise capability and flow capacity as mentioned above,

Minimal power demand (watts) shall be employed in the design consistent
with compliance to the requirements of this specification.

Pressure drop (two phase mixture inlet minus hydrogen outlet) of 2
psid maximum for all flows and pressures with solenoid valve open,

Integrally mounted in-line relief valve shall have a nominal relieving
pressure differential adjustable between 3 and 50 psid (between core
pressure and H2 outlet). Breaking of fluid connections and partial dis-
assembly is permissible for manual adjustment.

No external leakage of hydrogen or water.

Continuous Mission Rate Duty: Acceptable functional performance as defined
in:paragraph 9, 0 during steady operation for six (6) months.

Cvclic Mission Rate Duty: Acceptable functional performance as defired in
paragraph 9. 0 during 5514 equivalent orbital cycles of paragraph 9.0.

Reliability: Useful life two (2) years.
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WATER TEMPERATURE REGULATING VALVE SPECIFICATION

1,0 * Functional Purpose: During one GEE and zero GEE operation in any attitude

‘ the temperature regulating valve shall establish a constant controlled mixture-
out temperature of hot and cold process water which is circulated to a solid
polymer electrolyte module for a manned space station application,

2,0 Mechanical Description: The Water temperature regulating valve consists of a
sleeve mixing valve actnated by a sealed eutectic wax actuator which is sensi-
tive to temperature by mixing hot and cold water. The valve shall provide
foreced flow of the water passed the waxed actuator for optimum heat trausfer
and sensing characteristics,

3,0 Weight" 1.6 lbs, maximum,

4,0 Port onflguratmn Three ports (cold mlet hot inlet and ¢ontrolled m1xture \
outlet\ in accordance with MS 33649-6, ;
5.0 Electricel Interfaces: Nome, !
i
6.0 Mountmg Provisions: The water temperature regulating vahe will be secured

at three (3) mounting pomt.a. ‘

7.0 Permissible Materials: 316, 321, 347, 17-4 PH AISI S\‘amles‘% Steels; Viton -
HAY seal material; proprietary eutectic wax mlxmre. o

~ 8,0 * Maximum Overall Envelope Dir_nensions: “6,00"x 1,52" x 3,00",

9.0 Performance Requirements: .

* With 170 to 200°F wiater admitted to the "hot-in" port and 50 to
100"’F water admitted to the "cold-in" port, the controlled mixturs out tempera-
ture of the total process water flow (10. 0to15. 01b/hr) shall be 160 = 5°F, The
valve shall be capable of external adjustment of the controlled mlx\mre out
temperature within a range of 150 to 170°F,

\ 5

; *  Pressure Loss: At 15.0 PPH; ].L,SS than 0. 25 psid. ‘
Workmg Fluid: Water with dissolved hydrogen and rand m gas "sluglets”
: \ ‘ .
\

* Upst1 eam Pres sure: 333 to 373 psig. ‘ \

Environment Requi;f:ements‘: 40 to 110°F and O to 14,7 psia. ,

External Leakage: _ None,
*  Proof P:cessu.rx?: ' 560 psig.
*  Burst Pressure: | 933 psig.
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Continuous Mission Rate Duty: Steady state operation for six (6) months

at 160+5° F controlled mixture outlet temperature.

i

11. 0 Cyclic Mission Rate Duty: 5514 temperature cycles consisting of a transient
rise to 160+£5°F controlled mixture out teniperature, steady state at 160£5°F
55 min. , transient decrease to 75£5°F controlled mixture out temperature
and then 75+5°F for 39 min. :
12.0

Reliability: Useful life - two (2) years.

g
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Table IV S ;

*HYDROGEN ABSOLUTE BACK-PRESSURE REGULATOR SPECIFICATION

.0

. 0%

L O%

LO*

Functional Purpose: During one GEE iand zero GEE operation in any

‘mum for 500 psia upstream pressure; 53 psia maximum for 100 psia

attitude the regulator shall establish & controlled pressure level on
the hydrogen discharge side of a dynamic phase separator/pump in
a water electrolysis system for a manned space station application.

Mechanical Description: The hydrogen absolute back—pressure recrulator
consists of a soft-seated valve actuated by a differential force of
"upstream' hydrogen pressure, bellows gradient, compression spring
and ""downstream' pressure,

e .

Weight: 1. 60 1b. maximum. _ ‘ e

Pori Configuration: MS 33649-4 inlet and outlet ports.

Eléctr‘icél Interfaces: None.

Mounting Provision‘s: I.n-line tubing instelled.

Permissable Marer '11 7 PH, 316 AJSI Stzinless Steels; Viton "A" seal
material, T

\
!
!

Maximum QOverall Eunvelope Dimensions: 1, 56" dia x 4. 40" long.

Performance Requirements:

With 50 to 100°F mixture of hydrogen and
water vapor supplied to the inlet, the regulator shall crack within and
be capable of controlling the upstream pressure to 361 to 381 psia,
when passing a 50 to 100°F saturated mixture of 0. 0194 to 0.220 lb. /hr.
of hydrocren independent of the downst‘recm‘n pressure. The regulator
shall reseat (shut off hydrogen flow) at & 41 psia minimum. The
regulator shall be capable of external adjustment of the upstream
pressure within a range of 100 to 500 psia. ’ :

Working Fluid: e -Hydrogen and water vapor.

Allowable Leakage Rate:  No internal leakage after the reseating con- | -
dition has been reached; no external leakage. Note: Redundant seals

“shall be provided. for 111 external hydrucen leak paths except on inlet

and outlet "MS" ports

Do’wnstream Working Fluid Pressures: 0 psia minimums 265 psia maxi- '

upstream pressure; 15,5 psis nominal,
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* Upstream Working Fluid Temperatures: 50°F minimum; 100°F maximum;
75°F nominal,
*¥ Proof Pressure:

572 psigmaximum.
*

Burst Pressure;

1000 psig maximum limited by bellows,
Environment Requirements: 40 to 110°F and 0 to 14. 7 psia.

10.0 Continuous Mission Rate Duty: Steady-sta'te flows for six (6) months
varied within a hydrogen range of 0. 0194 to 0.220 1b. /hr. of 75°F
saturated.
11.0 Cyclic Mission Rate Duty: 5514 ‘cycles of hydrogen/watervapor flow
"on and off'', i.e., one cycle equals 55 minutes of 75°F saturated A
hydrogen™"'on" flow time at 0.220 1b. /hr. and 39 minutes of no flow.
12. 0

\

Reliability: Useful life -~ two (2)'years.
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* OXYGEN ABSOLUTE BACK-PRESSURE REGULATOR SPECIFICATION

1,0 Functional Purpose: During one GEE and zero GEE operation in any attitude the
regulator shall establish a controlled pressure level on the oxygen discharge
side of a solid polymer electrolyte module for a manned space station application.

2,0 Mechanical Description: The oxygen absolute back-pressure regulator consists
of a soft-seated valve actuated by a differential force of "upstream' oxygen
pressure, bellows gradient, compression spring and ""downstream" pressure.

3.0 * Weight: 1.60 lb. maximum,

4 0 Port Conﬁguratmn' MS 33649-4 inlet and outlet ports.
‘5,0 Electrical Interfaces: Nome, - __ — ‘ :
\ —
3 \-\*.
' 6.0 Mounting Provisions: In-line tubing installed. “

; {7 0 @ = \ Perrnissible. Materials: 17-7 PH, 316 AJISI Stainless Steel, Viton "A' seal

L7, -\ material, : - \
. K'. T _— ! : , - ¥
o 8,0 * Maximum Overall Envelope Dimensions: ‘1 56” dia'x 4, 40 " lond\. : \\
' Y \ | L : .
. R y 3 .
9,0 ~ Performarnce Re quirements: ‘ " _ !
ok With 100 to 200°F mmtm*e ﬁLoq:ygen and wa‘cqr vapor

+ - supplied to the inlet, the regulator shall crack wnhm and bé capable. of cgntrolling
. .the upsiream pressure to 415 to 435 psia, | 'when passing a 100 to 200°F satuy rated
‘\ mixture of 0,154 to 1,750 1b/hr of oxygen mdependent of the downstream prpssure.“*
\ The regulfa.tor shall reseat (shut off owgen flow) at 325 psia minimum, The regu-
iafor shall be ca,uable of external adgustment of the u stream pressure vnthpz a
| range «7& 100 to 500 psia., =
\oo s \ : \ :‘ |[ .

i = Worhmg Fluid:. \ - Oxygen and wa‘!ter vapor. | o ‘ i L “-\ :

\ | | N\ § o ! : \
e Allowable Leakag"e Ra’oe No internal lea.kage aitez the rese\e'xtmg éondutmn i\m\s
A \ " been teached. No external leakage. ; N \\ '
A - *  Downstream Working Fluid Pressures: 0 p,ala minimum; 465 p51a max; imum f0
500 psis. upstream pressure; 53 psia maximum for 100 psxa upsfream pressure\

3 ' 15.5,psxa nominal, - . T \
\ ' e \
o *  Upstream Workmg Fluid Temperatures 50"‘*‘ mmlmum, 250°F ma.umum, 150"F\ :
\ nommal

| N - K .‘ {
J ' o

* Proof, Pressure: 653 psig maximum,
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Table I (Cont'd.) ~|\¥ REVISED
- ' 'No. 73A490-831, Rev. B
\Date 9/14/73
_ \Page 2 of 2
* Burst Pressure: 1000 psig maximum }imited by belloiWS
\

I
Environment Requirements: 40 to 110°F and 0 to 14. 7 psia. \

. \\
10.0 Continuous Mission Rate Duty: Steady-state flow for six (6) monthi\; varied
within an oxygen range of 0.154 to 1.750 1b. /hr. at 150°F saturated.

11.0 Dy‘clic Mission Rate Duty: 5514 cycles of oxygen/water vapor flow “on and
off'', i.e., one cycle equals 55 minutes of 150°F saturated oxygen 'on"
flow time at 1,75 lb, /hr. and 39 minutes of no flow.

12.0  Reliability: Use 1 life - two (2) years.
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WATER ACCUMULATOR SPECIFICATION

1.0 Functional Purpose

The water accumulator shall establish a water storage capacity during
stdrtmg and operating fransients in the water circuit of a water electrolysis system.
It also shall provide three (3) position switches for identifying "empty" and "full"
points of a smaller volume to be used for charging the system with make-up water,
as well as the position for "maximum stroke'.

2.0 Mechanical Description

‘ The water accumulator shall consist of a pressurized cylindrical con-
tainer having a spring-loaded piston or diaphragm separating the water storage cham-
ber from a hydrogen charmnber at a lower pressure. The quantity of water stored will
be dependent upon the pressure differential (pH O - sz) as opposed by a return
spring. The differential area gained by mcorpora’amor a piston rod may be utilized

~————dfor.bhs lancmg forces to reduce spring force and size. The position switches shall be

integrally mounted ant-provided with a single elect1 ical connector,
\

3.0 _\_Y_glght .\ | T TT—

\
Minimal !Weierht shall he employed in the design consistent with the
requirements of {lkis sp \lelcatlon A weight estimate of the assembly shall be iden-

t1f1ed on drawmgs \\
, g - \
4.0 Port Configuration
. Hydlogenbpss MS33649-4
e Wa.te‘r boss A : MS33649-4

., \
Dt No’re \\"NPT"\' pipe threads are not permitted.

: 5.0 17 . Ele.,’cm!.fcal Interface and Requirements

P! . .
AT e el i . : \ ‘.‘
\ \

iy e

T Ma] gneu\{: reed‘rswfcches may be utilized as position switches which

‘ _*_ w:ll be oonnected to a 1‘pglc circuit (not an end item) for controlling a make-up water
pump used for charg‘mg\the water accumulator :

o Switch Ra\’cmg 0.25 amps resistive, 28 VDC
‘ Both normally closed and normally open contacts
available, C
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Switch Location: Three position switches shall be installed to

signal volume point of the water accumulator
per Table L.

-Electrical Connector: An integrally mounted Bendix-type bui.head
male connector shall be provided including the mating female connector.

The water accumulator assembly shall be designed to be ignition
proof, i.e., the assembly or components thereof, shall not be capable of igniting
any explosive mixture existing in or surrounding the assembly either functioning or
at standstill in accordance with Procedure I, Method 511 of MIL-STD-810B dated
15 June 1967,

Electrical wiring shall be properly supported and routed to prevent
chafing, provide protection against sharp edges, mechanical strain, etc., and con-
form to MIL-W-16878,. Color coding of conductors of the equivalent shall be provi-
ded for identification.

Bonding requirements in accordance with MIL-B-5087 Class H, R
and S as applicable.

6.0 .. Mounting Provisions

Mounting of the water accumulator shall have adequate structural in-
tegrity to assure compliance to this specification without mechanical fallure or per-
formance deterioration when subjected to:

6“ " Acceleration "hard" environment of Procedure I, Method 513, para-
graph 3.2, 4 with "Mansied-Aerospace Vehlcle Category”

o Vibration "hard" environment of Procedure I, Method 514 parag'rap T ee—
4.5,1, Part 1 (sinusoidal vibration curve '""P" and time schedule I)
and paragraph 4.5.2, Part 2 (random vibration curve AG), MIL-STD~
810B dated 15 June 1967,

o Bench handling shock "hard'" environment of Procedure V, Method
516, paragraph 3.7, MIL-STD-810B, dated 15 June 1967,

The mounting configuration of the water accumulator shéll be designed for secure-
ment to a vertical plate, water side up.
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Page 3 of 6
7.0 Permissible Materials

Wetted Areas

(Both water and hydrogen chambers)

Type 316, 321 A1S1 stainless steel, passivated; 316L, 321, 347

A1S1 stainless steel for welded parts, or solution anneal
316,

Type 316 (preferred), 302, 17-4 pH in springs,

No copper, iron, silver, zinc, nickel, cadmium or processes of bra-
zing or soldering is permissible in wetted regions.

Elastomers: Teflon TFE, FEP, Viton A preferred
Buna N acceptable.

Corrosion protection of large, exposed non-rubbing surfaces in the

water chamber is desired by thermoplastic coating with FEP (fluorinated ethylene
propylene).

, Electroactivity contact of dissimilar metals per MS33586 shall be
avoided. ‘ :

Materials that could liberate toxic gases shall be avoided.

The use of metallic self-locking nuts is the preferred method to se-
cure the assembly detail parts. Lockwire should be considered as an alternate ap-
proach, Star washers, jam nuts, lock washers, etc. shall not be used

Assembly drawing copies with appropriate parts list, material iden-

tification and process specification definition shall be submitted to GE/DECP for
rewew

I Redundant Viton "A'" O-ring seals shall be introduced into the design
in a.ppropriate regions to assure no external leakage to ambient

Rub wear materials which could contaminate the delivered water and/
or hydrogen or compromise useful life shall be minimized.

Titanium is not permitted in the design.

Lubrication materials are not permitted in the design which could
contammate the water and hydrogen or lezk to ambient,

}
i
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8.0 Maximum Overall Envelope Dimensipns
5.00 inch dia. x 24 inch long (including stroke)

Cylinder diameter and piston stroke shall be selected to minimize
unit volume and weight, yet maintain optimum L/D considerations for smooth strok-
ing performance of the accumulator.

Outline-installation drawing copies delineating all pertinent details of
the Water accumulator assembly (e.g., port title and fitting identification, connector
identification and pin designation electrical schematic, detail installation and oufline
dimensions, servicing and acceptance test notes as necessary, rated requirements,
etc.) shall be submitted to GE/DECP for review,

9.0 Performance Requirements

The water accumulator shall be in any attitude under cyclic operation
capable of providing water storage capacity as a function of water pressure minus
hydrogen pressure differential (PHoO - PHy) according to Figure 1. The volume set-
tings for switch positions are indicated with tolerances provided in Table I,

"Max, Stroke"
—p  20L
Switch
Volume °r
Displacement Return Spring
Cubic Inch
S 10L Adjustment :
"Makeup H9O
— 5t
Off"" Switch
"Makeup HpO
—— 0 - r :
On'" Switch 10 (min.) 60 (max.)

(PHoO - PHy) Diff. Press. - psid
Figure 1
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TableI | AN
W
Percent Storage Capacity f‘\ \‘\ ,
| | LN
Swiich - Volume Switch Location \ S
Position Point-in.” ~ Nomimal ... _ _Tolerance - N
1. "Make-up H,O on" 0 0 0-10 o
\ :
2, *'"Make-up HZO off" 5 25 22 - 28
\
3, "Max, Stroke" 20 - 100 90 - 100 ' \\
o T y \
*Adjustable switch position is desirable, unit disassembly permissible. y \\._

. )
Provision shall be made in the water accumulator design for ad'j'us”t/» \
ment of the return spring force as indicated by Figure 1. Unit disassembly for . [
spring adjustment or for replacement with a spriag of different size is permissible, ‘\
Alteration of stroke 1en°'th beyond 20 cubic inch capacity is permissible for spring
adjustment. :

Hysteresis due to friction shall be minimized to provide repeatable,
smoeoth stroking within = 10% of 2 mean linear pressure dlfferentlal versus stroke
characteristic.

Fluid Media:

Water Side: Distilled water _
Hydrogen Side: Saturated hydrogen with possible water condensate,

Hydrogen Pressure:

Range: iOQ to 365 psig
- Design Point: 365 psig
Water Pressure:

Greater than hydrogen pressure p 5T Flgure
Maximum Pressure: 425 psig

- —E€ase Proof Pressure: 637 psig

. s e
e e e

Case Burst Pressure: 1060 psig

Internal Seal or D1aphragm leferentml Proof Pressure
100 psid either d1rect10n
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External Leakage: zero hydrogen or water at proof pressure

Internai Leakage: zero, water at proof pressure: pH20> sz
. 5 cc/hr hydrogen at proof pressure: pHo» pH,0

| Environmental Conditions:

Ambient Pressure: 0 to 15 psia
- Ambient/Fluid Temperature: 40 to 110°F
Gravity: 0 to 1 g any direction

10,0 Duty Cycle -

Acceptable functional performance as defined in paragraph 9. 0 for
“the following inclusive duty cycles.
Total Cycles for

Percent '"Maximum Stroke'" Cycle Rate ' 6 Months Mission
0-100-0 ~ one per 94 minutes " 5,514
0-25-0 three per hour - 15,000
# 2 at any point éne per minute | ' 262, 000
11.0 Reliability: Useful life (2) years.
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EQUIPMENT

GENERAL ELECTRIC COMPANY . . ... ... DIRECT ENERGY CONVERSION PROGRAMS | DIVISION
: 50 FORDHAM ROAD, WILMINGTON, MASS, 01887, Phone (617) 657-4610

April 3, 1975

National Aeronautics and Space Adminietratibn
~Johnson Space Center
Houston, Texas 77058

Attention: Mr. 'R. B. Martin
Mail Code EC 39

Subject: SSP 27-Cell Electrolysis Module Failure Analysis,
Refurbishment, and Checkout by General Electric
Company, Direct Energy Conversion Programs

Gentlemen:

The following is a chronology of the pertinent observations, measurements, and opera-
tions made by General Electric Company (GE) as part of the failure analysis, rebur-
bishment and checkout of the SSP electrolysis module as recexved from NASA/JSC on-
March 3, 1975,

March 3, 1975

1. Removed module, delivered by R. Reysa, from carton - no apparent damage.

2, Checked all cells for electrical shorts using the capacitor charge techmque
with a Simpson Voltmeter. No shorts in all cells,

3. Measured 1000 Hz impedance of 27 cell stack (0, 054 ohms) and of each cell
(0. 0016 to 0. 0021 ohm range) which compared closely with measurement
(0. 00158 to 0. 00189 ohm range) made during original buildup by GE on
September 12, 1973,

4. Pressurized oxygen side with nitrogen at 22 psig. Gross leakage out Hg ports

to atmosphere was observed. Closed both Hp side MDV's and raised pressure
to 50 psig. No overboard (gasket) leakage was apparent,
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5. Set up module in a test hood with DC power supply, feed water pump at5 to 7.0
psig, and Hy and Og sides vented approximately to atmospheric pressure. Dur-
ing electrolysis operation at about one ampere, all cells exhibited expected
voltage level (1. 48 VDC).

6. Measured the outside distances of end plates and residual break away torque
tension tie bolts. Values were essentially as measured at NASA /JSC prior to
delivery to GE/DECP.

7. Removed module bellyband, tie rod nuts, belleville washers, and rear end plate.
Cell No. 27 was removed and inspected. No gasket damage was evident and the
imprint of the gasket dual bead rings on the cell solid polymer electrolyte (SPE)
membrane was not severe enough to cause damage or leakage. Some corrosion
of the anodized aluminum end plate was caused by water trapped in the pressure
pad area during assembly. This corrosion cannot reach the cells or interfere
with module performance or sealing capability.

March 4, 1975

1. 4 Measured about 0. 06 to 0. 09 inch growth in stack height over night as evidence
of gasket recovery without load, since the tie rods were not installed. Retorque
tie bolts to 45 inch-pounds to revaluate gasket seal.

2.  Pressurized oxygen side with nitrogen at low pressure showing gross leakage
' as before.
3. Supplied a mixture of 5% Ho/95% Ng first to O2 (dead ended) side and purged H,

side with air. Fuel cell charging capability was under 0.2 VDC for most cells.
Reversed the gas supplies to provide 5% H2/95% N9 to Hg side, air to Og side.
Cell Nos. 3, 6, 10, 12, 13, 14, 17, 18, 19, 20, 22, 23, 25, 26, 27 evidenced
open circuit values under 0.4 VDC. Test was not considered conclusive in loca~
ting cells with cross membrane leakage because of blockage and masking effects
of entrapped residual water in the cells from electrolysis operation. -

4, Module disassembly was initiated and using a plexiglass clamping fixture cell
assemblies (M&E plus screens and gaskets) from No. 27 down through Cell No.
22 were leak checked at about 1/2 psi air pressure with the active area sub-
merged in water. Because the air pressure would distend the membrane and
wrinkle the protector ring welded to the screens, allowable pressure was very
limited to the 1/2 psi value. No bubbles as evidence of leakage were observed.
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March 5, 1975

1, Continued leak checking, Cells 21 down through 17 showed no leakage.

2, The module with its 16 remaining cells was compressed using "C" clamps on
the end plates and leak checked for cross membrane leakage, Gross leakage
still existed.

3. Remaining cells with their associated screens were individually tested for
leakage. Cell No. 4 was found to have a small pin hole in the membrane at the
edge of the catalyst region near the H2 outlet port. Pin hole was only detectable
by holding cell against a fluorescent light background. The tongued portion of
the Hy side screen protruding into the Hg outlet port showed evidence of slightly
brown oxidized surface. The oxygen side of the membrane showed a fanned out
region from the hole exhibiting cracked catalyst, whereas the Hg side showed
indentations or dimples (between screen openings) resulting from membrane
heating and distortion from Hp > Og pressure differential.” The hole itself was
fish-mouthed toward the Hg side indicating O2 over pressure. Inspection of
adjacent screening did not reveal any barbs or broken strands which might have— ... .
caused the membrane puncture.

4, Measurement of the screen and gasket thickness showed the molded gaskets
averaged 0. 030 to 0. 031 (0. 025/0, 029 per drawing in the flat unbeaded region),
whereas the screens were 0, 023 for a difference of 0. 007 to 0. 008. Bead height
was about 0, 011 inches on each side. Assuming 100% impression of the beads
and as confirmed by stack/component measurements during stack assembly and
from component and overall stack dimensions an average 0, 008 inch rubber de-
flection per cell was calculated. This calculates to about 7. 5 percent compression
of 0. 106 inch rubber per cell (2 x 0. 0305 cell gaskets plus 0. 045 manifold gasket)

~ in the flat region. The torque region at the manifold ports has the lowest loading
or gasket pressure and in view of the 0. 007 inch height difference was vulnerable
to local unloading of the gasket due to rubber relaxation, O2/H2 mixing in the
manifold region and high pressure differential and local heating which damaged
the cells,

March 6, 1975

1. Measurements of cell gaskets revealed that the gaskets; were molded 0. 001 inch
thicker in the Og and HgO port region than at the H2 outlet port region. Since
the stack assembly contains 54 cell gaskets, the 0. 054 inch total differential ex-
plained the apparent tendency toward non-parallelism of end plates during tight-
ening of the bolts with uniform torque measurements, It also may explain the
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1, Continued

tehdency toward unloading and possible leakage of the gasket in the H2 outlet
port region,

2, Review of NASA/JSC data from testing on 2-19-75 showed evidence of module
cross membrane (or manifold) leakage, i.e., fairly rapid increase of about 1
psi/min in oxygen pressure, during the period of holding H2 side pressure at
30 to 35 psig for systern pressurization and startup. '

3. The test data on 2-19- 7a at 1:57:36 DARS time showed an oxygen pressure decay
rate of 1. 6 psi/min during the shutdown period which sharply increased and re-
sulted in severe manifold leakage and probably primary cell damage when the
oxygen pressure suddenly dropped from 10. 4 to 7. 70 psig as the module voltage
dropped from 26. 16 to 7, 41 volts in 7, 3 seconds at about 2:00:00 DARS time.

This abrupt loss of oxygen pressure and cell voltage occurs when rapid hydrogen
admission to the Oy side consumes most of the oxygen within the cell screen
cavity and at the electrode with local temperatures which can soften and damage
the SPE membrane. Further festing the same day revealed normal cell operation
and lower oxygen pressure decay rates during subsequent shutdowns probably due
to resealing of the gaskets due to rubber expansion at higher module operating
temperature, At oxygen pressures under 20 psig or at Hy > Og pressure dif-
ferentials greater than 25 psid during shutdown further evidence of excessive
leakage was revealed by an increasing oxygen pressure (3:05:14 DARS time) as
hydrogen (and water) leaked into the oxygen side.

March 7, 1975

1. A repeat of individually leak checking of cells was performed with the screen
assemblies removed in test fixture up to an air pressure of 31 inch water column.
Found Cell No. 7 a leaker from a small pin hole in addition to Cell No. 4, and
rejected Cell No. 8 because of overheated damaged area in the sealing region near
the Og port. Cells No. 1, 2, 3, 5, 6, 9, 10, 11, 12 and 13 showed no evidence
of leakage by air bubble formation inside the flooded catalyst area '

March 10, 1975

1.  Completed individual leak checkingofcells and rejected Cell Nos. 17, 18, 19 and
26 because of leakage. Discovered air pressures as high as 18 and 26 inch
W. C. in two cases which were required for air bubble break tkrough because of
water sealing o1c the small pin holes at lower pressures,
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Pressed a sample cell assembly (using No. 4 M&E assembly) including pressure
pads in Wabash hand press up to 12 ton load to measure gasket deflection and to
visually inspect afterward for any signs of excessive embossing of separator
sheets in the port area from 0. 005 shim. Sample OK.

March 11, 1975

1.

Visually inspected all cells under a microscope first using the rejected leaking
cells as a refereuce, All cells showed some evidence of locally cracked catal-
yst from overheating, particularly on the Oy side near the O2 port or dimpling

or cratering between screen openings on the Hg side due to softening of the SPE
membrane and Hp > Og differential pressure. Cell Nos. 10, 13, 20 and 22 were
rejected on the basis where opposite sides both showed local damage as described.

March 13, 1975

1,

Reassembled module with 16 cells (1, 2, 3, 5, 6, 9, 11, 12, 14, 15, 16, 21, 23
24, 25 and 27) having been refurbished as follows:

a) The bolt holes in the 0. 005 inch thick niobium separator sheets were
elongated 0. 03 to 0, 06 inch, sheets were reflattened, solvent cleaned,
~vapor degreased and ultrasonically cleaned. Voltage tabs were spot
welded to edge of separator sheets.

b) Eyelets on the protector rings surrounding the manifold ports were
trimmed off to increase gasket sealing area. Other electrolysis hard-
ware has shown this eyelet to be ineffective in protecting the siliccne
rubber from the SPE and could interfere with sealing capability.

c) Gasket and screen assemblies were cleaned in water and gaskets were

re-attached to protector rings using silicone rubber adhesive as required.

d) Niobium shims 0. 005 inch thick were tack welded o screens in the
tongued port region on the side facing the separator sheet to accommodate
the unequal assembly thickness

€) Removed wrinkled and damaged teflon sleeving from tie bolts and applied

heat shrinkable polyolefin HS-101 tubing (Original 0.280 O.D. x 0.12 inch
wall, Manufacturer: Insultab, Inc., Waltham, Mass.). Original heat
shrinkable teflon tubing was not m stock and would require seven to 10
days delivery time, : :
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1) Made eighteen 1, 30 inch long stainless steel spacer sleeves for tie bolts
to compensate for reduced stack width of eleven cells left out.

g) Reduced width of sheet metal band surrounding module to 3. 50 inches
and removed harness for measurement of cell voltages 17 through 27,

h) Measured belleville washer stack height and module end plate distances
at tie bolt torque values of 45 and 60 in-lb and let sit overnight.

March 14, 1975

1'

Eleétrically checked all cells for shorts, and shorts to ground with Simpson
meter. All cells OK,

Measured residual torques on tie bolts (46 in-1b average) and retorqued to 75
in-lb.,

Pressurized Hg side with No at 50 psig and measured 41. 2 cc/min out Oy port.
This was excessive. Reduced N2 pressure to 50 inch H30 and leak was hardly
detectable by HoO slug movement in 1/4 inch tygon line, Increased Ny pressure

and measured 6. 4 cc/min leakage at 7.2 psig (6. 4 x ..?_Q,,. = 45 cc/min).

Conclusion: Probable sealing of very fine pin hole with water at bubble points

under 50 inch Hg0.

Disassembled module and individually leak checked each cell with air at 40 psig
while clamped between the module end plates with four "C" clamps. Found
original Cell No, 5 leaked and all others OK, Subsequent microscopic inspec-
tion of Cell No, 5 revealed an isolated region of cracked catalyst on the Og side
about two inches from Oy port. A small isolated dimple and hole was also visible
on the opposite side. :

March 17, 1975

1.‘

Reassembled electrolysis module with 15 cells in fbﬂowing order 1, 2, 3, 6, 9, :
11,12, 14, 15, 16, 21, 23, 24, 25 and 27 in positions 1 through 15, :

NOTE: (With the removal of original Cell No. 5 from position No.- 4, voltage
tabs of positions 4 through 15 are labeled (under bellyband) 5 through 16
consecutively, )

Measured belleville washer stack height and end plate distances at tie bolt 'tor-que |
values of 15, 30, 45, 60 and 75 inch-lbs. See data in Table L '
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Leak checked module with Hg side pressurized with Ng at 50 psig and measured
3.5 cc/min out Og port. Calculated theoretical Ng diffusion through 15 cells
at 50 psid is 3. 67 cc/min.

Discussed observations and conclusions of failure analysis to date and module
refurbishment with R. Gillen, NASA/JSC during his brief visit to GE/DECP in
late afternoon.. Presented him with M&E of failed Cell No. 4 and additional cell
parts for NASA inspection.

March 18, 1975

1.

M‘easured washer and end plate distances, residual torques ‘(averagé 63 inch-
lbs) and retorqued to 75 inch/Ib.

Pressurized Hg and Og sides in common with air at 50 psig and module submerged
in water tank. Observed no visible leakage,

Assembled module dolly base to front end plate, connected voltage leads to volt-
age tabs using teflon insulating tape, and attached sheet metal band with hose
clamps. o

Retorqued tie bolts to 90 inch-1b and recorded measurements.

Placed assembled module in air circulated ovlen‘a’.tlzooF at 1600 hours.

Informed R, Reysa, B. Pond, NASA/JSC by telephone to reduce power supply in-

put to 34 VDC and to reduce output power conditioner shutdown voltage to 29 to
30 VDC by altering resistors in emergency controller,

March 19, 1975

1,

Removed module from oven at 1220F at 0815 hours and measured residual
torques, belleville washer heights and end plate distances while still hot.

_Ins%‘called module in low pressure test hood with compound gages at Hg and Og
'pozyt_s and operated at 2 ampere load, Found Cell No, 1 partially shorted by volt-

age tab against negative terminal plate and with lead wires of cell position No. 14
and No. 15 reversed., Added additional electrical insulation and corrected re~
versed wires. Short test with Simpson meter showed all cells OK.
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3. Operated electrolysis mocule at 5 to 7 psig water input pressure and approxi-
mately 0. 5 psig O3 and Ho output pressure, with applied loads of 2, 10, 20, 30,
40, 50, and 60 araperes. Normal cell voltages (all under 1, 66 VDC @ 60
amperes) were recorded on all cells,

4, CIosed off valves at HoO in, Hg out, and Og outlet ports while monitoring pres-
sure on Hg and Oy cavities with compound gages. After 54 minutes (lunch hour)
Ho pressure was 22,5 inch Hg vacuum and Og pressure was 10. 9 inch Hg vacuum.
Because some residual water is trapped in the H2 side and two volumes of Hg
gas are consumed for each volume of O2 gas to form water, in time all H2 would
be consumed and Oy would ocoupy both sides at equal pressure., This is called
an "oxygen takeover'., Test was repeated after a few minutes of electrolysis
operation monitoring module voltage and pressures for 25 minutes with values

plotted in Figure 1.

5. After module operation at 10 amps and shutdown the 02 outlet valve-was- closed
and Ho side valves remained open allowing communication with the water supply
at atmospheric pressure, The data plotted in Figure 2 was recorded over a 45
minute period of an eventual "hydrogen takeover', These tests demonstrated the
behavior of the electrolysis module with regard to voltage and gas pressures after
shutdown at atmospheric pressure. Decay rates would be affected by the gas

~ pressures at shutdown and the trapped volumes on each side, The ability of the

module in this test to support a vacuum condition and differential pressure over
a one hour period of time verified the integrity of the cells and gasket seals.

March 20, 1975

1. | Measured residual torques (68. 8 in-lb average), module dimensions and retorqued
tie bolts to 100 in-lb,

2, Purged Ho side of residual water with nitrogen and conducted cross membrane
leak check with Hy side pressurized with Ng at 50 psig,. Measured 4,16 cc/min
out Og port which was acceptable,

3. Purged and pressured Hp side with helium gas to 50 psig and measured a rate of
20. 2 cc/min out Og port at atmospheric pressure. Because of the high diffusion
rate of helium gas through the SPE, nitrogen gas is normally used for multiple

"~ cell cross membrane leak checks to avoid masking of a pin hole leak. o

4, Retorqued tie bolts to 100 in-lb and recorded dimensions in Table I Checked
‘ cells for shorts. All OK '
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5. Attached handles, brackets, and packed for shipment.

NOTE: Rear end plate was discovered rotated by one bolt hole such that rear
handle is tilted 200, It was left in this manner to avoid delay in
shipment, ‘

March 24, 1975

1. Electrolysis module delivered to NASA/JSC by A. C. Erickson, GE/DECP.

CONCLUSIONS AND RE CbMMENDA TIONS

‘The following conclusions and recommendations are provided to NASA /JSC which have
resulted from the module failure analysis, refurbishment and subsequent oxygen genera-
tion system testing at NASA/JSC. o

1. Electrolysis module failure is attributed to unloading of the cell gaskets in the
fluid port area, over a 20 month period, which resulted in leakage from the
hydrogen manifold into the oxygen screen cavity of one or more cells at a pres-
sure differential greater than 20 psid. This was caused by inadequate local
compression of the gasket for the reasons described herein (See chronology date
March 5, 1975).

2, The refurbished module contains 15 of the 27 damaged original cells which ex~
hibited normal performance and sealing capability as demonstrated by electroly-
sis operation at full load and from supportive-ieak checks. The integrity of the
damaged SPE membranes is unknown, and cross membrane gas diffusion rates
should be monitored during periods of high Hy > O pressure differential as
during initial pressurization and after removal of electrical load, Based on ob-
servations made during system tests at NASA /JSC on March 27, 1975, an oxygen
side pressure rise of about 3. 0 psi/hr appears normal during system pressuriza-
tion with the Ho side at 30 to 35 psig. Also, an oxygen side pressure decay rate
of 0. 7 psi/min was measured after load removal at operating pressures. Abrupt
or severe departure from these rates would indicate excessive cross membrane
leakage and the module should be leak checked on the bench with nitrogen gas.

3. Detection of hydrogen in the oxygen output stream was provided in the oxygen
generation subsystem, as designed, by two combustible gas detectors at the
oxygen discharge to atmosphere. This capability was lost by the installation of
an oxygen output line to a saturator, wet test meter and discharge outside the

* building at NASA/JSC. Some means of continuous detection of hydrogen in the
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Continued

oxygen stream is recommended during electrolysis operation to stop system
operation thus avoiding a mixture buildup in downsiream components. A brief
discussion of electrolysis module failure as experienced on February 19, 1975
at NASA /JSC and the potential safety hazard is offered. Internal cross mem-
brane leakage as experienced, results in the mixing of hydrogen and oxygen
within the screen cavity and combination at the electrode catalyst with the gen-
eration of heat, For the rates involved, the relatively high activity and surface
area of the catalyst to the small cell volume occupied by multi-layered screen-
ing prevents the accumulation of a mixture in an explosive volume, During
electrolysis operation, the continuous supply of water for heat removal and the
self-quenching capability of water leakage along with any hydrogen admitted to
the oxygen cavity results in relatively unaffected module operation as experienced
on February 19, 1975. Depending on the size and location of the leakage point,
some hydrogen may bypass the catalyst area and be carried out the oxygen mani-
fold which is a2 small tube like volume formed by the alignment of holes in the
stack of rubber gaskets. Because of the process and configuration described,
the formation of a quantity of gas mixture and an amount of energy which could
result in an internal pressure rise or rupture of the assembly or components is
extremely remote as demonstrated by the 27-cell module failure. Rather, it has
been found from pressure tests that a gasket-type assembly as used in the module
design provides a self-venting feature by local separation or displacement of the
gaskets,

The beaded gasket design was introduced for the first time into the SSP electroly-
sis module delivered to NASA/JSC. Since only short-term acceptance tests were
employed before shipment, no continuous long-term evaluation of the design and
ensuing rubber relaxation phenomena was possible. It is felt that the molded dual-
bead sealing concept is a sound design and failure in the manifold region was due
to inadequate control of tolerances and rubber deflection under load. Because it
is difficult to maintain the tolerances in rubber fabrication as closely as desired,
future compensation will be made by the adjustment in the pressed height of the
cell screen package, That is, shims or stops will be used during manufacture

of the multi-layered screen package to provide a difference of 0. 002 to 0. 004 inch
between the measured face rubber thickness (flat region) and screen assembly as
adjusted. Previous flat gasket design criteria employed a nominal 10 percent ini-
tial rubber deflection during assembly for sealing internal gas pressures up to
100 psig. Local rubber deflection in the beaded gasket during module assembly
could be 50 percent in the beaded region and was calculated at 10 percent in the
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4, Continued

flat region from end plate measurements. It is recommended that periodic
measurements at 2 to 3 month intervals be made of belleville washer stack
height (See Table I) and the tension tie bolts should be retorqued to 90-100 inch-
1b when average washer height expands beyond 1. 750 inches.

Very truly yours,

A. C. Erickson

Project Engineer - Electrolysis System
Building 1A

Tele, No,: (617) 657-4698
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8 TABLE {
: w g ELECTROLYSIS MODULE TiE BOLT TORQUE AND DIMENSIONAT MEASUREMENTS
S
2 E: ggb DATE 3-17-75 3-18-75- — 3-19-75 - 3-20-75 3-24-75
: 5 B TIME 1010 - 1030 1112 1250 1340 - 1620 (i3 0u1s 000 105 1550  OHIS  08t5 0840 0840 0915 1130 1145 1100 1100
6 N Elcctrolysis Lenk
Lenlki Check Set in Oven ———- Operntion Check
BOLT BELLEVILLE WASHER STACK HEIGHT** AND MEASURED RESIDUAL BREAKAWAY TORQUE ON BOLT
" POSITION*  ** Includes 40 Washers (Fheo. Solid Hpt, = 1, 400"), ‘Fwo , 063" Fiat Washers and . 188" Tead of Guide
1 o 2.010 L9775 1.926 1.8914 1,816 L 8IG .81 G5 LBoo L7400 L7360 L7380 100 1.752 66 L1733 90 L1732 1.736 72
*In clockwise order 2 1,991 1.952 1,907 1.g81 L7891 L.775  .786 62 L.766 1.737 1,734 1735 90 1,751 65 1.724 95 1.728 1.731 66
facing washer end 3 1,002 1,956 1,915 ). .864 1,80 L.TQ J.800 63 L7gg 1,733 1,732 1735 85 1.750 65 1,726 100 1,727 L1735 68
of module. H_ out B | 2.015 1.979 1.938 1.899 1.851 1.849 1. 8640 59 LG 8 798 1,937 L7137 85 1757 64 ° 1.738 95 1.736 1.741 68
port at 12:00 o'clock, 1 1988 1,951 1.906 1.859 1.792 177G 1782 65 1,767 3,737 1,733 1,734 80 1.752 G6 L7289 1729 1731 65
¥, O in port at 6:00- i 2.005 1.97¢ 1,935 1,803 1.846 1. 842 1846 62 T,.844 L7601 1742 1742 95 1.760 G6 1.739 95 1,736 1,740 60
H Na, 1 to right of "2 K 2.010 1,973 1,943 1.898 1. 840 1, B26 1834 63 L8YT L7492 742 2742 93 1.760 68 1,732 100 1730 L7135 68
port, No. - 10 between 8 1.991 1. 961 X,923 1.875 L.325 1. 821 1.828 64 1.8 L9656 1,746 1,749 90 1.768 6B 1.735 100 L735 1.740 G8
i ()2 and Il,,o porls, 9 ) 1,994 1.961 1,915 1,864 1.405 T.709 1. 804 66 1792 1,742 1730 1,733 9% 1750 65 L7259 1.729 1,735 55
OF - 10 . 1.999 1,976 1.930 3,889 1.823 1.820 1. 824 64 LBIG 17720762 1,766 .95 1,782 756 1.764 90 1.7506 1.750 64
o 1 2,012 1,985 1,946 1,909 1,872 1. 8GD L. 473 60 L8701 833 1. 741 1 742 98 L7857 70 1.747T 90 1.743 1,749 72
12 ) 1.990 3,950 1,906 13.857 L.790 1.790 LTS 74 L997 1,749 1750 1750 90 L.768 65 1.740 94 1786 1,739 65
13 2.010°0.959 1,907 1.844 1,776 1.763 1167 70 1,760 1,732 740 1,733 96 1.747 G5 1.738 w5 1.729 1.732 K8
14 2.013 1,975 1.811 1.858 1.766 1,754 1,157 850 L754 L7a2 1,726 1,732 85 1. 747 6O 1.728 93 1,732 1731 54
15 2.002 1.964 1.921 1,868 1.814. 1,807 1,811 62 LBOT 1749 1,750 1,749 90 1.766 170 1.741 94 1.937 174 G2
16 2.013 1.979 1,937 1.900 1,836 1,820 1827 62 1817 747 VTR LTI 95 1,751 GO 1132 9% 1,732 1.734 6B
¥ 1.985 1.936 1.888 1.827 1.773 L1768 L7722 59 1,767 1,732 1,743 1,736 95. 1.748 65 3,726 100 1,727 L7131 14
18 2,000 1.948 1,903 1.844 1. 777 1,743 1,769 &9 762 3,733 .733 1732 85 1.746. 58 1.725 160 1.727 3.732 66
. Avg. 2.001 1.964 1,920 1,872 1,811 L 8ux . BOH 62.9 1,799 1,750 1,735 1740 91,8 1756 68.8 W75 95.2 L7333 L7347 65.2
A - 037 - 043 048 - 061 - 00H + 005 - 008 - 048 - 012 -k 00l -+, 016 ~. 022 -. 002 + 004
CLOCK.. 3'
POSITION OVERALL DISFANCE OUTSINE OF END PLATES, JHOHES
12 18/1 4.700 4.654 4.6G35 4.625 4.611 4.605 4,597 4,501 4, 678 4,569 4.570 4. 556 4. 536 4.532 4.532
2 ) ’ 3/4 4.741 4.693 4,678 4.660 4.646 4. 641 4,638 A 624 A G 4,607 1,602 4, 586 4. 566 4.565 4.563
4 6/7 4.773 4,72 4,697 4, 678 4.659 4.655 4,650 4,642 63T A 626 14,601 4.607 4. 595 4.687 Not Meas.
[ 9/10 4.784 A.734 4.702 4,678 4,659 4. 654 4. 650 4.612 4633 Nl Measured Not Measured 4. 595 4.594 "
8 . 12/13 A.746 4,679 4.64C 4.633 4.615 4,608 4607 4. 598 4.5693 4 588 4,575 4. 586 4, 360 4.558 "
10 15/16 4,658 4.661 4,660 4,621 4,596 9.588 4,578 A 574 4,568 4,565 4,553 4.544 4.6530 4.526 4.515
3 Avgr, 4.740 4.690 4.665 4,610 4 631 4,626 4,619 4612 4,604 59t 4587 4,570 4.564 4.560
‘ A - 050 ~-.025 - 016 - 018 - 006 -, 006 -, 007 -, 008 - 013 -0 - 017 -..006 -. 004
j Applied Torque in-lbs, 15 <30 15 60 75 (] % 90 90 100 : 100
i‘ Comment i Re~ Overnite Re Re-  Hot cheek @ - Overnite set. Re- Re-  Retovgued
“ tovaque set torgue torque 120°F @ 70T torque tovrque #9 and 10 to
' 75 in-1b at
A/3775 ; NASA/ISC
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