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SUMMARY

A complete water electrolysis satellite propulsion system was tested for 3 weeks.
The system consumed 201 pounds of water and produced an impulse of 70, 009 pound -
seconds.

A flightweight 0.1 pound thrust engine (Figure 1) and a flightweight five pound thrust
engine (Figure 2) were developed and tested to demonstrate life capability ai.d
performance.

1, SVSTEM LIFE TESTING

The water eiectrolysis propulsion system had been assembled and given performance
tests on a preceding contract (Reference 1). The system consisted of an electrolysis
unit, made by General Electric Company, & water storage tank, gaseous nydrogen and
oxygen storage tanks, a five-pound thrust heavyweight and a 0.1 pound thrust hcavy-
weight engine.

T'!e propellant supply system shown in Figure 3, consisting of the electrolysis unit,
ter tank, and gaseous propellant storage tanks, included a series of pressure
witches which avtnmatically turned the electrolysis system off and on, depending

on the pressure in the propellant storage taaks.

An electronic pulser was designed to control engine firings for a prescribed duty
cycle intended to produce, in 10 months, the total impulse of the seven-year satellite
mission shown in Table 1. The system operated around the clock, seven days a week,
with additional safety controls to turn off the electrolysis unit in case of system
malfunction.

The initial electrolysis unit was tested for 19 weeks, producing an impulse of 41, 000
pound-seconds, after which a failure of one of the six electrolysis cells occurred.

The electrolysis unit was modified by General Electric Company. The modified unit
was tested for 14 weeks and produced an impulse of 29, 000 pound-seconds without any
change in performance. The life testing demonstrated the cupability of the electrolysis
system for long-life operation as a satellite propulsion system.

2. FIVE-POUND THRUST ENGINE

A flightweight five-pound thrust engine was developed and life tested for 152,015
pulses and a total firing time of 4.16 hours. A test summary is given i1 Table 2.
The engine was in excellent condition after completion of the life test program.
Design changes made in the heavyweight five-pound engine developed on the previous
contract resulted in an improvement of specific impulse from 345 seconds to 355
seconds. The engire performance is shown in Figure 4.

1, Stechman, R,C,., Jr., and Campbell, J.G,, '"Water Electrolysis Satellite

Propulsion System,'" AFRPL-TR-72-132, January, 1973
1
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Figure 3, Water Electrolysis Propellant Supply Systemn
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TABLE 2, FLIGHTWEIGHT ENGINE TEST SUMMARY

PULSING DUTY CYCLES

b

0.1 SEC ON/0.1 SEC OFF

0.1 L8 5 LB
THKUST THRUST
THRUST (POUNDS) 0.037-0.1 i=7
CHAMBER PRESSURE (PSIA) 25-70 7-50
SPECIFIC IMPULSE,
STEAPY STATE 331 355
SPECIFIC IMPULSE,
50 MILLISECONDS 300

0.05 AND 0.10 SEC ON

AT 10% TO 25% DUTY CYCLE

MAXIMUM RUN DURATION 30 HINUTES 1 HOUR
TOTAL RUN TIME 10.07 HOURS 4.16 HOURS
TOTAL FIRINGS 301,728 152,015
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Figure 4, ISP of Flightweight 5 Lbf, Engine
NOTE:
CF = 1.81 BASED ON CPIA METHODS
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Figure 5. ISP of Flightweight 0,1 Lis!, Engine
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E ,
? The flightweight five-pound engine, shown in Figure 2, consists of a coated molyhde-~ :
;r ' num comhustion chamber, a nickel inlector with six coaxial premixcd elements, and S
24 chamber film conling orifices, a Marquardt bipropellunt valve and a modified E
- Champion FHE spark plug. Several components, such as the valve and mounving 3
plate, were heavier than flightweight components. A flightweight igniter made by 5
’ General Laboratory Associates (GLA) energizes the spark piug. Propellant flow M

rates are controlled by sonic vrifices located downstream of the bipropellant valve. S

The nominal mixture ratio is 7. 934 to match the proportions of oxygen and hydrogoen 1

produced by elecirolysis of water. The neminal chamber pressure varies from 50
psia down to 16 psia, corresponding to a range of propellant tunk pressures varying
from 200 pgia down to 67 psia. The weight of the [lightweight five-pound thrust engine
was 4. 5 pounds, excluding the igniter. A completely flighiweight engino would weigh
2.9 pounds. The flightweight GLA igniter weighs 1.71 pounds and the cable weighs
0,17 pounds.

PR e .
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3. 0.1 POUND THRUST ENGINE

Two flightweight 0.1 pound thrust engines were designed and tested. One of the two
designs, shown in Figure 1, completed a test program of 301, 726 pulses and 10,07
hours of hot firing time. This 0.1 poud engine consisted of a coated C-103 colum-
bium chamber, a single coaxial, premixecd injector clement, a MOOG bipropellant
valve, with downstreum sonic orifices, and a modified Champion FHE 231 spark plug.
A flightweight GLA ignitor enorgized the spark plug. The engine operates at cham-
ber pressures from 70 psia down to 25 psia, depending on the propeilant supply pres-
sure. The nominal mixture vatio is 7.934. The weight of the flightweight engine, not
including igniter, is projected to be 1.7 pounds using 2 flightweight valve and injector.,
It is expected that one flightweight ignitor, weighing 1.7 pounds, could provide spark
energy to a number of 0.1 pound engines on a satellite with engine selection controls.
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The columbium chamber suffered a coating failure during the last half hour of the 10~
hour life test. The test results with the columbium chamber and a molybdenum cham-
ber which failed afier 3. 52 hours »{ hot {irings svggest that the cause of coating failure
may be due to excessively high energy release by “he spark plug. In that case, longer
life could be obtained by using the lower spark encrgy which was successfully used
with the heavyweight engine on the preceeding contract (Reference 1).

o A S

The 0.1 pound thrust engine demonstrated a C* efficiency of 829, corrzasponding to
an Isp of 331 seconds. The performuance at various mixture ratios is plot. »d in

Figure 5.
4, IGNITER H

A flightweight igniter shown in Figure 6 was designed by GLA. Three identical wnits :
were delivered to Marquardt. The ignition system used to ignite the gaseous oxygen ¥
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and hydrogen combination in the combustion chamber of the 5 1bf, and 0,1 1bf, rocket
engine consists of a Champion FHE 231A spark plug with energy for the spark dis-
charge supplied by a General Labroatory Associates (GLA) exciter, The exciter
shown in Figure 6 provides a basic spark rate of 400 sparks/second at 28 vde, The
energy supplied to the spark plug at each discharge is 10 millijoules. In addition,
the spark exciter system met the requirements for conducted and radiated EMI in
accordance with the limits of MIL-STD-461-A, except during some switching
transients. The exciter systems successfully completed the engine test firing se-
quences and provided greater than 1, 000, 000 sparks in both the &, 0 and 0. 1 test
programs,
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SECTION 1
INTRODUCTION

A water e¢lectrolysis satellite propulsion system uses satellite electrical pow »wr and
an electrolysis unit which slowly separates water from a storage tank into hyarogen
and oxygen. The separated gases are stored in small tanks for use by oxygen/hydro-
gen rocket engines as needed for satellite attitude control or orbit maneuvers, The
system is shown schematically in Figure 7.

el s i v et i ¥ YT TSR I e

Figure 7, Electrolysis Propulsion System

A water electrolysis satellite propulsion system is especially advantageous for long
life satellites which require a large total impulse to be supplied over a long period of
time. Thc system is applicable to either spin stabilized or three-axis stabilized sat-
ellites. Comparisons of propulsion system weights for a typical seven-year satellite
mission are shown in Figure 8.
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Figure 8, Comparison of Satellite Propulsion System Weig.its
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& The water electrolysis systen: (350 Isp) is much lighter than a monopropellant system
3 (230 Isp) for satellitos weighing over 1, 500 pounds, and is alsc lighter than an earth
storable bipropellant system (300 Isp) for satellites weighing over 2,400 pounds.

The electrical powe.r requirements can be minimized by tailoring the size of the water
electrolysis system to the propulsion requirements of a specific mission. For exam-
ple, all station~keeping and attitude control of a 2,450 pound satellite can be accom-
plished with less than 20 watts continuous power. Repositioning maneuvers can be
accomplished in one to two weeks by temporarily higher power consumption up to

235 watts.

Y TR T T Ty,

T

Some of the advantages of a water elecirolysis satellite propulsion system are as

follows:
E . Lighter Weight System
{ . Low Impulse Bit Capability
; . High reliability with an effective service lifo in space of up to
10 years

Bulk of propellants stored as inert water

Nontoxic, noncorrosive propellants

An exhaust plume consisting of water vapor

Safety aspects of a low pressure, separated gas system

Multi-operational mode flexibility to accomplish the various
mission propulsive requiremerts in the most efficient and

effective marner

Low power consumption

This report presents the results of a program to demonstrate the long-life capability
of a water electrolysis propulsion system and to develop flightweight 5 Ibf and 0,10

Ibf thrusters.

T

This program was an extension of the c¢ffort performed by Marquardt under Air Force
Contract F04611-71-C-0055, "Water Electrolysis Satellite Propulsion System, "

reported in Reference 1.

s m R

1. Stechman, R. C., Jr. and Campbell, J. G., "Water Electrolysis Satellite
Propulsion System, " ATFRPL-TR-72-132, January 1973,
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SECTION 1I
SYSTEM LIFE TESTING |

A complete water electrolysis propulsion system, consisting of a propellant feed "
system, a five-pound thrust engine and a 0,19 pound thrust engine,was tested for 19
weeks, producing an impulse of 41, 000 pound-seconds, after which a failure of one
of the six electrolysis cells occurred. The electrolysis unit was modified by General
Electric Company. The modified unit was tested for 14 weeks and produced an im-
pr:se of 29, 000 pound-seconds without any change in periormance.

. e o e

An electrolysis unit, which is the critical component of the propellant feed system,
separates water into hydrogen and oxygen by the process shown conceptually in
Figure 9. The electrolysis unit made by General Electric Company contained six
electrolysis cells as described in Reference 1. The basic construction of a single
electrolysis cell is shown in T'igure 10.

The propellant feed system was essecntially the same as that described in the final
report for the preceding contract (Reference 1), modified to operate only in the simple
blowdown mode. A safety override systera was also added, consisting of pressure
transducers, thermocouples, and voltage signals from the system being monitored by )
API meters for automatic shutdown in case the limit values were exceeded. 5

it W e

1. SIMPLE BLOWDOWN SYSTEM

Three different modes of operation were possible with the ground test system built
under the previous contract (Reference 1), Jepending on the method of pressurizing

the water tank. Those modes were: (1) simple blowdown, (2) repressured blowdown,
and (3) oxygen pressurized. The simple blowdown system was chosen for the life

test on this program. A schematic diagram of a simple blowdown system is shown in
Figure 11. The water is stored in a taik which is initially pressurized with helium,
The water and helium may be separated by a flexible bladder or surface tension screens
might be used in the tank to feed water to the electrolysis unit. In either case, as
water is consumed, the volume in the tank to be filled by helium will increase, and the :
pressure will drop. The tank volume and initial pressure will be such that the water 1
tank pressure when all water is consumed will equal the minimum pressure required i
to supply water to the electrolysis unit.

A latch valve located between the water tank and the electrolysis unit is closed when- i
ever the electrolysis unit is turned off. Check valves are located on the hydrogen and
oxygen outlets from the electrelysis unit. These check valves prevent the hydrogen
and oxygen from flowing back into the electrolysis unit when the electrolysis unit is
turned off. This prevents the hydrogen and oxvgen from recombining into water on
the catalytic surfaces in the electrolysis unit,

PRUTITE S S TIN
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2, PROPELLANT FEED SYST )

The propellant foed svetem was modilicd for ground testing on this contract in the
simple blowdown mode. The ground test systom schomatic diagram is shown in
Figure 12, The clectrolysis unit being tostad cid not have the capability of opora-
ting under as large a prossure drop from water inlat to hydrogen cell as would be
required for a flight systom operating in the simpls blowdown mode. Therefore,
the helium tank was repressurized manually severai times during the life test
prograrn. The current in the low power mode, whi~h is adjustable {from 0.1 to
9.6 amps, was sot at 0,6 amps to accommodute tho maximum possible pressure
drop, water \o hydrogen cell, for low power mode testing, A nwrber of hand
valves, solenoid valves, and pressure transducers wore added to the system for
ease of opcration and perfurmance checks.

The major components in the propellant fced system are a water tank, an clee-
trolysis unit, and gascous propellint storage tanks.

a. Water Tank L

The watoer tank, shown in Figure 13, is made of 321 stainless steel., 1t

has an inside diameter of 24 inches. a height of 65 inches, and a volume of
15 ft3, Ultra pure water supplied by Arrowhcad Puritas with a resistance
above 10 megohms was loaded into the tank, The ultra pure water is deion-
ized, sterilized by ultraviolet light and filtered through a 0,45 micron filter,
The tank and all other parts of the water sy stem were cleaned thoroughly
before using. The design goal was to maintain 2 megohm resistance of the
water without particulate or ionic contamin:tion,

b. Electrolysis Unit

The olectrolysis unit which separates the svater into hydrogen and oxvgen is
shown in Figure 13. The cleetrolysis unit was made by General Electric
Company. A number of design changes (described on page 50 ), were made
by General Electric Company to correct deficieneies in the original design
described in Reference 1.

c. Gascous Propellant Plenum Tanks

The two hydrogen tanks and one oxygen tank, shown in Figure 13, were spher-
o
ical and had a volume eof 1 £, The tanks were made of 321 stainless steel.

d. Water Filter

A Millipore Filter XX:13-047-00 is located in the water line between the water
tank and the clectrolysis unit to prevent any particulate matter {rom reaching
the luteh valve which controls waier supply to the electrolysis unit, An 0.8
micron fi)fer clement was used.
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Desiccant

Cylindrical desiccants made by Air Dry Corporation are located in the hydro-
gen and oxygen lines downstream from the electrolysis unit. The dessiccants
used in the ground test contained Linde Type 4A molecular sieve pellenis.
The desiccants removed the water vapor from the propeliant gases produced

by the water electrolysis unit. The desiccant cylinders are shown in Figure 13,

Conductivity Cells

Two conductivity cells made by Balsbaugh, Model No. 900¢-0.01T-HP, were
placed in the water line between the water tank and the electrolysis unit to
allow measurements of the electrical resistance of the water,

Deionizer

A deionizer installed in the water line between the water tank and the electrol~
ysis unit was bypassed during the life testing because it was found that a water

resistance near 2 megohms was maintained in the stainless steel water system

without passing the water through the deionizer.
Humidity Indicator

The relative humidity of the hydrogen and oxygen after passing through the
desiccants is determined by passing the gases through an Air Dry Corpora-
tion Model No. 7275 humidity indicator. The relative humidity is indicated
by observing the color change in an indicating desiccant.

Hydrogen/Oxygen Gas Mixing

Any small amount of mixing of hydrogen and oxygen in either the hydrogen
or oxygen systems is indicated by passing the gases through an Englehard
Industries Deoxo catalytic gas purifier, Model D-10-250G. Any tempera-
ture rise of the gas flowing through the catalyst bed indicates the presence
of some amount of mixed gases. ‘Ihe General Electric ¢lectrolysis unit
produces completely separated gases in normal operatica.

SYSTEM CONTROLS

The propellant feed system is controlled automatically by several pressure switches
to provide hydrogen and oxygen as required to maintain the propellant storage tanks
k3 within maximum and minimum pressure limits. A power conditioner provides elec-
tric current to t* » electrolysis unit on one of three levels, (1) high, (2) low, or (3)
standby. The proper current at any time is controlled by an electrical signal trans-
mitted to one of three terminals on the power conditioner. Tha proper terminal is

23
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selected automatier lly by four pressure switches in the system. The logic diagram
for the pressure switches is shown in Figure 14. The pressure limits shown in
Figure 14 are for maximum propellant supply pressures of 200 psia.

The pressure switch PS-2 on the hydrogen plenum system is in position "A'" when the
hydrogen pressure is below 180 psia, and is in positicn "B'" when the hydrogen pres-
sure is above 200 psia. Pressure switch PS-3 on the oxygen system is sect at the j
: same limits, ;

If both the oxygen and hydrogen tank pressures are below 180 psia, the control logic ;
dictates that current be supplied to the electrolysis unit and the water inlet latch !
1 valve be opened. However, the amount of current is regulated by pressure switch
f* PS-4, which measures the pressure differential between the inlet water pressure !
and the hydrogen cell (outlet) pressure. ;

A low current of about 6 amps will be supplied unless PS-4 measures a pressure
differential greater than 70 psi, in which case a high current of about 23 amps will
be supplied to the electrolysis unit,

A manually operated relay is also placed between pressure switch PS-4 and the power i
conditioner to allow override selection of the current to high or low power level.,

This relay may be used after blowdown of the gaseous propellants in order to keep
the electrolysis unit operating in the high power mode until one of the gas tanks has
reached 200 psia. A remotely operated relay could be used in a flight system to keep
the electrolysis system operating in the high power mode during a period of repetitive
blowdowns as during a AV maneuver.

switch on the oxygen cell (outlet) pressure, is activated. If the oxygen cell pressure
drops below 145 psia, PS-5 is in position "A'" and transmits a signal to the standby

terminal of the power conditioner. In this case, a current of one amp will be trans-

mitted to the electrolysis unit. If the oxygen cell pressure is above 180 psia, PS-5

is in position "B'", and current to the electrolysis unit is turned off.

If either the hydrogen or oxygen tank pressure exceeds 200 psia, PS-5, a pressure 3

4, SAFETY CONTROLS

The propellant feed system was operated continuously around the clock, seven days
a week, The test was unattended except for daily monitoring during the regular work
week. Therefore, a safety control system was instulled to automatically shut off

tlie electrolysis wiit in case certain safety limits were exceeded., The parameters

Z monitored by the safety control system are shown in Table 3,

oS i i pi e s e s b

PR EREPY L REAC o)

; ; Electrical outputs from the pressure transducers moeasuring Pg, the oxygen outlet
? : cell pressure, and Pg, the hydrogen cell outlet pressure, were connected to API
Instruments Company's millivoit limit swiiches. If either pressure exceeded 250
psig, an electrical signal went to a Visi-Con Mark V-12 annunicator and the
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electrolysis unit was turned off, The time at which any of the safety limits were
exceeded was shown on an Esterline-Angus Model AW operation recorder which was
in continuous operation 1:ith a paper speed of three inches per hour. The API limit
switches, the Visi-Cor. annunicator and the Esterline-Angus recorder are shown in
Figure 15.

Ten different parametsrs were monitored by the annunicator. The first channel to
exceed limits is indicated by a flashing light on the annun:cator to aid in any subse-
quent failure analysis.

Another parameter monitcred by the safety system was the absolute pressure differ-
ential beiween the hydrogen and oxygen cells. A differential above 70 psi would shut
down the system.

A thermocouple on the top plate inside the electrolysis unit was monitored, with auto~
matic shutdown if the temperature exceeded 170°F, Any higher temperature would
damage the solid polymer electrolytes in the electrolysis unit.

Each of the six cell voltages in the electrolysis unit was monitored to turn off the
electrolysis unit in case any cell voltage exceeded 2.2 volts. Such a condition would
indicate scme type of failure within the electrolvsis unit,

5. ENGINES

A five-pound thrust engine and a 0.1 pound thrust engine were installed in the Pad D
test cell of the Precision Rocket Laboratory (PRL), adjacent to the propellant feed
system as shown in Figure 16, The PRL control room is shown in Figure 17. Pro-
pellant lines were run from the hydrogen and oxygen tanks to the engines. Each
engine hud its own engine valves and spark plug igniters, which were activated by an
automatic pulser shown in Figure 18, The pulser was designed and fabricated by
Marquardt to provide engine firings over a period of 28 days with the duty cyzles
shown in Table 4. At the end of 25 days, the pulser shut down and was manually
started tc repeat the engine firings in Table 4. The pulser was also shut down by
the safety system whenever the electrolysis unit was turned off by the safety system.

The five-pound thrust workhouse engine (Figure 19) and the 0.1 pound thrust work-
horse engine (Figure 20) developed on the previous contract (Reference 1) were
installed in Pad D for the life testing., A Pel Air Engineering fixed energy igniter
unit described in Reference 1 was used with each engine,

6, TEST PREPARATION
The initiation of life testing was scheduled for February 1973, However, when the

final check of the system was made, a leak was discovered in the mating joint of the
electrolysis wnit between the dome flange and the aluminum pressure plate, Thin
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columbium foil had been bonded with epoxy to the aluminum pressure plate to avoid
contact between water and oxygen and the aluminum pressure plate. However, it
was found that leak paths had developed between the columbium foil and the alumi-
qnn, allowing leakago of hydrogen.

TR T P PR

The electrolysis unit was shipped to General Electric Company where the aluminum :
3 pressure plate wus replaced by a stainless steel pressure plate, The inner surface |
of the dome was cleaned of rust and coated with teflon to eliminate further rusting,.
Some partial blockage of the water passage to Cell 4 was also eliminated. This

blockage was caused hy lateral extrusion of the adjacent polymer during assembly,

e il e ot o

3 After the electrolysis unit had been returned to Marquardt, the system was reacti-
E‘ vated preparatory to starting life tests. At this time a leak developed in one of the
f hydrogen tanks,

ke e il

3 The leak developed in the end boss abou’ 0,150 inch from the boss weld. This tank i
3 had been in intermittent service with hyurogen at 186 psig for ten months without any

3 leakage. The leak was through a 0,050 inch long criick with raised edges giving the

: appearance of a small blister., The three tanks wer2 removed {from the system and ]

given the following series of tests:

a. Ultrasonic Inspoction of Boss

adeedl dlie . ' .

Transverse and axial ultrasonic inspection of the bosses did not reveal any
: stringers or other imperfections, The known tlaw could not be detected ]
g because of reflections from the adjacent weld. A

1 b. X-Ray Inspection

PP

Radiographic inspection of the bosses was made by holding narrow film strips
inside the boss. The known flaw was clearly shown and a similar flaw which
1 had not carried to the surface was found in the other boss of the same tank,
The flaws were characterized as lorging (or extrusion) bursts, inherent flaws
in the boss parent material and unreiaied to welding., The weld x-rays which
had been taken during the initial fabrication and inspection of the tanks was
reexamined. The flaws were not visible because the x-rays had been focused
on the weld,

RO Y TY Y D

C. Dye~-Penetrant Inspection

o I EPHSE G R B S

Dyc-penetrant inspection on the tinks and bosses did not reveal any {law
other than the one leaking crack.

The two flaws in the end bosses were repaired by cowntersinking 0,125 inch

. diameter {lat bottom holes within . 030/. 060 inch of the inside surface, insert-
¥ j ing a 321 pin and E. B. welding. The tank was subsequently proof-tested to
550 psig and showed no leakage,

o a ks ki
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TEST HISTORY -- ORIGINAL ELECTROLYSIS UNIT
June 13, 1973

Life tosting of the clectrolysis system was initiated on June 13, 1973, Iritial
tests of the two boilerplate system thrusters at the simulated altitude condi-
tion of approximately 80, 000 feet indicated that both of the engines failed to
ignite. Further investigation of the ignition system indicated that arcing of
the spark occurred in the connector and could not be corrocted. Rather than
delay the life test, the decision was made to initiate the test und run the en-
gines at soa level, Further tests indicated satisfactory ignition of the {ive-
pound engine, but unsatisfactory 0. 1-pound ignitions. Tests at 60 m< on/
940 ms off could produce random ignitions. This again, was the favit of
the igniter. Tests conducted in January 1973, indicated that the igniter
required 2 longer duration to recharge, but this fact was neglected in set-
ting up the test sequence.

During the second day of the test program, an unscheduled shutdown of the
system occurred when Cell #6 voltage indicated greater thun two voltis,
This occurred at 12:51 on June 14, The data had been visually recorded at
12:20 and 12:40 and Cell #6 indicated a constant 1,82 volts DC, The system
was reset manually and no other anomalies occurred.

During the second week of operation, a significant oxygen leak occurred
(20 psi decay in tank pressure/day). Investigution of the leak indicated:
(1) a pinhoie loak in the burst diaphragm of the oxygen tank, and (2) a
small lcak in the 0. 1-pound 04 valve.

A silver burst diaphragm was wreplaced with a nickel diaphragm, since the
silver diaphragm showed signs of corrosion. The 0.1 1bi engine valve seat,
with an accumulated 200, 000 cycles (neglecting the cycles accumulated dur-
ing the MOL Progrum where it was originally used), was replaced.

The life testing continued for 19 weeks with no indication of any deterioration
of performance of the electrolysis unit, although the wnit was shut down a
number of times by peripheral causes such as city power failures or over-
voltage spikes on some of the cell voltages. The cause of the voltage spikes
was not determined conclusively, but was thought to be caused by stray clee-
trical surges through the safety system rather than being generated by the
electrolysis unit,

A typical history of electrolvsis system pressures is shown in Figure 21,
This data, taken July 11, 1973, shows buildup of pressurces due to operittion
of the electrolysis unit in the high power mode. After 290 minutes, the oxy-
gen tank reaches the maximum pressurc and the eleetrolysis unit is shut off
by the pressure switel: PS-3, The electrolysis unit opevates in the standby
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mode thercafter, with oscillations of the oxygen cell pressure as controlled
by pressure switch PS-5. During standby operation, the pressure of the
water isolated between the closed latch valve S-1 and the water feed barrier
in the electrolysis unit drops lower than the hydrogen cell pressure. This
means that no water will be transported across the water feed barrier dur-
ing standby operation, which is a desirable situation, However, hydrogen
can diffuse across the water feed barrier from the hydrogen cell to the
water supply cell, possibly forming a bubble of hydrogen which would block
access of water to the water feed barrier when the electrolysis wnit is later
turned on and the latch valve is opened. The water tank pressure, which is
always higher than the hyd-ogen cell pressure, will force any hydrogen bub-
bles across the water fecd barrier into the hydrogen cell and normal opera-
tion should result. Ttis situation occurred frequently during life testing and
no difficultics were ev2: encountered.

July 18, 1973

The check valve on the oxygen cell outlet was found to be stuck open on
July 18, The 316 stainless steel check valve was removed from the system
and found to be badly rusted. It was replaced by a clean vaive.

July 20, 1973

Samples of hydrogen and oxygen were passed through the humidity indicator
and the catalyst bed, No indication of mixed gascs or humidity was observed.
The lack of color change in the humidity indicator showed that the dew point
of the gases after going through the desiccants was below -70°F,

August 17, 1973

The electrolysis unit was shut down for several hours so that the malfunc-
tioning oxygen cell pressurc transducer could he replaced. It was found that
the 1/4 inch diameter line going to the transducer was blocked by rusty
sediment.

August 17, 1973

The top plate tamperature inside the electrolysis unit recorded 150°F, much
higher than normal. The electrolysis unit continucd to operate.

September 1573
The safety system shut the electrolysis unit off on several occasions during
this time. Either Cell 6 voltage or the pressure differential between oxygen

and hydrogen cells were shown on the annunicator to be responsible for the
shutdown,
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The oxygen outlet check valve was again found to be rusty at this time and
was replaced.

During September, the PS-5 pressure switch began to operate erratically.
The contact points were cleaned, after which normal operation was resumed.

On September 28, the overvoltage cutoff on the power conditioner repeatedly
shut down whenever an attempt was made to start the electrolysis unit, The
unit was finally started in low power after 49 attempts over a period of 75
minutes. The unit was then manually switched to high power after an hour
of operation in the low power mode.

October 5, 1973

Cell 4 voltage was found to he abnormally low while the electrolysis unit was
operating in the low power mode. All six cells were at about 1. 62 volts,
while Cell 4 was only 1,01 volts.

The oxygen cell pressure was about 20 psi lower than the hydrogen cell pres-
sure, as had been the case after operating for a week or more in low power
mode, A slight O/F unbalance of the sonic orifices on the 0.10 pound thrust
engine was thought to be the cause.

The electrolysis unit was shut down manually. A cross membrane leakage
test with the hydrogen cell pressurized 75 psig above the oxygen cell gave

a flow rate of 14 cc/minute, Normal flow rate is 7 cc/minute and a flow
up to 20 ce/minute would be acceptable. It was found that the low voltage
on Cell 4 was eliminated when the electrolysis unit was operated with hydro-
gen cell pressure equal ¢o or greater than the oxygen cell pressure. It was
concluded that some leakage was occurring past the gasket seals between the
hydrogen and oxvgen cells. However, the cross membrane leakage test with
hydrogen pressure greater than oxygen pressure was acceptable. After
evaluating these results, General Electric Company recommended that the
life tests be resumed with hydrogen pressure kept above oxygen pressure.

October 10, 1973

The lifc test was resumed, keeping hydrogen cell pressure higher than oxy-
gen cell pressurc by occasional manual blowdown of the oxygen tanks, Cell
#4 voltage was normal.

Ociober 24, 1973

Time 1406 -~ The electrolysis unit was found shut down, Unit was turned on,
resulting in Cell #4 being low in performance until 0, pressure was manually
lowered below Ha.
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Time 1430 -~ Cell #4 suddenly dropped to 0.45 VDC with all other cells
normal at 19 amps and 1. 67 VDC and Hy>04 by 5 to 10 psi.

Time 1440 ~~ Cell #4 suddenly returned to normal performance at 1, 64
VDC.

Time 1645 -~ Cell #4 suddenly dropped to 0.34 VDC with the unit base plate
temperature on one side rising to 150°F., The base plate temperature on
the other side was 115°F,

Time 1770 -~ Electrolysis unit continued to operate in high power mode.
Hydrogen cell pressure was 8 psi higher than oxygen cell pressure. Cell
#4 voltage continued to slowly drop to 0.28 volts. Other cells maintained
steady voltages of about 1,67 volts,

Time 1705 —- Unit was manually shut down with Cell #4 volitage immediately
dropping to zero and other cells decaying rapidly. All cells (except Cell #5)
reached zero volts in five minutes. Hydrogen pressurc was 5 psi higher than
oxygen pressure. The following cell performances were noted prior to
shutdown:

Voltage, VDC

Current Cell Nos. 1 2 3 4 5 6
19.3 amps 1.76 1,67 1.68 0,28 1,67 1.75

A gas cross membrane leakage test performed on the unit gave a rate of 300
cc/minute. The unit was then shipped to General Electric Company.

UNIT DISASSEMBLY AND INSPECTION

The following tests and observations were made by General Electric during the fail-
ure analysis from November 7 to 16, 1973:

a-.

Cell ohmic resistances were as foliows:

Cell Nos. 1 2 3 4 5 6
0.0049 0.0046 0.6052 0.0049 0.005 0. 0059

All cells charged normally using the Simpson meter technique,

Three of the four negative terminal current leads were electrically open.
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Cell Nos, 1 2 3 4 5 6

A helium leakage test, with water and hydrogen cells 75 psi above oxygen
cell pressure, showed gross leakage across the stack (250 cc/minute).
This test determines the leakage rate in all twelve membranes (electrolysis
cells and water transport membranes).

A helium leakage test with the water inlet 75 psi higher than hydrogen and
oxygen cells showed a normal diffusion rate of 5 cc/minute. This test
determines the leakage rate in the six water transport membranes.

Measurement of oxygen manifold gasket thicknesses showed the following
compared to the initial average of 0,011 inch:

0,011 0.0117 0.011 0,0106 0.010 0,0112

Measurement of water manifold gask: uirknesses showed the following
compared to the initial average of 0.01{ inch:

Cell Nos, 1 2 3 4 5 6

0.0105 0.0099 0.0099  0,0097 0.0119 0.010

Measurement of oxygen-side cell gasket thicknesses showed the following
averages compared to an initial average of 0.014 inch:

Cell Nos. 1 2 3 4 5 6

0.0137 0. 0142 0.0141 0,0133 0,0135 0,0137

Measurement of water-side cell gasket thicknesses showed the following
compared to an initial average of 0.045 inch:

Cell Nos, 1 2 3 4 5 6

0.0435 0, 0445 0.0432 0. 0446 0.0453 0,045

Hydrogen embrittlement was present on the hydrogen-side screen assemblies
as shown in Figure 22. The material flaking shown in Figure 22 occurred
during disassembly. Prior to disassembly, the screen assemblies appeared
normal,

There was a band of corrosion about 1/8 inch wide on tke outer diameter of
the top endplate which is adjacent to the negative terminal plate. Rust and
surface corrosion extended about one inch around the inner surface of the top
cndplate as shown in Figure 23. No corrosion was noted on the outer surface
of the top endplate.
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1. A line indentation (0. 005 inch deep) existed on the screen protector ring
oxygen eyelets of Cell Nos. 4 and 5. Figure 24 is a photograph of the inden-
tation and the mating oxygen manifold gasket which was also indented or
creased from compression over the indentation,

m, A whitish deposit (later analyzed to be niobium) was present on all the water
screen assemblies and water transport membranes. Figure 25 shows a
typical deposit on Cell No. 4; the deposit being at tro top of the photo 180?
opposite the water inlet manifold. In the assembled unit, this niobium de-
posit would be adjdcent to the oxygen outlet port. The niobium screens were
discolored with what appeared to be an oxide film.

fad, Raal)

n. Each cell was individually leak checked by pressurizing one side at 3 psi
helium while submerged in several inches of water. Only Cell No, 4
showed leakage, this occurring through two single pinholes in the mem-
brane. These holes were approximately 0, 5 inch apart and located 1.0
inch inside the perimeter of the active area adjacent tc the water inlet
rnanifold. The membrane was stripped in aqua regis and raicroscopically
inspected. The two holes were cratered or depressed from the noxygen
side and the surrounding area had a scorched or burned appear:nce on the
hydrogen side. Some burning was also visible on the oxygen side adjacent
to the oxygen outlet ports. The burning that occurred on the oxygen side
appeared to have been considerably hotter than that on the hydrogen side
around the two pinholes. Figurc 26 is a sketch of the failurc pattern
observed on Cell No. 4,
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o. Approximately 5 cc's of condensate water were present in the hydrogen
side volume of the unit enclosure afier removal of the pressure dome.

e s

The water was analyzed as follows:
! Property Analysis J
pH 1.7
§ F- 140 mg/liter :
Iron 265 mg/liter i
. 3
p. Torgue on the stack tie rod nuts prior to disassembly averaged 65 inch-

pounds as compared to the initial installation of 80 inch-pounds.

RPN

q. Disassembly of the potted clectrical connections in the plastic cup on top of
the stack revealed that the three open current leads from the negative terminal
plate were due to an interface coating of the epoxy potting material which
flowed between the electrical spade tab and the three current lezl connections, i
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Figure 26, Failure Pattern on Cell No, 4
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r. The power conditioner was operated succossfully as a component exhibiting
no inability to hold high current on unit startup as was experienced at
Marquardt. Simulation of the open current leads by carrying the current in
only ono of the nogative terminal pins in the harness increased the startup
voltage oh the power conditioner.

S. Evidonce of burning was noted throughout the oxygen outlet manifold within
the stack. The polysulfone sheet adjacent to the top endplate showed scorch-
ing in the oxygen manifold iocation,

t. The 3/0 screen pattern from the oxygen side manifold eyelet area to the
nating oxygen side of each cell was reflected by diamond indentations on
the cell membrane surfaces. The water transport membranes showed no
evidence of this pattern.

U. Chemical analysis of a water transport membrane revealed the presence of
iron in the membrane with the whitened area showing a larger concentration
of iron (1.4 mg/g vs. 0.4 mg/g). The water content was normal (21,2%).
Due to the presence of iron, ti:e contamination level cannot be estimated
from the IEC (ion exchange capucity) data, The whitish deposit area of the
membrane was chemically analyzed to have an IEC of 0, 89 while an unaffec-
ted area had an 1EC of 0. 86, o

Mt

9. CAUSE OT THE VARIOUS FAILURE PHENOMENA

a. It is concluded that the two pintoles ohserved in Cell No. 4 would cause the
final operation symptoms. A failed cell of this nature would result in the 1
inability to hold voltage due to depolarization of the clectrode by gas mixing 4
on the catalyst surface.

b. The repeated tripping out of the power conditinoner which occurred on
September 28, 1973, was caused by the increased IR drop in the negative
terminal circuit from the electrolysis module to the power conditioner. E
The loss of threc of the four power leads caused an increased electrical
resistance, thus a higher voltage output requirement from the power con- 3
ditioner. This condition combined with the attempted module startup from h

: a cold start on September 28 resulted in a high voltage startup requirement, %

i

T

particularly in the high current mode. This exceeded the 15 VDC power
conditioner overvoltage shutdown sctting, thus the inability to hold load,

a1 st 5 st ca i

c. TLe hydrogen embrittlement observed on the hydrogen screen assemblies
L : was nticipated as a result of teardown observations made on other long- :
3 life electrolysis units. To date, no clectrolysis lailure has been attributed ’
E to this phenomenon. No broken screen strands were observed in the Marquardt

unit ¢hat would cause tiie two pinholes that were observed in Cell No. 4. The
delamination and flaking of the sheet metal as skown in Figure 22 was the result
of flexing of the material after unit disassembly.
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The rust and surface corrosion obsorved at the interface of the top end-
plate to the polysulfone insulating sheet and terminal plate were caused by
the highly acidic condensate water which accumulated on top of the mylar
insulating ring located adjacent to this area. Accumulated water conden-
sate eventually bridged the gap (0. 040 inch) to the endplate and caused
cerrosion from the presence of the voltage difference between the termi-
nal plate and the endplate.

The niobium oxide formation in the water transport compartment of each
cell was caused by the reaction of the niobium screen material, fluoride
dissolved in the water, and entrapped air or oxygen in the prescnce of
extreme heat, The oxide pattern observed on the water screen assembly
increased in intensity from the water inlet manifold to the opposite side

of the compartment. Since the oppcsite side is the most water stagnant
region of the compartment, the fluoride content would be at the greatest
concentration. Any iron contamination in the fecd water would also accum-
ulate in this region as observed in the chemical analysis of the water trans-
port membrane. Since the water content and IEC of ti.c membrane were
normal, the water transport properties of the membrane were not affected.

The intermittent low performance or low cell voltage observed on Cell No. 4
and eventual pinhole failure probably occurred over a longer period of time
(October 3 to 24). The indented impression in the oxygen manifold eyelet
area of the screen protector ring on Cell No. 4 (Figure 24) is considered the
most likely cause of failure. Difficulty in gasket sealing in this arca has
been experienced in previous buildups. A gasket leak probably occurred on
October 3, resulting in oxygen entering the hydrogen side of Cell No., 4 and
burning in the observed pinhole area of the cell, This resulted in a local-
ized high membrane temperature and softening of the material. The
observed cratering or indentations at the pinholes as viewed from the oxy-
gen side was caused by the high overpressure of oxygen over hydrogen

(23 psi). It is probable that the two pinholes occurred at this time but were
small enough to reseal when the oxygen pressurc was lowered. This is also
true for the initial manifold leak.

The stack leukage test performed on October 5, 1973, revealed no excessive
stack leakage when the hydrogen side pressure is greater than the oxygen
side (up to 75 psi). The pinholes evidently were very small and thus could
earily have been sealed with water or deformed and sealed in the opposite
direction by the Hy/Og pressure differential.

Since the manifold gasket leakage was intermittent (as demonstrated by the
erratic performance of Cell No. 4), this leakage was also not revealed with
the October 5, 1973, leakage test. Continued operation in the hydrogen over
oxygen pressure mode for the next 15 days with the {ailed pinhole area in
Cell No, 4 eventually caused a larger pinhole leak and depolarization of the
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‘ olectrode. It is evident from the improved performance of the unit prior

: to failure and the 150°F recorded base plate temperature, that overheating
was occurring in the unit for some time on October 24, The oxygen mani-
fold and oxygen outlet arca of each cell experienced severe burning due to
the operation in the hydrogea overpressure mode, causing hydrogen to enter
the oxygen manifold and into the entrance of the oxygen side of each cell,

y The severe oxidation of the niobium water screen assemblies probably
occurred at this time,

10, MODIFICATION OF ELECTROLYSIS UNIT

2 The electrolysis unit was modified by General Electric Company wiih the following
' changes:

a, Substitution of a double-sided silicone adhesive manifold gasket in place of
the elastomeric design,

b. Substitution of a 4/0 screen pattern as top layer against the membrane
electrode on the oxygen screen assembly. This insured that the gasket is
positioned adjacent to the manifold slot to eliminate eyelet cover creasing.

c. Replacement of the hydrogen screen assemblies and addition of a 4/0 screen
pattern in place of a 3/0 pattern.

d. Fabrication of six new meimbrane electrode assemblies,
e. Fabrication of six new water transport membranes.
f. Fabrication of six new water side gaskets.
g. Conngction of the internal harness directly to the terminal plates,
i h. Coating of the top endplate with TFE to 0,007 inch thickness.
. i. Addition of a gas leakage test to the assembly procedure, with oxygen
pressure greater than hydrogen pressure,

i Reduction of the mylar insulation overlap width beyond stack perimeter.
The modified electrolysis unit was shipped to Marquardt on February 4, 197t

11, TEST HISTORY-MODIFIED ELECTROLYSIS UNIT

The life test of the modified electrolysis unit was begun on March 1.2, 1974, After

25 minutes of operation in the high power mode (21,9 amps), the unit was shul off
by the safety system because Cell No. 1 voltage had exceeded <. 2 volts, The
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ambient temperature at this time was 48°F. This low temperature was at least partly
responsible for the overvoltage of Cell No. 1, because the clectrolysis unit was de-
signed to operate in an ambient temperature near 70° ¥. After three shutdowns by
excessive Cell 1 voltage, and consultation with General Electric Company, the cur-
rent was adjusted to 15 amps and life testing was resumed.

Typical cell voltages in a 62°F ambiont temperature at 15 amps were:

Cell Nos, 1 2 3 4 5 6

Voltages 1.87 1,74 1.73 1,73 1.75 1.78
At an ambient temperature of 76°F, the cell voitages were as follows:

Cell Nos, 1 2 3 4 6
Voitages 1.81 1.7 1.71 1.71 1.72 1.75

114

Those data indicate that Cell No. 1 voltage is more sensitive to ambient temperature
than the other cells. The data also indicates that the high voltage in Cell No. 1 can-
not be attributed entirely to the ambient temperature, because the voltage is higher
than normal even at an ambient temperature of 76°F.

The life test wae continued with a high power current of 15 to 16 umps. The low
power current of 5 to 6 amps was maintained according to the original plans. The
life test continued without incident through the planned completion date of June 20,
1974. The modified clectrolysis unit and propeliant fecd system operated normally
during the 14 weeks of testing.

a. Performance

B s T 4

The clectrolysis unit performance data shown in Table 5 indicates that per-
formance of the electrolysis unit remained unchanged during the 14 wecks
of testing. Cell No. 1 maintained a somewhat higher voltage than the other
colls during operation at 15-16 amps. The voltage increment became less
as ambient temperitture increased. There was no difference in voltage
amcng the six cells during low power operation. It appears that a slight
blochoge of the water pussage to Cell No. 1 was responsible for its highor
voltage in high power operation,

|

il i e

b. Gas Separation

Tests of oxygen and hydrogen flowing through the catalyst bed and the 1
Pumidity indicator at the end of the 14-week test showed that there was no i
¥ mixing of hydrogen and oxygen within the clectrolysis unit, and the dew-
y point of the gases was below -70°F after the gases passed through the ]
: desiccant cartridges.




G e R X e Y,

99°'1
81
oL°Y
68°1
89°1
%61
ga‘y

36°1

Jamod MO
Jamod Y31H
Jamog MO
Jamo0d Y81y
Jamog Mo
Iamog YATH
Iam0g Mo

Jomod 43T

TR YT T ST

g g

t4-81-9
PL-11-9
¥L-L1-5
¥i-01-S
Pi-51-%
¥L-1I-F
$L-062-¢
¥L-€1-€

ALY I MR, NS SRR AR I B N e e
(4°19 681 (4 ¢4
Zs8t ver §2%4
LST 89T 012
1414 ¢ S21 1444
LT gLT 012
0LT 89T 1 ¢4
081 Z81 - 0172
9LT I81 ¥1e
1180 T30 30

ualixp uoB0XpAH 19BN
ersd ~ saanssaxg

OdA - 38Bj[0A 119D

T#

apory
reuonyeaadp

aeq

VIVA JONVINHOCIYId LINA SISXTOHLOATH

U} JOYIPOIN JO 1S3, OO ~USNIMOJ

i e ke o

0°9 99
8°CT 0L
2c°s 6S
8°CT 29
0°S 8¢
T°ST 8G
1°¢ cg8
S'¥1 €S

sduie EN

JuaIm) oaxmeIadwal,

Justquy
‘G HTIV.L

of
i,

4




c. Rust in Oxygen Outlet

The check valve C-2 on the oxygen outlet from the electrolysis unit had failed
to function on two occasions during the life test of the original electrolysis
unit because of rust buildup. Tbhe check valve, made of 3186 stainless steel,
was cleaned and reinstalled twice during the 19 weeks of testing of the origi-
3 nai electrolysis unit.

Another check valve of the same model, but made from Carpenter 20, was
procured from Circle Seal for use with the modified electrolysis unit. This
chock valve did not rust and operated satisfactorily during the 14-week life
test of the repaired electrolysis unit, indicating that substitution of Carpenter
20 for 316 stainless steel eliminated the problem of rusting, The disassem-
bled Carpenter 20 check valve after 14 weeks of testing is shown in Figure 27.

d. Examination of Desiccant Cartridges

The two desiccant cartridges were opened and examined after 19 weeks of
testing the original elcctrolysis unit and also after 14 wecks of testing the
modified electrolysis unit,

The oxygen desiccant cartridge, made of tin plated steel, was badly rusted
by the oxygen as shown in Figure 28.

The desiccant cartridge in the hydrogen outlet was not rusted, but at the con-
clusion of testing of the modified electrolysis unit, a pool of liquid smelling
like vinegar was found on the top of the inner cartridge, as shown in Figure

] 29, The pH of the liquid was 4. 2.

The weight of water collected by the hydrogen desiccant cartridge was 0. 57
pounds and an additional 0.93 pounds of water was found between the car-
tridge and the case which is separated f-om the gas outlet. The desiccant .
was therefore working properly. The desiccant cartridge can remove a ) ‘1
minimum of 1.2 pounds of water from the gas stream and was therefore not
saturated, as evidenced by the -70°F measured dewpoint of the hydrogen.

3
;
|

The weight of water from the saturated bydrogen depends on the temperature
of the electrolysis unit, which was generally between 80°F and 120°F during .
4 the life test. A total of 201 pounds of water were electrolyzed during the , 'jJ
entire life test program, which wouid be expected to produce between 0, 51 Co
pounds of water at 80°F to 1.73 pounds of water at 120°F. Therefore, the <o
total of 1,5 pounds of water collected in the hydrogen desiccant is consistent
with the theoretical predictions.
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The weight of water collected by the oxygen desiccant could not be determined
because the extensive rusting of the tin plated cartridge prevented removal of
the cartridge. A Carpenter 20 cartridge would be required for the oxygen
cartridge to avoid rusting.

Water Purity

". e solid polymer electrolyte (SPE) in the electrolysis unit is an ion exchange
medium. Therefore, the water supplied to the SPE should have low levels of
ionic and particulate contamination so that the ion exchange capacity ol the
SPE will be maintained.

General Electric Company specified that ionic contamination of the water
should be low enough that the electrical resistance of the water should be

2 megohm-cm. By use of a stainless steel water supply systum and strict
cleaning procedures, it was shown during the life test program that this
1r2quirement for low ionic contamination can be met without using a deionizer.

A Millipore filter was also placed in the water supply system to prevent par-
ticulate contamination from reaching the electrolysis unit. A filtration test
was made on the water after being stored in the stainless stecl water tank

for seven months. A colloidal tan colored deposit weighing 0.5 milligrams
was collected from 7058 grams of water. A semiquantitative analysis showed
that the principal constituents of the deposit were iron, silicon and magnesium.

General Electric Company made an analysis of the effect o1 this level of par-
ticulate contamination on the electrolysis unit if the Millipore filter was not
used in the water supply system. In that case, the water feed barrier mem-
branes, with an area of 0.23 ft2 per cell, would filter ionic or particulate
contamination from the water and thercby nrotect the SPE membrance from
any cffect of contamination, The analysis determined that if all such contam-
ination from the 300 pounds of water were concentrated in one WFB (water
feed barrier), a very conservative assumption, the only effect would be to
decrease the WEB hydraulic permeability by 17 percent. However, water
transport across the WFB does not depend on hydrawlic permeability, but
can be accomplished by ¢vaporation even with small pressure drop across
the WFB, Therefore, the somewhat decreasced hydraulic permeahility has

a completely negligible effect on the SPE, with a predicted change iu voltage
of less than 0,001 volts,

SUMMARY OF LIFE TEST RESULTS

The results of the life test lead to the following conclusions:

The propellant supply system operated satisfactorily throughout ambicent
sea level temperatures from 44°F to 100°F,
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The propellant supply system underwent 256 blowdown cycles, during which
all pressure switches operated satisfactorily.

SN GRR ai B i

The electrolysis unit entared the standby mode 230 times during the life test,
during which time the system operated satisfactorily.

§
The modified electrolysis unit operated for 14 weeks, consumed 83 pounds !
of water, and produced propellants with an impulse of 29, 000 pound seconds, 2
without any change in performance. §
One of the six cells of the modified electrolysis unit had abnormally high ,
voltage in the high power mode. This condition could have been avoided 1
by more extensive acceptance testing. ¥

No problems were encountered during life testing of the modified electrolysis )
unit which would prevent satisfactory long life operation. }

The propellant supply system does not require a deionizer.

Lt T8 b1

The propellant supply system does not require a water filter.

Rusting of the lines, check valve, pressure transducer and desiccant car-
tridge in the oxygen outlet system can be eliminated by using Carpenter 20
components. No rusting occurred anywhere in the hydrogen system cr in
the oxygen system downstream of the desiccant.
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SECTION I

5-POUND TERUST ROCKET ENGINE

The objective of the 5-pound thrust engine program was to develop a flight type
gaseous oxygen-gaseous hydrogen rccket engine which operates on the oxygen and
hydrogen produced by the electr:iysis systcm, The design goal for the thruster was
350 seconds of specific impulse at & mixivre ratio of 8, The thruster must have the
capability of operating at 50 milliseccis pulse width to steady state operation and a
life in excess of 150, 000 firirgs and 5 hours of accumulated burn time,

1 SUMMARY OF RESULTS FROM PROGRAM

During this program, three thrusters were built and tested under simulated space-
craft environmental and feed system conditions.

Thruster No, 1 (P/N X29069) was used as the system test thruster and accumu-

lated 1,210 pulses and 4. 35 hours of firings using propellants generated by the
electrolysis system,

Thruster No, 2 (P/N X29385) was the first flight type thruster tested. The
injector was fabricated of Columbium C-103, This thruster's test program
was terminated after 20,309 firings due to a brittle stress failure of the
injector. The total accumulated burn time on tnis thruster was 2,684 seconds.

Thruster No, 3 (P/N X28680) was the final flight configuration to be tested and
is shown in Figure 30 after the completion of the test program, This
thruster's injector was fabricated of Nickel 200, The test program was com-
pleted satisfactorily with 150, 025 ignitions and 4. 25 hours of burn time,
Performance of the thruster with a 40:1 exit nozzle expansion area ratio was
355 seconds (Figure 31) as documented by thrust measurements, At 1/3 of
nominal thrust, the specific impulse was 325 seconds, At 50 ms electrical
pulse width, the Ig, was greater than 320 seconds (Figure 32), Variability of
the Igp at short pulse widths was significant and affected by valve response
and inlet pressure. Ignition of the thruster was 100% reliable down to inlet
pressures of 50 psia or 1/4 of the nominal inlet pressure,

2, ENGINE DESIGN

The design of the 5-pound thrust rocket engine used in the three test series was based
on the results of the test program conducted on the Development Rocket Engine which
is described in Reference 1. The basic effort in this program was to further verify
the adequacy of the design criteria while orienting the actual design toward a flight
type configuration,
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Basgic Design Criteria

The basic design characteristics of the 5-pound thrust rocket engine are shown
in Table 6, The configuration represents Thruster No, 3 which successfully
demonstrated the requirements of the program (150,000 seconds and 5 hours
of burn time).

The thruster consists of individual elements which are bolted together, The
major elements are:

. Nickel 200 injector

. Molybdenum combustion chamber

. Marquardt propellant valve

. General Laboratory Associates spark exciter
Injector

The 5-pound thrust engine injector consists of 6 coaxial premix injection
elements surrounded by thirty-six 0,25 in, diameter film cooling holes,

Each premix element consists of a , 075 in. diameter oxidizer orifice surrounded
by three . 025 in, diameter Hg orifices, The hydrogen is impinged on the oxygen
using a plate which has a . 073 in, diameter hole,

The hydrogen orifices are located on a 0, 13 in, diameter, thus forcing the gas
to turn a 9090 angle into the oxygen gas, The gap between the injector and pre-
mix plate (see Figure 33, Drawing X29380) is 0, 175 to 0, 18 inches deep.

Approximately §0% of the hydrogen gas is used as film cooling and is cortrolled
by an orifice which can be adjusted to the individual requirements,

This injector design was used on all thrce configurations and is nearly identical
to the previously referred "development thruster," The only difference between
the ""development thruster' and the three thrusters tested is that the six pre-
mix orifices are parallel to the thruster axis, while the development thruster
had the six premix orifices turned inward at 15°,

Spark Plug

The spark plug used in the 5-pound engine is a Champion (FHE-2314) type with
the shunt (semiconductor) material removed, The spark plug or "igniter" is
located in the center of the injector surrounded by the six elemeni., The tip

of the plug is approximately 0. 05 in, inside of the injector face and a 0, 062 in,
diameter hole separates the tip from the combustion chamber,
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TABLE 6, 5-LBF THRUSTER DESIGN CHARACTERISTICS

5 1bf at 50 psia Chamber Pressure
Blowdown Capability to 15 psia (1. 5lbf)
Combustion Chamber -~ Exit Nozzle

a. Molybdenum Coated wi th MoSi2

b, Contraction Area Ratio - 10:1

¢, Expansion Area Ratio - 40

Fuel Film 60% - Radiation Cooled

Nickel 200 Injector
a, Six Premix Coaxial Elements

b, FHE 231A Spark Igniier (Champion) Modified

Low Power Bipropellant Valve (Marquardt)
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Valve

The valves used in Configuration 1 were the Marquardt R-4D coaxial valves
which consuame 50 watts/valve, The sealing surface is composed of a soft
flexible Teflon seal and a metal to metal backup.

The Marquardt bipropellant valve, X29258, was used for Configurations 2 and
3. This valve is a modified version of the X24572 bipropellant valve developed
under Air Force contract, The original valve had a power consumption of

56 watts and utilized a hard seat for sealing. The design was revised to
incorporate a s.oft seat TFE and the power consumption was reduced to 21 watts
through the use of a 39 ohm coil, In turn, the response of valve was sig-

ni cantly lengthened. The valve opening time with the revised coil is on the
order of 30-40 ms, compared to 10-15 ms, for the 56 watt valve,

Combustion Chamber

The combustion chember and exit nozzle are constructed of MoSis coated
molybdenum, The design of the thruster is nearly identical to that used in

the development thruster except that the thick section at the throat previously
used was reduced in thickness to minimize thermal stresses, Two combustors
were evaluated during this program, with the only variation being L*, The L*'s
of the two were 4, 2 inches and 5 inches with the larger L* combustor used for
the Configur.iion No, 3 tests,

General Configuration and Design Criteria

The thruster and valves are dcsigned for ease of disassembly while maintaining
zero leakpaths,

The valves, injector, and combustor are connected by AN f{ittings and con-
ventional bolts, The spark plug is installed in the thruster through a threaded
fitting.

TEST PROGRAM

Test Facility

Marquardt's Test Cell 9 was used for all hot firing tests conducted on the three
thrusters, The test cell is a 4,000 cubic foot steel sphere, 20 feet in diameter,
vated for pressures from 0, 0009 to 160 psia, Vacuum capability is provided

by a 5-stage steam ejector system, The feed system and engine flow schematic
for the thruster is shown on Figure 34.
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Test Sequence

The test program for Thruster No, 1 which was used in the system life test
consisted of a series of steady state and pulsing runs to document its capability
to operate in the System Test,

The test program conducted on Thrusters No. 2 and 3 were designed to docu-
ment the performance over a range of pressures, temperatures, and duty
cycles, The basic requirements are:

(1) Performance and thermal characterization.

(2) Duty cycle demonstration by performing 15¢, 000 pulses ranging from 50 ms,
to steady state and the accumulation of 5 hours of burn time,

All tests conducted on the b~-pound thrust rocket engine utilized the GLA spark
exciter which provided approximately 10 millijoules of energy per spark.

TEST RESULTS
Configuration No, 1

The P/N X29069 Thruster shown in Figure 35 was designed to be used in the
water electrolysis system and to replace the previous program's thruster
which failed after 70, 000 cycles, The details of the injector are shown on
Figures 36 and 37. Figures 38 and 39 (which were taken after conclusion of the
life test) show the injector and assembly (less spark exciter). This thruster
was tested in Cell 9 prior to inciusion in the system test, The test results
indicated a specific impulse of 350 seconds at 5 pounds thrust dropping to

315 seconds at 2 pounds, The equilibrium wall temperature at the throat was
2500°F at the end of a 40-second firing, A total of 40 firings were conducted
on the thruster prior to its iransfer to Pad D for the life test program.

The Configuration No. 1 was used for the entire life test sequunce, where it
accumulated 1,210 firings and 4, 35 hours of burn time,

At the cumpletion of the test program, the engine was removed from the system
and examined, Figures 40, 41, and 42 show the injector and combustor, The
nickel injector shows a slight erosion around the spark plug hole and one crack
is evident on a premix orifice at the 9 o'clock position. The spark plug tip

was apparently corroded or galled within the injector and could not be removed,
This was probably caused by the small clearance, The clearance was increased
on the final design and the spark plug did not stick in the injector, The throat
section of the combustor was not eroded, but as shown in Figurc 42, a significant
amount of "pockmarks' are evident on the outside and some were also on the
inside, Although a significant amount of testing was accomplished at sea level,
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the loss of coating did not degrade the thruster's ability to operate., The corrosion
shown was observed halfway through the program, and it is hypothesized that
improper cleaning procedures were used in coating the molybdenum as only

1/2 of the exit nozzle shows this corrosion. The other side (not shown) was
relatively void of the corrosion,

Leakage checks of the two valves indicated zero leakage in snoop with GNg
pressurant and no liquid leakage. The valve response data indicated no change
in opening or closing time,

Configuration No, 2

Configuration No, 2 was the initial flight type configuration to be tested.

Figure 43 shows Thruster, P/N X29385, and the injector details, P/N X29380,
are shown in © gure 33. The design of the thruster was oriented toward high
temperature capability material, Thus C-103 Columbium and 6AL~4V titanium
were used in the injector while molybdenum was used for the combustor. As
discussed previously, the Marquardt bipropellant valve was used to control
the propellant and the propellant mixture was ignited using the GLA spark
exciter which is described in detail in Appendix A,

The injector assembly and the individual components used to make up this
thruster are shown in Figures 44, 45, and 46. Figure 44 shows the main
injector with the 6 oxygen and 18 hydrogen jets (lower lefi of photo), the pre-
mix section and 36 hydrogen film cooling holes (upper left), and the feed
manifold and attach flange, The latter is fabricated of titanium and the two
former of C-103 Columbium, Figure 45 shows the complete exploded view
of the thruster (less exciter), and Figure 46 shows the partially assembled
thruster., Figure 47 shows the thruster installed in the Cell 9 test facility.

(1) Cold Flow and Orifice Calibration

Cold flow calibration was made to determine the sizes of both the main
trim orifice and the split of hydrogen between the main orifices and the film
cooling orifice, The thruster is designed to operate at 50 psia with a

200 psia inlet, thus sonic or choked orifices are used to control the flow,
These two sharp edged orifices are installed between the valve and the
injector feed tubes,

Downstream of the sonic hydrogen orifice, two subsonic orifices are

located which are sized to provide the right amount of film cooling. In
the case of this design, 60 percent H2 film cooling is used,
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(2) Test Program and Results

Baseline performance tests of Configuration No, 2 (Figure 43) showed a
specific impulse of 353 seconds and an equilibrium wall temperature at
steady state of 2400°F, Following completion of the baseline performance
2 and thermal test series, the life test was initiated, At initiation of the

life test, 765 seconds of firing time and 328 ignitions had been accumulated,
: Table 7 documents the test conducted on this thruster,

E (@)  Life Test

A series of pulse firings of various durations and rates were accom-
: plished on Configuration No, 2 in an effort to accumulate 150, 000
starts and 5 hours of firing duration, Three pulse rates and widths

R were used:

Series A - , 05 seconds on, .45 seconds off (had 3000 firings
per sequence)

{
!

Series B - , 10 seconds on, .90 seconds off (had 1130 firings
per sequence)

Series C - , 25 seconds on, .75 seconds off (had 865 firings
per sequence)

This series was to be repeated 6 times at 5 pressure levels,

Al the end of the first day's testing and after 742 seconds and 8,260
firings, an inspection of the thruster was made., A white deposit

3 was observed in the area of the throat but no other anomalies were
cbserved. During the second day's testing, sparks were being
ejected from the thruster, but a baseline test after an additional
1,721 starts and 1, 177 seconds of firing indicated no throat erosion,
Inspection of the thruster indicated that the C~103 injector had
suffered hydrogen embrittlement and numerous cracks were observed,
especially around the film cooling orifices, The thruster was
removed from the test cell for failure investigation after 2,684
seconds of operation and 20, 309 starts,

O TR Y A TR TG o

s atiha o e

Ee sy
gty

: () Failure Investigation

Upon disassembly of the thruster, the following ancmalies were
observed: ‘ {
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TABLE 7, SUMMARY OF DATA FROM C-103 INJECTOR 1ESTS

ON TIME
2,0
60,0
20,0
2,9
2,0
2.0
2,0
2.0
2,0
2,0
6.0
2,0
2,0
2,0
2.0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2,0
2.0
2,0
2,0
2,0

F
5.0

4,8

5.13
5.43
5.33
5.03
5.03
4,60
3.55

4,63
4,35
6.16
6.63
5, 62
7.21
4,79
6, 68
3. 90
4,10
3.70
2,78
3.01
2,63
1,78
1,60

O/F
8. 05
8. 10
7.96
5, 97
6. 88
7.96
8.55

10, 00
7.85
7.84
8.02
7.08
6. 17
8,51
9,91
8.10
5, 99
9,97
7.94
8.04

10, 00
8. 03
6. 08

10, 00
8.0
6. 17

10. 10
7.90

10, 37

84

C*
6634
6388

384
326
362
331
333
337
356
323
327

310
333
281

PO




A g L D

LA e G S -0

g

Eivi L AL

RACRSEMIS A LR TIE S S SR AN At A A sk

R Y R D

. A white deposit was present in the combustion chamber and
throat portions of the molybdenum combuster (see Figure 48),

. Numerous cracks were observed in the injector, especially
around the filim cooling holes, One large crack was evident at
the spark plug hole, In addition, a white deposit was observed
on the face of the injector and in the six premix orifices
(see Figure 49),

. The MS5033-14 bolts and M521043-4 nuts holding the chamber
to the injector were overtorqued by 75 inch-pounds. The nominal
value was 25 inch-pounds, The actual value was 100 inch~pounds.

The deposit on the combustion chamber was analyzed and determined
to be Columbium oxide, while the cracks in the injector face were
determined to be intergranular and were caused by hydrogen
embrittlement of the Columbium C-103,

It was concluded that the injector failed along the intergranular grain
boundaries due to the overstress condition caused by overtorquing of
the chamber attach bolts, The brittle failure was brought on by
hydrogen embrittlement at temperatures above 1000°F, The

Columbium oxide deposit was the result of oxidation of the Columbium

in the premix orifices.
Configuration No, 3

Analysis of the results of the tests and failure investigation conducted on
Contfiguration No. 2 showed that the use of Columbium was not suitable for the
design, The design is oriented toward maintaining the exciter and valve at
relatively low temperatures (250°F). In isolating these components, the
injector by necessity will attain temperatures o 1000°F. (Later tests verify
that the equilibrium temperature at the injector during pumping pulse duty
cycles is 900-1000°F,)

The most suitable material for use in this range was found to be nickel (which
was also used on Configuruation No, 1), It has good cxidation resistance and
a high thermal conductivity which :ainimizes thermal stress,

The Configuration No, 3 design was modified to utilize a Nickel 200 injector,
All other design criteria were identical to that used on the prior configurations,
Figure 50, P/N X28680, shows the thruster assembly, It is essentially
identical to Configuration No, 2 except that:

The combustor is attached to the injector using long bolts and the valve
mount plate as the support,

Lo

o S il

om0k i, A

Sk i e



LT e R T - T Ay e e

TN YT T, Ellddaiior. s}
2 Lol i g Gl d oo
= WY AT TR
™y e E Al b e bl LTy

el

Mo

N s R Sl lerdadap L,




A T o TRIET PV Yy T I aliis . Tt i rovn—ye - e N

e,

T

B 2 o agtle i e e gl e

e £ AT et Sk M eea’h L




T T T T R O T T P R T WP O TR I I T T ST TR e i;.aia.z.nJJ

¢ *ON uoneanSyuoy ‘I9ISnI4L ‘JAT & 0§ 9In3ig

I — i
0899 e |8 1 !
i h— — H a
3 T &% —
== T =
P - Uy
= » E
nencw ®
. MY WSt VIR P T PR LT L R it
— A T piget—ep et gt ™
e gt S b &J ~rare 40 ENEBmL Co BeriTes e N
. ) - ) -
s 2, . iy eowWs OIS Y A Y4 IWCT SemaTE
Som- = - - L EBIAAEE (MR PO IS BBAS WO OC 41W0"S2 ¥ T4 :
oy EL.}K. ‘. 0 o i R i e e e S W o N 3
R S « 1! 1 R R S i
08X Xomre r =y — P N T e A TR AN L
Lol ou"'.\... R - -~ 2 e - st et TSR .“,
s il o B - ~ H _—0s. e c s Y |
H FPRL VCOW —— - ety
hd ot o o et by 2y PN SR :
- . e R . Ay . P R T It 3
- H v oo ama] AT -1 ‘o beay / ————— e -
DU R CT Wi, M. — . —_—
¥ S wemi e - R . /N | !
EN -7 awveen!  vAmIs Lewmd A 7 5 Bt f i
PAGRETS. BPTS .
s b —Lox ATa . |
ror . wrmwel  wWemaal! - LY . ] ’
. ! AT N .- ;
Py e —_— —i {5 .:nr.u T
Cy 2y A A v . - ._ 3 . . .
3 o , + G ; R
v irenceronl  aviery H ...h. el . " ) _
. L . - ( -
n e s N e .. m ’ 11
o P T ——— = -
£ . - ; 3 s E
A Ay TE : &h |
T "onems - 4, : ST
—}4 W v R o alt? - *
R . hm
~— a2 E

88

| >
- reae \ : S A
» H ey e B . P N
[RFSNIPT Ghiyfopiny SUttr LU ; v A .
N Boawre.  Tessln } PR, [ —
o S 1G-S : 3 ! - : _
T H T v e G L ) ! :
T - i3 - i s
i - ! '
- " el . H

sanBatana
t
]
i
¢
g

G
!
-+
|

RN

o wes
TIED Phen WA A8 ey —

h il | ]

ZC e W TS DR e e O DR P R




a2 e T Ak Sale e Si Lw e T YRITTI  Tivem ~ T T e T T e Y T LY T T X PR T) v e

P T i R T ot TR TRk Arwrvee kel Wt o ¥

. The trim oritices were changed to fit into AN fittings,

Figures 51 and 52 show the assembled thruster prior to installation in Cell 9,

(1) Pretest Calibration and Thruster Evaluation

4 The thruster was weighed, leak checked, and cold flow calibrated prior to
: installation in Cell 9, Table 8 lists the weight of the individual parts,
E- part number, and the projected flight weight, The actual weight of the
thruster is 4.5 pounds (less exciter) with a projected weight of 2, 9 pounds,

3 Cold flow calibration and orificing resulted in a thruster which uses approxi-
mately 60% of the fuel as film coolant, The thruster was designed to give

5 pounds of thrust at 200 psia inlet, but the final tests indicated a thrust

of 4. 8 pounds at 200 psia, This was due to a variation in the point at which
the inlet pressure was me asured.

o

(2) Test Program

O PRI T

The test program conducted on the Configuration No. 3 thruster was nearly
identical to that conducted on Configuration No, 2, A series of steady
state and pulse firings were accomplished prior to the lifc test to document
botl: performance and thermal characteristics, Figures 31, 32, and 53
show the steady state and pulse performance of the thruster as a function
of mixture ratio, thrust, and electrical pulsec width, The svecific impulse
of the thruster at nominal thrust (O/F =7, 934) is 355 seconds.

Following the conclusion of the performance and documentation tests, a
life test series was conducted for the purpose of accumulating 150, 000
pulses and 5 hours of life, The life test run consisted cf 50 and 100
millisecond firings plus steady state firings. Blowdown tests were not
conducted since this characteristic had been demonstrated during the life
test with Configuration No, 1. 3

S A . 1t Y. gt At o . e+ b S o

PTG

: (@) Performance

The results of the performance tests conducted on Configuration No, 3
are shown on Figures 31, 32, and 53, 3

T e

Figure 53, specific impulse versus mixture ratio, indicates a specific
impulse of 355 seconds at the stoichmetric mixture ratio of 7, 934,
Performance increases as thrust is increased and mixture ratio is
decreased due to the change in reaction kinetics {as it affcets thrust) 1
and a change in theoritical perforniance., The maximum heat release
increases as the mixture ratio decrcasecs., The performance of the
thruster as a function of thrust is shown on Figure 31, Periorn.ane-
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Figurc 51, Assembled 5 Lbf, Thruster, Configuration No, 3
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TABLE 8, 5 LBF THRUSTER PART NUMBER AND WEIGHT SUMMARY

Orifice X28686 NIL NIL
Solenoid Valve, Bipropellant X29258 1, 95 lbs. 1. 1 lbs,
Spacer X29378 NIL NIL
Ring, Split X29382 +31 lbs. . 20 lbs,
Ring, Attach X29381 .31 1bs. .20 lbs
Insulator X29386 NIL NIL i

Combustion Chamber X29383 .33 lbs, .30 1lbs,

Spark Plug X28687 . 06 lbs, .06 1lbs,
Spacer X28684 NIL NIL

Plate, Mounting X28683 .70 lbs, .35 lbs,
Standoff Assembly X28682 .13 lbs .13 1bs,
Plate Assembly Spacer X28685 . 13 lbs, .12 lbs,
Injector Assembly X28681 . 60 lbs, .43 1bs,

Rocket Engine Assembly X28680 4.52 lbs, 2.9 lbs.
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(c)

characteristics down to 1,5 pounds were documented, Below 1.5
pounds, ignition of the thruster was not attained. This lower limit
is identical to that obtained in the prior program using an identical
design (Reference 1),

Tables 9 and 10 list the Jdata applicable to the performance evalua-~
tion for both steady state and pulse firing conditions. The puise
performance data shown in Table 10 is also plotted on Figures 32
and 54. Figure 54 shows the impulse bit as a function of thrust
l=vel and electrical pulse width, while Figure 32 shows the specific
impulse as a function of the same parameters, As the inlet pressure
increases, the valve opens slower and thus the same electrical
pulse width at the higher inlet pressure results in a shorter valve
open time (VOT)., As the VOT decreases, the performance would
decrease because a greater percent of the time is devoted to the
ignition process.

Figure 55 shkows that the valve is sensitive to inlet pressure. In
fact, the valve would not open at 300 psia inlet pressure, which
corresponds to 7.5 pounds thrust,

As a result, when a 50 ms, firing is conducted, the valv: delay may
affect the impulse bit, since the time to close is relatively constant,
This is reflected in the time to 90% where the delay is significant at
6-7 pounds, while the time to 10% is relatively constant,

Figures 56 through 59 show typical engine firing recorcs for various
pulse widths, The thrust trace and chamber pressure trace show
very little roughness and, in fact, the roughness over the entire
thrust and mixture ratic range was less than 5%.

Test Results - Thermal

The use of 60% fuel film cooling results in 2 maximum chamber
temperature of 25000F, Figure 60 shows the results of the thermal
runs where maximum chamber temperature is plotted against thruss,
The maximum injector temperature that occurs during steady state
operation, and is nearly the same during pulsing cycles of significant
duration, 1s approximately 1000°F, In all cases, the valve and exciter
temper ature is well below 200"F,

Life Test
The Configuration No, 3 thruster successfully completed 150, 000

cy=les and approximately 4. 2 hours of firing time during the life test,
The maximum run duration was 3600 seconds while a majority of the
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TABLE 9. STEADY STATE PERFORMANCE, 5 LBi' CONFIGURATION NO, 3

RUN  DURATION F O/F c* ISP
{Sec.) @.bs,) (Ft/Sec) Sec.)

s
e BT W MG A SRR e SRR SRR AN - §
:

545 4 4,55 8,05 6404 337
3 546 6 4,67 8, 04 6541 349
3 547 6 4,68 8,10 6560 350
: 548 5 4,18 7,93 6630 357
554 1 4, 84 8,11 6702 359
555 3 4,66 8,10 6616 348 3
] 563 1 4,74 8.37 6479 344
. 565 1 6. 82 8.15 6826 364
566 1 6. 86 8.15 6836 366
[ 595 2 4,717 8.11 6604 354
3 596 2 4, 80 8.11 6660 356
1 597 2 4,68 8.11 6688 347 £
3 598 2 4,81 8,04 6752 360 {
: 599 2 4,78 8,10 6743 358 3
600 5 4,74 8.10 6645 355 }
601 5 4,70 8.10 6574 352 '
611 2 4,83 8.16 6679 359 :
612 2 4,60 8,16 6469 342 ’
613 2 4,81 8. 16 6693 357
614 2 4, 64 8,16 6553 345 i
618 2 4,69 8,04 6471 551 1
619 2 4,69 8,04 6499 351 ;
, 620 2 4,69 8,04 6541 a50 5
621 2 3. 02 7,86 6375 348 i
622 2 2. 99 7.38 6499 347 1
d 623 2 3.04 7.45 A572 352 g}
. 624 2 2,17 7.36 6566 360 %
E 629 2 2,27 7.07 6533 375
630 2 2, 02 7.16 6842 335 %
635 2 L7736 7.16 No Data 118 No Ignition LT
636 2 . 769 7,22 NoDala 125 No Ignition 3 3
; 637 2 .701 7.38 No Data 114 No Ignition ® i
5 338 2 .769 7,07 No Data 110 No Ignition F
639 2 1,72 7.35 No Data 33¢ mh
a 640 2 1,75 7.66 No Data 337 g
: _ 641 2 1. 83 8. 00 No Data 339 :
A g 642 2 1. 8C 8.62 No Data 334 E }
; 643 2 1,92 11,63 No Data 310
: ¢ 644 2 .78 5.41 No Data 203 No Ignition a0
r g 645 2 .81 4,11 No Data 207 No Ignition 1
A 9
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TABLE 9, (Continued)
RUN  DURATION F o/¥ c* ISP
' ®ec.) (Lbs.) (Ft/Sec) {Sec.)
646 2 .93 7,50 No Data . 143 No Ignition
647 P2 2,10 7,26 6461 347
648 2 2.18 8,43 3074 330
649 2 2,18 11.00 5117 314
650 2 2,02 | -
651 2 . 816 -
652 2 2, 812 7.94 6358 - 342
653 2 2, 898 9.3 6078 . 335
654 2 2, 96 12,1 5798 323
655 2 2,681 6.3 6781 367
656 2 2, 545 3.5 6744 354
657 2 3,615 7.10 6451 352
658 2 3.73 8.3 6297 347
659 2 3. 86 9,6 5976 339
€60 2 3. 562 6.4 7241 390
661 2 3,51 5.7 7204 382
.‘ 662 2 4,85 7.4 - 6632 359
663 2 5, 11 8,05 6643 366
4 2 4,96 9.71 6100 313
665 2 4,80 6.73 6873 370
666 1 4,63 5.1 7174 379
669 1 7.05 8.75 6438 362
670 1 6. 01 7.9 6848 365
671 1 5, 87 6. 37 7061 376
672 1 6. 14 7.0 6744 366
677 1 4,69 8.1 6562 348
678 1 4,78 8.1 6646 355
679 1 4,65 8.1 6493 345
680 1 4,68 8.1 6549 348
687 1 4,54 8.1 6297 336
694 1 3. 60 7.3 6403 352 4
701 1 2, 80 7.3 6455 351 3
702 1 2.3 7.4 6364 330 ¥
704 1 2. 29 7.3 6428 331 ;
711 1 1. 93 6.9 6375 341
; 718 1 4,13 8.2 6265 310 ;
: 725 1 3, 24 7.3 6329 317 3
| 732 1 2,33 7.5 6406 326 .
| 739 1 181 7.1 6498 323 3
! 746 1 1,57 8.22 2615 117 ‘
748 1 4,52 8. 22 6348 336
96
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TABLE 9. (Continued)

DURATION F O/F. cx ISP
(Sec.) (Lbs.) (Ft/Sec) (Sec.)

6454 331 !
327
380
6387 337
6568 342
6362 331

.
L Co

W o
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w
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797 . 87 . 6425 323
4 804 .56 .10 6476 341 ;
811 .35 .30 6312 338 c
818 .32 .32 6382 332 C
k|

825
832
; 836
? 837 360
| 838

839 90
840 2
841 60
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348
5627 333 5
6550 335 i
u600 336 2180
6151 310 !
5192 335 2480
6415 337 '
6406 342 2450
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TABLE 10,

RUN ON TIME OFF TIME
S) (4S)
550 .05 .45
551 .10 .90
552 .25 .75
553 .50 2.5
556 .05 .95
557 .10 . 90
558 .25 .15
559 .50 .50
560 . 025 975
567 .05 .45
568 . 10 .90
569 « 25 .15
570 .50 .50
571 .05 .45
572 . 10 .90
J73 .25 .75
574 .50 .50
575 .05 .45
576 .10 .90
877 .25 .15
578 .50 . 00
579 .03 .45
580 .10 .90
581 .20 .75
582 .90 .50
583 .05 .45
584 .10 .90
585 .25 .15
986 .50 .50
587 .03 .45
388 .10 .90
589 .25 .15
590 .50 . 050

98

PULSE PERFORMANCE, 5 LBF CONFIGURATION NO, 3

8P
(Sec.)

272
296
315
322
294
357
358
375
200
195
310
333
377
232
316
327
363
334
344
290
373
290
339
330
314
320
362
344
347
347
350
363

Xk

S Sy i S, ALY

Vi

IMPULSE
O/F __BIT
(Lb-Sec)
8,23 , 189
8,37 411
8.31 1,084
8,24 2,201
8,24 .201
8,24 .489
8, 2¢ 1,223
8,16 2,526
8,06 . 068
12,3 .18
12.4 .574
12,53 1,549
12,53 3,468
8.°° .193
8. 07 .523
8.06 1,349
8,06 2,998
6. 88 .224
6,78 .458
6. 80 . 955
6.74 2,442
8,23 .166
8.29 .388
8,29 . 935
8.13 1,93
6.76 <127
6.69 .238
6,74 .681
6.70 2,750
7.02 .103
7.02 .208
7.02 1,079
7.02
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MAXIMUM COMBUSTOR TEMPERATURE -

3000

2500

2000

1500

1000
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O NICKEL INJECTOR
| |
@ C-103 INJECTOR

1.0

Figure 60,

2.0 3.0 4.0 5.0 £.0 7,0 8.0
THRUST - LBF

Maximum Combustor Temperature of 5 Lbf, Thruster
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tirings were made at 50 and 100 ms, with repetition rates of 1-5HZ,
During this life test, all engine firings were successfi.'ly ignited
and test to test repeatability at the start and end of the program was
identical,

Teardown and Inspection

Upon completion of the test, the thruster was visually and function-
ally checked for variations in characteristics, The bipropellant
valve exhibited zero leakage in GNy at 0~250 psia with snovp, and
the response is identical to that obtained at the start of the program.

Figur~ 61 shows the disassembled thruster at the end of the program,
while Figures 62, 63, and 64 show the injector face, the spark plug,
and the chamber, respectively, No cracks are visible on the face of
the injector, and the combustion chamber shows only some heat stains.
The white spots are columbium vxide which was the result of tests on
Configuration 2, Figure 64 shows the tip of the spark plug after 150,000
cycles. The anode (inside portion of the plug) has miniscule globules
of material deposited on it, The deposits are due to ¢rosion of the
cathode and redeposition on the anode, No degradation of spark
efficiency was noted visually, The thruster ignition was also 100%
reliable at the end of the 150, 000 firings,
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SECTION IV

ONE-TENTH POUND THRUST ROCKET ENGINE

A hcavyw--ght 0,1 1bf engine had been developed on a previous coni.act (Roference 1),
Design c.: racteristics of the heavyweight engine were as follows-

Nominal Chamber Pressure 80 psia

Mixture Ratio 8

Chamber Cooling Radiation

Chamber Material Coated Molybdenum
Ignition Source Spark Plug

Injector Single Element
Flow Control Sonic Orifices
Valves Marguardt R-1E

Two different flightwe.ght 0.1 pound thrust engines were built and tested on this
program, One engine design had the spark plug located in the injector, while the
second design had the spark plug located in a separate adapter. The latter design
was similar in concept to the heavyweight engine developed on the previous contract
which also had a separate spark plug holder between the injector and chamber, The
principle differenc:. between the two design approaches is that the injector with the
integral spark plug receives convective heatii.g from the combustion gas whereas the
injector using the separate spark plug holder does not,

Both flightweight engine designs were based on the design limit temperatures developed
on the prcvious contract, which are summarized in Table 11,

The injecior injects hydrogen radially through a thin {0.002 inch) axisymmetric slot
into the oxygen flowing through 4 0, 038 inch diameter passage. The gas mixture in

the mixing section is greater than the flame speed of hydrogen/oxygen, so that com-
bustion in the combustion chamber cannot propagate through the mixing section,

1, FLIGHTWEIGHT DESIGN NO, 1

The injector design used on Flightweight Design No, 1 is shown in Figure 65. The
assembled engine is shown in Figure 66, which shows the large size of the Moog
Valve and the spark plug relative to the rest of the engine,

The injector mixes propellants by injecting the hydrogen radially inward into the
oxygen stream, The mixed gases then pass through a 0, 030 inch diameter mixing
section (shown in Figure 65). A Champion FHE 231 spark plug in the injector is
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TABLE 11, DESIGN CHARACTERISTICS
FLIGHTWEIGHT 0.1 POUND THRUST ENGINE

Chamber Pressure (Maximum)
Chamber Pressure (Minimum)
Contraction Area Ratio
Expansion Area Ratio

L*

L/D Premix

Cooling

Injector

Valves

Spark Plug

Injector

112

76 psia @ 0,1 Lb. Thrust

25 psia @ 0.03 Lb, Thrust

8:1

100:1

9 Inches

8

Radiation/Regenerative

Singie Element Coaxial Premix
Moog Bipropellant

Champion FHE 2314 (Modified)

Radial Hydrogen Injection Into
Oxygen Stream
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SPARK PLUG

SWAGELOK FITTING

SPARK PLUG TIP
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Figure 65, Flightweight 0.1 Lbf, Engine No, 1 Dcesign
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Assembled 0, 1 Lbf, Flightweight Engine No, 1
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Figure 66,




exposed to the combustion chamber through a 0, 060 inch diameter access port ia the
upstream corner of the injector, The hydrogen passes through a cooling passage in
the injector before mixing with the oxygen, The combustion chamber and injector

are not in direct contact but are separated by a spacer, The amount of heat conducted
from the chamber to the inj. :tor can be reduced by using a spacer with a high thermal
resistance, However, this raises the possibility of overheating the spacer where it
contacts the charber, since that point would be much hotter than the injector as the
spacer has a high therwn.al resistance, YLocating the spark plug in the injector nees-
sitates exposure of some portion of the injector head to convective heating {ror: the

combustion gas because of the relative sizes of the spark plug and the comhistion
chamber diameter.

a. Temperature Limits

Heat transfer analysis of the Flightweight Engine No. 1 was mace to develup
a design that wculd meet the following approximate temperature limits:

Combustion Chamber 2300°F
Injector 1600°F
Mixing Section 1300°F
Valve 250°F

The temperature limit of the coated chamber (molybdenum or Columbium) was
not critical because of the temperature capability of the chamber itself, but

because of the ~ffect of chamber temperature on the tensile and creep strengths
of the attach bolcs ard spacer which contact the chamber,

The 1300°F temperature limit upstream of the 0, 030 diameter mixing section
was set to avoid autoignition in the small volume where the hydrogen and
oxy¢en meet, Tests on the previous contract had shown that the propellants
wolLd wutvignite in the combustion chamber whenever the combustion chamber
wns 1a00°F or higher. It is nol known whether or aot the propellants could
autoignite in the mixing suction or in the very smail manifold volume upstrea.n
of the mix:ing =ection if ti.at portion of the injector reached 1300°F, However,
it was thought advisalle to try to keep the mixing section below 1300°F to
avold the pussibility of autoignition, which would cause an unacceptable

pressu *> drop through the mixing section,

The 1600°F temperature limit of the injector mass surrounding the tip of the
spark plug is based on ti.e fact that 160007 is the scitening poin. of a pressuve
seal in the spark plug. There would be a temperature drop fram the spark
plug tip to the seal, but the magnitude was unknown,
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b, Heat Transfer Analysis

Heat transfer analysis of th- Flightweight Engine No, 1 was made to predict
the effect ¢ f the following design variables: (1) Radiation arva and emissivity
of injector, (2) Thermal resistance of spacer, and (3) Radiation area and
emissivi'y of combustor,

(1) Effective Radiation Area of Injector

The relationship betwezn engine temperature and the effective radia-
tion area {(radiating area x emissivity) of the injector is shown in
Figure 67,

The predicted temperatu:s - for the basic design were 1500°F for the
injector and 2150°Y .or th- ¢« “bustor, using an injector with a

radiating area of 1 in, 2 v o emicsiv ity of 0.45, or an effective
radiation area of 0,45 in.2, In order to reduce the injector below

the autoignition temperaturc of 1300°F, the effective area would have

to be increased by & facto.” of 10, This could be achieved by using a
radiation fin on the injector -.r simply br increasing the outside diameter
of the injector, Either approach wounld entail added weight,

) Thermal Resistance of Spacer

The relationship between engine temperatures and the thermal resist-
ance of the spacer between the combuster and injector is shown in
Figure 658, The injector temperature can easily be reduced by
increasing the thermal resistance of the spacer. However, this raises
- the problem of creep strength if a metallic spacer is used, or the

3 problem of material brittleness if a ceramic spacer is used,

@) Effective Radiation Area of Combustor

The relationship between engine temperatures and the effective radia-
tion area of the combustor is shown in Figure 69, An increase in the
effective radiation area of the combustor by a factor of about three
would be required to reduce the injector temperature below 13000F,
This would entail an appreciable weight penalty.

ris gL o8

c. Test Firings

The Flightweight Engine No, 1 (Figurc 65) was test fired using an uncooled
nickel 200 combustor, Testing was performed during April and May 1973.
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EFFECTIVE RADIATION AREA OF INJECTOR - IN

Figure 67, 0,1 Lbi, Engine Temperatures Vs, Injector Effcctive Radiation Area
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Figure 68, 0.1 Lbf, Engine Temperatures Vs. Spacer Thermal Resistance
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Runs 1-8

A
# 3

The flightweight engine was initially tested with nominal high supply pressures
near 200 psia, The GLA spark igniter was used with a spark duration of

10 ms, The first tests with spark delays of 10 ms and 20 ms did not achieve
ignition, Subsequent iests with a spark delay of 50 ms showed sporadic
ignition, On Run §, only 5 of 20 pulses ignited. It was observed or these
tests that chamber pressure was going above the lincar range, and the P,
transducer wag found to be inoperative after Run 8, After Run 8, the com-
bustor throat diameter was measured and found to be only 0, 026 inch instead
of the reguired 0.0294 inch, which explained the excessive chamber pressure
which had probably also been peaking high because of the ignition de. 2y,

et
)

s o, G S R

Runs 9-31

The throat diameter of the nickel chamber was enlarged to 0, 0294 inch hefore
Run 9, The pressure transducer from ¥, oxyger manifolu, was moved to
measure Pg and the P, port was capped. Th< Bei Air igniter was installed
in place of the GLA igniter, It had been observed during Runs 1-8 that the
chamber pressure trace was greatly perturbed at the tiine of sparking, and
since the GLA igniter dissipates 10 times more energy at the tip of the spark
plug than the Bel Air igniter, the possibility of flame suppression by the GLA g
spark, which completely filled the combustion chamber, was beiny considered.

PRV DA N

Good ignition was obtained at high supply pressure settings (188 psig), but
ignition could not be achieved at low supply pressures from 50 psig to 90 psig.
At supply pressure of 100 psig and 150 psig, 100 percent ignition was obtained 3
with 50 pulses, These results seemed to indicate that the Bel Air igniter was $
/
7]

giving much better ignition than the GLA igniter since the spar!. “uration to
get ignition on these tests was only 10 ms, However, several oiher changes
had also been made after Run 8, i, e., capping Pom and opening the throat
diameter, Therefore, more tests were required to compare the twe _gniters,

Runs 32--56

The GLA igniter was reinstalled after Run 31, Good ignition was obtained at 4
189 psig down to 10¢ psig supply pressure. However, erratic ignition was
obtained at 90 psig and lower, although ignitior was obtained on all 50 pulses
&t 80 psig supyly pressure, using a spark delay of 5 ms and a duration of
10 ms.

Runs 57-64

The GLA igniter was alst used for the next series of tests wiin a spark delay
of 5 ms and a sparking duration of 10 ms. At supply pressures of 199 psig
for Oz and 189 psig for Hg, all pulses of a 59 pulse train ignited, although
the rise in chamber pressure was slow on 3 pulses.

12¢

‘.~r 3 . N L P . L e Mgl T, '<<‘lt~" e = s L oten .) - :'54-'4."'4‘-' A ‘.w, S o - P TR TR
Lh&;‘;ﬁu‘-ﬁ.m_u.‘a’tnu ¢ e i R R L i o NG £ e e R S A i

G AR e b0 . R

e b it e .



O S S Se i

2 o R

on sy

e VW IRV T AT W I ATy T

IO TR TR, 4 T TR VTARITT TSI R T STy STy e

I I S - e T

LEN AR

o

§
i
i
&
“,
o
[
&
i,
7
)
'
i
1

Ignition on all 100 pulses was achieved at low supply pressures of 52 psig
for O2 and 50 psig for Ho. Single performance runs were made at supply
pressures near 100 psig and 150 psig, and a sparking duration of 10 ms,
Performance was 80 to 85 percent of shifting C*,

Runs 65-91

Additional documentation of ignition characteristics during these runs showed
unreliable ignition with supply pressures below 100 psig. Two long firings
were made to get injector temperature data, On Run 75, a 47 second firing
was made, during which time the injector rose to 10200F and was still rising
at shutdown, The Bristol Recorder was respanned and a 50 second run was
made on Run 76, during which the injector temperature reached 14000F and
and was still rising at the end of the run,

Runs 92-106

The hydrogen manifold pressure pickup was capped for the next series of
tests, It was found that ignition reliability was worse than when the hydrogen
manifold pressure was being recorded, This indicated that the transient
mixture ratio is important in deterniining ignition, A large increase in mani~
fold volume results when the pressure transducers are connected. Apparently
an oxygen rich condition is conducive to ignition, based on the test results,

Runs 107-118

An engine configuration made of the flightweight injector with a spark plug
holder and nickel nozzle from the prototype engine was assembled. This
configuration allowed a comparison of the ignition characteristics with either
a rear mounied spark plug or a side mounted spark plug.

Runs 107 and 118 were made with the side spark plug and both Pom and Pyyy,
capped. Ignition was poor at 100 psig supply pressures and below, For
example, at 100 psig, ignition was not oblained at spark durations up to 40 ms,
Runs 119-129

The Pym port was connected to a transducer for this series of runs with the
side spark plug, This would result in a higher initial mixture ratio. Good
ignition was obtained at supply pressures down to 100 psig, However, ignition
was erratic at 70 psig supply pressure.

Runs 130~148

The rear spark plug was used for thes- 'usts, keeping Py connected to get
a comparison in ignition characteristics hetween the side and rcar locations,

121

i ik, e At i Sl kAR i s i s o

AN O AR b A R e 14 AT it ot e S =

e

PRSI SN Y

o ey AT T

¥

i< il A i

P R g e R o,

et et 23 R L AR e o L

3

i
i
4
;
I

i
1
i
1
d



i e ot
S

NG TP TR SR ETIINY A e T T ST e

The results were about the same as with the side plug, with 10 out of 10
ignitions at supply pressures of 100 and 200 psig, and erratic igniiion at 70
and 80 psig, -

Discussion

The ignition tests indicated that ignition probability is about the same with
either the rear or side spark plug locations. The tests also showed that the
greater energy release at the spark tip provided by the GLA igniter had not
significantly improved ignition probability at supply pressures below 100 psia,
compared to results with the Bel Air igniter on last year's prototype engine,
The solution proposed last year was to raise the nominal chamber pressure
from 50 psia to 80 psia and limit the 0, 10 pound engine to a 2:1 blowdown
instead of a 3:1 blowdown, This would provide a minimum supply pressure

of about 100 psia instead of 67 psia, so that the 0, 10 pound engine should
always ignite reliably, The convection heating to the injector occurs in the
initial . 190 inch length of the combustion chamber, and it was uncertain
whether the full combustion temperature and heat flux would actually occur

so close to the injector, However, the high injector temperatures on

Runs 75 and 76 were in approximate agreement with the analysis, Review of
the analysis revealcd that the conduction resistance of the spacer between the
injector and combustor had been calculated incorrectly, since the final design
had a larger contact area than originally assumed in the analyses. The
corrected analysis predicted an injector temperature of 16509F instead of
1500°F,

The engine was not run long enough to reach steady state temperatures

‘because of the hot injector, but the rate of injector heating indicated that the

injector could reach 1800°F cx higher, definitely above the injector limit
temperature, Therefore, two steps were taken: (1) a copper radiation fin
was installed on the injector of Flightweight Engine No, 1, and (2) a new
engine (Flightweight Engine No., 2) was designed, fabricated, and tested,

Copper Radiation Fin

A six inch diameter, 0.10 irnch thick copper radiation fin was brazed to the
Flightweight Injector No, 1, The engine assembly with the radiation iin is
shown in Figure 70, The side of the fin facing toward the engine exit was
grit-blasted and coated with black matt chrome to produce a high emissivity
coating, The other side of the fin facing the valve was smooth and polished
to produce a very low emissivity coating to eliminate thermal radiatic 1 back
toward the valve or mounting plate., Tests of the black matt chrome coating
on copper and nickel had shown that the coating is stable in a vacuum at
15009, but is not stable at 19759F, Other tests in air at 12009F had shown
that ihe coating was stable on nickel 200 but was not stable on copper. A
copper fin would be much lighter than a nickel fin for the same radiation

122

bbb 0 le R

R S

SO L nabiati, 28 et r e 2 a it SEhE gz

L.




i A S SR K S ahy

kS e sl 2 e

.

PN

e yar

k.
¥
o

TETRIITY YL

F

P

e

5 .
? ]
i
i

Figure 70, Flightweight 0. 1 Lhf, Eugine No, | With Radiation Fin :

]
3
1
Y
g
3
k
"

;
2
4
t

I

.
1

;
.

e ek e ek e

e tennie o RN arivoA? Al s vl i b wmlarbn




effectiveness because of the higher thermal conductivity of copper. Therefore,
a copper fin was used because it would be usable for operation in space vacuum
and would probably aiso be usable in the altitude test cell.

Flightweight Engine No, 1 with the copper fin on the injecior was tested with
a water-cooled combustor, using three thermal resistance spacers between
the comhustor and the injector. The water cooled combustor was made by
adding a ccoling passage to the thick-walled uncooled nickel combustor used
in the preceding tests,

Run 159

A Rene' 41 spacer was used during a 175 second run during which the injector
rose to 8400F, However, it was clear that a spacer with higher thermal
resistance than Rene' 41 was required,

Kun 164

A pyrolytic graphite spacer was used during a 110 second run during which
the injector rose to 6409F, However, a leak developed between the combustor
and the pyrolytic graphite washer, terminating the run prematurely,

Run 167

A thin L-605 spacer with a thermal resistance of 52,000 second °F/BTU was
used during Run 167 with a firing duratior. of 15 minutes. This high thermal
resistance reduced conduction between the injector and the combustor to a
negligible amount,

The engine temperatures, essentially stabilized at the end of the run, were
as follows:

Injector 1100°F
Spark Plug 460°F
Valve 130°F
Copper Fin, inside diameter 810°F
Copper Fin, outside diameter 790°F
Water-Cooled Chamber 340°F

The engine was thermally isolated from the thrust stand so that che above
temperatures are a good indication of steady state temperatures. The area
of the copper fin could be reduced by a factor of 2, based on the above data,
and keep the injector below 1300°F, Therefore, a fin with a diameter of -
inches, weighing ¢, 4 pounds, would be adequate to meet ull temperature

limits of the Flightweight Engine No, 1,
124
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2, FLIGHTWEIGHT DESIGN NO, 2
a, Engine Description

The design of Flightweight Engine No. 2, shown in Figure 71, was a flight-
weight version of the prototype engine developed on the previous contract,
The spark plug was inserted into a spark plug holder located between the
: injector and the combustion chamber, The injector was not exposed te direct ;
convective heating by the combustion gas, and the area on the spark plug

: holder exposed to combustion gas heating was reduced as much as possible,

The access port to the spark plug tip, formerly a 0. 060 inch diameter hole,

was changed to a rectangular 0.018 x 0, 036 inch hole so that the axial length :
of the spark plug holder exposed to the combustion gas heating could be 4
reduced to 0, 075 inch compared to the 0. 190 inch length of injector exposed 3
on Flightweight Engine No, 1, ;

Hydrogen flows through a cooling passage within the spark plug holder and i
then through a mixer section, The hydrogen and oxygen are mixed in the ’
same way as :h the prototype engine and the Flightweight Engine Design No. 1,
The 0,002 inch deep radial injection slot for hydrogen injection into the oxygen ‘
stream is in the front tip of the injector which bears on the mixer, The mixer

was initially used as a separate component to allow removal for possible design

changes, The mixer section was lapped to seal with the spark plug holder and

the injector. However, the lapped scal to the spark plug holder was on a

45-degree cone and was not leak tight, Poxalloy sealant was used to seal the

mixer joint for initial tests, The mixer section was subsequently welded into

the spark plug holder after Run 200, The engine components are shown in

Figure 72 and the assembled engine is shown in Figure 73,

A lapped circular L-605 insert welded into the spark plug holder was used to 1
form a seal against the lapped face of the combustion chamber, The L-605 :
insert was used to give higher creep strength at high temperature, while the

remainder of the spark plug holder was made of nickel 200 for good thermal

conductivity., A low volume holder for the chamber pressure transducer was

attached to the spark plug holder,

Two combustion chambers were made, one using C-103 columbium alloy with

a R51ZE silicide coating, and the other using unalloyed molybdenum with a

Durak B silicide coating, Initial life testing was performed with the molybdenum

chamber, which originally provided a better sealing surface when lapped than ;
the columbium. The columbium silicide coating exhibited a more granular 3
structure, which appeared to provide very simall leak patha over the short
distance (about 0,030 inch) across the sealing surface against the L-605

insert, The final life testing was performed with the columbium chamber i
and was very successful after the columbium chamber was carefully lapped, R
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Threec Rene' 41 attuch bolts were designed to grip the chamber flaage, The
bolts were held in controlled tension by Belleville springs to accommodate
differential thermal expansion of the bolt and the engine components,

The Champion FHE 231A spark plug used on the previous contract was used
on the flightweight engine, Although this spark plug is much longcr than
required, the critical design parameter for installation in the 0, 10 pound
engine is the diameter, which could not be decreased significantly by any
redesign, The Moog valve, P/N 8477-470650-11, was used because of avail-
ability and mature development status, although its 0, 84 pound weight is not
flightweight for this engine,

The temperature limits for Flightweight Engine No, 2 at the locations shown
in Figure 74 are as foliows:

Combustion Chamber 2300°F
Spark Plug Holder 1600°F
Mixer 1300°F
Bolt Head 1650°F
Injector (Belle. ille Springs) 400°F
Valve 250°F

The reasons for selection of temperature limits on the combustion chamber,
spark plug holder (i.e., injecior on Flightweiglit Engine No, 2) and mixer

(i. e., mixing section) were the same as for Flightweight Engine No. 1. The
bolt head limit temperature of 1650°F was set to avoid excessive creep of

the bolt head under banding, The temperature of the injector flange supporting
the Belleville springs should not exceed 400°F because of long duration
temperature limits of the Belleville springs.

The preload on the three bolts was set by using a gage block to measure the
correct stack height of the Belleville springs. The preload was calculated to
maintain a seal between the chamber and spark plug holder under a random
vibration specification which produced a transverse acceleration of 140 g's,
Each bolt head had two raised land areas of 0, 0025 in2, each bearing on the
chamber flange, This small contact area controlled the amount of heat
transfer from the chamber to the bolt g0 that the bolt head could be kept
below 1650°F,

Heat transfer analyses were made to select critical design dimensions so that
all temperature limits would be satisfied, The most critical component was
the spark plug holder, with the same heating problems, convection from the
combustion gas and conduction from the combustion chamber, that had handi-
capped the injector of Flightweight Engine No. 1, The convective heating was
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minimized by using a rectangular spark plug port which minimized the area
exposed to the combustion gas. The conduction heating from the chamber

wag reduced by using a smaller bearing area of 0, 02 in2, It was calculated
that the maximum bearing stress would be 12, 300 psi which would not cause

"'T“ﬂww T ECE:
. ﬂl

% excessive creep of the 1L.-605 seal insert at the 1600°F temperature limit,

At the same time, the contact resistance of the 0, 02 in2 bearing area was

E calculated to reduce conduction heating sufficiently to meet the temperature

g F limit of 1600°F for the spark plug holder,

r The outside surfaces of the spark plug holder, except for the surface facing

; the combustion chamber, were grit-blasted to get a good emissivity (estimated
E at 0. 6) for radiation cooling, Th« outside surface of the injector was also

? grit-blasted,

Outward facing portions of the attach belts were grit-blasted and also coated
with a black chrome finish for +igh emissivity, as shown in Figures 72 and 73,

The weight of the components of Flightweight Engine No, 2 are as icllows:

:
5
1Y
L8
E

Moog Valve 0. 84 b,
Injector, Mounting Pl:te (nonflightweight) 0.78 lb,
Chamber, C-103 (flightweight) 0.46 lb.
Spark Flug Holder, Mixer (flightweight) 0.23 1b.

Bolts, Belleville Springs, etc. (flightweight) 0.13 1lb,
Spark Plug, Swagelok Fitting (flightweight) 0,09 1b,

T A TS TR T I T

R The estimated weight of a completely flightweight engine, using the above
; flightweight compenents together with two flightweight valves (0. 25 pound
each) and a flightweight injector (estimated 0, 3 pound) would be 1,71 pounds,

not including an igniter, The flightweight igniter weighing 1. 56 pounds could
probably serve 2 number of engines

b, Preliminary Testin.:

Runs 168~174

The columbium C-103 chamber was used for a series of runs to demonstrate
performance and ignition reliability. The engine ignited on all of 20 pulses
but chamber pressure was low during both hot firings and cold flows,

Pressure testing of the engine after the test firings revealed a leak through
the lapped seal between the spark plug holder and the combustion chamber,
The enginc¢ was disasserabled and inspected. The L~605 insert was found to
be imperfecily lapped. In addition, the lapped surface of the C-103 chamber
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exhibited a granular structure, It was not clear whether the surface was
perfectly smooth or whether small leak paths existed around the grain
boundaries of the coating. It was apparent that most of the leakage was due
to the poor lapping of the 1.-606 insert. However, the molybdenum chamber
was used for the next series of tests because of its apparently smoother
lapped surface,

Runs 175-189

A series of runs were made with the molybdenum chamber to determine engine
performance, The engine leak had been eliminated by relapping the L-605
insert. Ignition was obrained on each of 10 pulses (1 second ON, 1 second
OFF) at supply nressures of 200 psia and 100 psia, Ten pulses were then
attempted at each of the supply pressures 70 psia, 90 psia, and 200 psia,

The engine failed to ignite on any of these firings.

Runs 190-200

A different CLA igniter (8/N 004) unit of the same model was used for the next
series of tests. Ignition was obtained on all tests over a range of supply
pressures from about 200 psia to 70 psia,

A seven-minute firing was mave on Run 200 with supply pressures near the
nominal maximum of 200 psia. After three and one-half minutes of firing,

the chamber pressure dropped from 74 psia to 58 psia, and the chamber
temperature dropped from 2000°F to 1600%F, It was determined after the run
that Poxally sealant on the mixer had been dislodged, undoubiedly by over-
heating, and had allowed leakage of hydrogen, with subsequent loss of perform-
ance and chamber temperature, All engine temperatures were well kelow
design limit temperatures, Therefore, it was concluded that Flightweight
Engine No, 2 should be used for the life testing,

Life Testing ~ Molybdenum Chamber

Life testing of Flightweight Engine No, 2 was begun using the molybdenum
chambers, The mixer was welded into the spark plug holder before beginning
life testing.

The objective of the tests was to accumulate ten hours of firing time and
300,000 pulses, These life requirements were to be demonstrated over a
very short period of time, compared to a seven-year satellite mission,
Therefore, the engine temperature would be much higher than it would on a
satellite because of the absence of cool down time between firings, A total
of 100,070 pulses and 3.52 hours of hot firing were actually accomplished
with the molybdenum chamber.
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Performance Characterization

A series of firings were made at throe levels of propellant supply
pressure to determine engine performance and steady~state

teniperatures,

Runs 201-209

During a series of test firings made at the high propellant supply level,
about 200 psia, engine performance was found to producc a C* efficiency
of 82, 2% of shifting equilibrium and an Isp of 329 seconds. During
pulsing at . 2 seconds ON, ,2 seconds OFF, ignition was achieved on
only 26 of 30 pulses,

Runs 210

A pulse train of 999 firings at . 2 seconds ON, .2 seconds CFF was
made at the high supply pressure, The engine failed to ignite on one-
third of the first 100 pulses, but ignited on all subsequent pulses,

Runs 211~215

A series of firings were made at an intermerdiate propellant supply
pressure (about 150 psia)., The engine produced a C* cfficiency of
79. 8% of shifting equilibrium and an Isp of 326 seconds. During
pulsing at , 2 seconds ON, ,2 seconds OFF, ignition was obtained on
9 to 10 pulses on Run 211, on 48 of 50 pulses on Run 213, and only 3
of 15 pulses on Run 215,

Runs 216-217

The engine failed te ignite on all 10 pulses with the high propellant
supply pressure near 200 psia, The test cell was opened and the
spark plug was observed while sparking, which appeared normal,
The electrical system between the pulser and igniter was examined,
and no reason for the erratic ignition could be found,

Run 218
No changes were made for the next run, during which a pulsce train of

999 pulses was made at the intcrmediate supply pressure near 150 psia,
The engine ignited on all 999 pulses,
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Runs 219-~221

Twenty pulses were made at , 2 seconds ON, , 2 seconds OFF at a low
supply pressure near 70 psia, Ignition was not achieved on any of the
20 pulses, One engine design criterion was operation at a supply
pressure one-third of nominal (200 psia), Therefore, operation at a
supply pressure of 67 should be possible, However, it had been found
impossible on the preceding contract to ignite reliably at such a low
supply pressure, and the same situation was found to exist with the
flightweight engine, However, by raising the supply pressure slightly,
reliable ignition should e possible, based on tests of the heavyweight
engine,

Runs 242-224

The supply pressu:'e was raised to about 90 psia, at which condition
ignition was obtained on all of 10 pulses during Run 222 and on 997 of
999 pulses on Run 224,

Engine performance during a five secfond firing on Run 223 produced a
C* efficiency of 70.5% of shifting equilibrium and an Isp of 282 seconds.

The perforrniance of Flightweight Engine No, 2 is shown in Figure 75
superimposed on performance for the heavyweight 0, 1 pound engine
developed on the previous contract, There was no significant difference
in performance of the two engines,

Runs 225-232

A 10-minute steady-=iate firing was made at each of three propellant
supply pressures, 7he engine temperatures at the locations shown in
Figure 74 are shown in Table 12, The engine temperatures were ail
below the design maximum temperature limits, In paiticular, the
spark plug holder temp=arature at the high chamber pressure condition
was only 1250°F, compared to the design limit temperature of 1600°F,

Difficulty in ignition was again experienced during this seriss of runs.
Therefore, the igniter, S/N 001, was installed with the cngine, This
igniter had been previously used on over 150,000 pulees with the flight-
weight five pound engine, Despite this change, difficuity in ignition
was still experienced,

Runs 233-239

A total of 9G, 869 pulses of , 1 second ON, .1 second OFF were
accumulated using the high propellant supply pressures neur 200 psia,
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CF = 1.81 BASED ON CPIA METHODS

FOR DETERMINING NOZZLE LOSSES
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Figure 75, Performance of 0,1 Lbf, Flightweight Engine No, 2
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The engine is shown during this pulsing in Figure 76, The chamber
temperature was 16000F during pulsing with the 50% duty cycle,

The 96,869 pulses were accumulated during three days of testing,

On the first day, during Run 234, a total of 56,000 pulses were made,
On the second day, 11,951 pulses were made on Run 237, Difficuity
was experienced in getting the first ignition for Run 237, but once
started, all puises ignited., This again suggested that some type of
erratic electrical problem existed in the ignition system, Therefore,
a rew spark plug was installed before Run 239, Reliable ignition was

. shown on this run, during which 28, 918 pulses were accumulated, 1t

wasg concluded, based on sparking and ignition tests at sea level as
well as the erratic ignition at altitude, that the spark plug was the
source of ignition problems. It was hypothesized that a cracked
insulator might be causing arcing to occur internally rather than at
the spark plug tip.

The testing was terminated on Ru . z5v when the chamber pressure
suddenly jumped from about 70 psia to 90 psia and the spark plug
holder and chamber suddenly rose in temperature by several hundred
degrees, By this time, the molybdenum chamber had accumulated
100,070 pulses and 3. 52 hours of hot firing,

Post-Test Examination

Post-test examination of the engine showed that the throat was partially
blocked by a silver colored globule, When the engine was disassembled,
it was found that a black deposit of metallic appearance had collected

in the short length of 0, 086 diameter combustion chamber within the
spark plug holder. The walls of the access port between the spark plug
tip and the combustion chamber were spotted with a black deposit,

The entrance of the molybdenum combustion chamber showed evidence
of a coating failure, The chamber was sectioned down the center-plane
and it was found that the chamber had croded near the entrance end as
shown in Figure 77,

The thickness of molybdcenum disilicide coating buildup at the beginning
of the test program had lxcen only 0, 0005 inch, compared to an expected
coating buildup of 0,003 inch, This thinness of coating might have
contributcd to the coating failure. llowever, a second factor, rclating
to the spark plug discharge energy, is thought to have been the principal
problem, The spark igniters used for development of the heavyweight
engine released only one millijoule at the spark plug tip, The flight-
weight igniters made by General Laboratory Associates were designed
to releasc ten millijoules, It was expected that this higher cnergy
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Cutaway View of 0, 1 Lbi, Molybdenum Chamber After Firing
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release per spark would allow ignition at significantly lower supply
pressures than had been feasible with the heavyweight engine, However,
this was not the case, as supply pressures of about 90 psia were
required. The greater energy released from the GLA igniter was
visually observed to cause emission of glowing sparks from the spark
plug tip much more frequently than observed with the heavyweight
igniters,

It is suspected that the glowing particles were accumulated in the spark
plug well and combustion chamber near the spark plug, Some chemical
reaction between the chamber coating and the deposited particles could
have led to the coating failure,

The two spark plugs used for life testing of the molybdenum chamber
had both accumulated a deposit on the center electrode during {esting,
A greater amount of deposit was found on the plug used for only 28,918
pulses on Run 239, as shown in Figure 78, than tound on the plug used
for the previous 71,152 pulses, shown in Figure vy, It is surmised
that the heavier deposit on the second plug might be due to condensation
of products from the chamber oxidatiou after coating failure,

The ceramic insulator between the center electrode and spark plug
shell of the two spark plugs had been removed to a depth of 0, 060
inch, This allowed more wear on the center electrode while main-
taining a sparking surface, but also exposed more area on the center
electrode to the hot combustion gas.

The GLA igniter was supposad to limit sparking to a 15 millisecond
duration, but was not terminating the sparking duration, Therefore,
the control pulser was set up to limit energy to the igniter to 30
milliseconds duration,

It was concluded that since emitted particles from the spark plug had
evidently contributed to the coating failure, that future testing should
be done with as short a sparking duration as possible. It was also
concluded that the depth of cevamic removal should be reduced, in
case overheating of the electrode had bcen a contributing factor to
particulate emission from the spark plug.

Life Testing - Columbium Chamber

Life testing of Flightweight Engine No, 2 was continued with the C-103

columbium chamber, The sealing surfaces of the chamber and the L-605
insert in the spark plug holder were carefully relapped, after which a good seal

was obtained. The columbium disilicide coating buildup thickness at the

entrance to the columbium chamber, expected to be 0, 005 inch, was actually
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0, 007 inch, much thicker than the coating buildup on the molybdenum chamber,
A spark plug with the ceramic insulator removed to a depth of only 0, 020 inch
was used for life testing of the columbium chamber,

The igniters used on the previous contract to devalop the heavyweight 0, 1 pound
engine were no longer in operating cordition. Therefore, the GLA flight-
weight igniters had to be used despite an indication from the molybdenum
chamber failure that increased spark energy of tne GLA igniter was undesirable,
The duration of sparking was reduced to 5 millisecorsds to minimize the amount
of particles emitted by the spark plug.

A total of 301,726 firing pulses and 10, 07 hours of hot firing time were accumu-
lated with the columbiun: chamber, The test history of the columbium chamber
is summarized in Table 13,

Runs 241-242

Two runs were made to determine the minimum spark delay that would be
sufficient to obtain ignition with a 5 millisecond spark duration, It was found
that zero delay was not satisfactory but ignition was obtained with a 10 milli-
second delay,

Run 243

A single five second firing was made to determine engine performance. An
Isp of 331 seconds and a C* efficiency of 82, 8% were obtained at the high
propellant supply pressure.

Run 244

A train of 999 pulses was made with 0, 2 c2conds ON, 0, 2 seconds OFF, to
determine ignition reliability, Ignition was obtained on all b:t one pulse.

Run 246

A 600 second run was made to determine steady state engine temperatures
with the columbium chamber, The engine temperatures, shown in Table 14,
were all below the design limit temperatures, Comparing the engine tempera-
tures for the columbium chamber (Run 246, Table 14) and the molybdenum
chamber (Run 225, Table 12), it is seen that the columbium chamber was
2200F cooler than the molybdenum chamber, This was probably due to the
higher emissivity of the columbium coating compared to the emissivity of the
molybdenum coating, as had previously been predicted,
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Run 247

A series of 110, 891 pulses of 0,1 second ON, 0, 1 second OFF were made
during Run 247, A 15 millisecond delay was used with a 5 millisecond
sparking duration for this and all subsequent testing to insure ignition on all
pulses,

Run 249

The day afier Run 247 was made, a performance check was made during a
5 second firing on Run 249, Engine performance was unchanged by the
previous performance check on Run 243,

Runs 250, 252

A series of 127, 872 pulses of 0,1 second ON, 0,1 second OFF were made on
Run 250 and the next day a serics of 61, 939 pulses were made on Run 252 to
complete the pulsing reguirement of 300,00C pulses,

Runs 253-255
Three continuous firings of 30 minutes duration were made to accumulate a

total of 10 hours of firing on the engine, The steady state engine temperatures
measured during these runs are shown in Table 14,

Engine performance, determined at the beginning of each run, was found to
be the same at each pressure level as measured previously. The Isp for
low, intermediate, and high supply pressures was 298,314 and 331 seconds,
respectively,

:
[
k.
3
L
¥

Engine temperatures throughout Runs 253 and 254 were steady and compatible
with the reduced heating rates at these reduced pressures. Engine temperatures
at the beginning of Run 255 were similar to the temperatures on the previous
Run 246 at high supply pressure, with the exception of the spark plug holder
which was 1740°F (higher than the 1600°F design limit and higher than the
1350°F temperature measured on Run 246), The reason for this higher
temperature is not known, but might be related to buildup of particles emitted

by the spark plug,

After 22 minutes of Run 255, the chamber pressure suddenly rose and the
engine temperatures started dropping, By the end of the 30 minute run, the .
¢ chamber temperature had dropped to 1200°F, 'I':e hydrogen manifold pres- : 3
i sure also rose high encugh to unchoke the sonic crifice controlling hydrogen
flow rate, The measured parameters indicated that partial blocknge of the
throat had occurred. The reduced propellant flow rates despite the higher '
chamber pressure, resulted in less heating of the engine,

o SAPRIOFL I




The engine was disassembled and inspected, A slag-like deposit was found
all over the throat wall with a small hole in the center, as shown in

Figure 80, The chamber was scctioned in half, and a coating failure was
found in about the same location as the failure in the molybdenum chamber,
at the entrance end near the spark plug holder, The sectioned columbium !
chamber is shown in Figure 81, A hard, dark green deposit, probably an j
E oxidation product of columbiuni, was found on the chamber inside surface,

;; A hard, dark green deposit was &lso found in the combustion zone within the
spark plug holder, The access port to the spark plug was completely closed
by this dark green deposit, The tip of the spark plug was in good condition

] (Figure 82) with much less buildup nf deposit on the center electrode than

3 on the spark plugs used with the molybdenum chambher,
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The test data and post-test examination lead to the conclusion that engine
operation was normal throughout a total of 301,726 pulses, and all but the
last eight minutes of the 10, 07 hours of hot firing,

A failure of the columbium disilicide coating occurred sometime during the

3 last 30 minute run, Therefcre, the engine fullfilled the life goal of 300,000

. pulses, but fell just short of the 10-hour life, The combination of the thicker
coating on the columbium chamber, plus the reduced sparking duration,
resulted in a much longer engine life, The engine testing we.s more severe
than the 10 hours of life over a seven-year satellite mission would require,
because of the lack of engine cooling between pulse trains, During Runs 247,
250, and 252, during which a total of 300,701 pulses of 0. 1 second ON, 0,1 '
second OFF were accumulated, the temperature of the combustion chamber _
was 1400°F for a total of 16,7 hours, ;
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Inasmuch as both the columbium and molybdenum chambers failed in the
same general location, it seems likely that the same cause of failure was in
effect, The most likely cause is chemical reaction between the coatings and
the particins deposited from the spark plug. It seems likely that this could
be corrected by using a lower spark energy similar to that used for develop- ; ;
ment of the heavyweight engine. ) E

e T

e. Pulsing Performance

A low volume holder for the chamber pressure transducer was connected to

the spark plug holder through a 6,026 inch ID tube, The volume in the chamber
pressure transducer on the heavyweight engine had been 10.6 times as large

as the co.nbustion chamber volume, The time to reach 99% of chamber pres-
sure had been observed to be as much as 500 milliseconds for a cold heavy-
weight combustor, Pressure rise was faster with a hotter combustor, It

was surmised that the combustion gas entering the pressure transducer line
was being quenched, causing a slow chamber pressure rise,
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Figure 81, Cutaway View of 0,1 Lbf, Columbitun Chember ' fter Firing
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Testing with the Flightweight Engine No, 2, which had a chamber pressure _ :
transducer system volume only 1, 1 times as large as the combustion chamber :
showed that the pressure rise tlme was still long, i, e, , on the order of 500 ;
milliseconds for a cold combustor, - : i

§

The chamber pressure rise characteristics o Flightweight Engine No, 2 are
shown in Figure 83, The chamber pressure rises much more quickly if the
combustor is hot, reaching 90% of the steady state value in 30 milliseconds y
if the chamber is initially 1400°F, compared to about 1000 milliseconds if the ;
chamber is cold., The pressure rise is even faster if the chamber temperature

is near the steady state value (1789°F for a columbium chamber).

Subsequent to obtaining test firing data, heat transfer and performance analysis . i
was done which showced that the slow pressure rise is due to heat loss to the
combustor walls, The heat loss, radiation from the co mbustor and spark plug
holder, was calculated to be ,475 BTU/second for a coated ¢olumbium chamber
with a temperature of 1780°F and an emissivity of ,72. The theoretical heat
release from the propeliant flow rate of 3, 023 x 1074 pound/second is 1,75 BTU/
second, Therefore, the heat loss in steady state is 27% of total combustion

; energy. This leads to a predicted C* efficiency of about 85%. The 85% C*
efficiency observed during steady state test firings indicates that the additional
performance loss due to incomplete mixing and combustion was only about 3%,

r————

Even greater heat loss will occur whenever the combustor temperature is colder
than the steady state value, which would explain the observed relationship
between combustor tempevature and rate of chamber pressure rise,

1 The unusually large effect of hoat loss on performance of the 0, 1 pound engine

is caused by the large ratio of combustor inside surface area to chamber

volume, due primarily to the very small chamber diameter of this size engine. ,
With a chamber ID of 0,086 inch, a chamber length of 1, 25 inches, and a )
throat diameter of 0,031 inch, the chamber L* is 9,6, Thc chamber length
and contraction ratio were chosen to maximize steady state performance, A

reduction in chamber length in an attempt to reduce heat loss would involve

a trade-off between steady staie Isp and transient pressure rise rate, However,

the present configuration which produced a high performance (331 seconds Isp)

is probably preferable for most applications,

WK
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Since the combustor and attach bolt temperatures were considerably below
their temperaturc limits, the combustor OD could be reduced somewbat, This
would reduce weight and give some improvement in pulsing and steady state
performance,
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SECTION V

SPARK IGNITION AND EXCITER SYSTEM

1 1. L7 'EM DESCRIPTION

The . 0 Ibf and 0.1 Ibf thrust GO3/GHg rocket engines used te provide the attitude
-:ntrol and AV maneuvers for the water electrolysis system are ignited by a spark
plug located in the combustion chambers of the engine. Figure 84 shows the spark
plug used in the two engines. The Champion Spark Plug Company's FHE 231A is

a standard item used for ignition of reciprocating and jet engines. A semiconductor
material is located on the tip between the anode and cathode. This material is re-
moved prior to use on the rocket engines so that a high voltage, low total energy
spark is produced, rather than a low voltage, high total energy which is character-
istic of a '"'shunt' type plug. During the design phase of this program, the possi-
bility of changing the spark plug material was investigated but heat transfer studics
indicated that the temperature of the spark plug and igniter tip could be kept at a
tenmiperature which was well below the temperature at which spark plug performance
would degrade.
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: The principle purpose of the igniter/ignition phase of this program was to develop
; an ignition system which was both reliable and flight type. Prior studies with the
Bel Air Igniter, described in Reference 1, showed that the engines could be ignited
with one millijoule of energy, but under certain conditions of mixture ratio and
temperature that a greater energy would be required.

¢ The flight type exciter to provide energy to the spark plug was made by General
Laboratory Associates of Norwich, New York. The design and operating charac-
teristics of the flightweight exciter are presented in Appendix A.

2. TEST PROGRAM RESULTS ]

Three flight type and one boiler plate exciter systems were supplied by GLA for the 1
test program. The boiler plate system was used to test the 5 1bf thruster which was
: built for the system test and this exciter supplied 10 millijoules of energy but did not ]
: have EMI suppression as a control circuit. The three flight systems contained a : 3
: control system which delayed the spark for 4-5 milliseconds after electrical signal. . i
The spark rate was 500 Hz with 7 sparks supplied in 15 milliseconds. Figures Nos. :
1 85, 86 and 87 show the acceptance test records for the three flight type exciters.
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SECTION VI

CONCLUSIONS

The results of the life testing of the water electrolysis propulsion system, the

5 1bf. flightweight engine and the 0.1 1lbf, flightweight engine lead to the following
conclusiona:

1, Initial life testing of the water electrolysis unit revealed design inadequa-
cies after 19 weeks of te'.ting, The design inadequacies were eliminated
and the modified electrc.iysis unit operated without any change in perfor-
mance for 14 weeks of continuous testing.

2, All components of the propellant supply system operated satisfactorily
after substitution of a Carpenter 20 check valve in the oxygen outlet line,

3. The propellant supply system does not require a water deionizer or
water filter.

4, The flightweight 5 1bf. engine satisfactorily met all performance require-
ments including a high specific impulse, repeatable impulse bits and high
ignition reliability at a 3 to 1 blowdown ratio.

5. The [lightweight 0.1 engine demonstrated the capability to operate for
more than 10 hours life and 300, 000 pulses. Increased life should be
possible with a reduced spark energy.

6. The flightweight 0.1 1bf. engine demonstrated high specific impulse
and high ignition reliability for supply pressures as low as 100 psia,
corresponding to a 2: 1 blowdown from a 200 psia system.
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SECTION VII

RECOMMENDATIONS

The following recommendations are baserd on the fact that the water electrolysis
satellite propulsion system possesses significant weight advantages for attitude
control and AV of large, long-life satellites,

1. Further life testing of the modified water electrolysis unit should be
accomplished with 100, 000 pound-seconds being the primary goal.

2, A single cell, flightweight water electrolysis system combined with
the 0.1 and 5,0 pound thruster should be designed, built, and tested
to demonstrate its weight and performance advantage. i
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APPENDIX A
FLIGHTWEIGHT IGNITER

The General Laboratory Associates of Norwich, New York, successfully developed
a flight type exciter (Figure Al) for use in the water electrolysis system, This
exciter weighs 1.5 pounds and has an integral timer circuit and EMI suppression,
Figures A2 and A3 show the wiring schematic and installation,

EXCITER OPERATION

The exciter consists of six basic sections, each performing a required function,
They are as follows: (Reference Block Diagram Figure A4)

The Input Section containg the reverse polarity diode for reverse input pro-
tection and a current limiting resistor, Also in this section are the voltage
dropping resistors for the zener regulator of the Delay Seciion,

The function of the Delay Section is to sense the application of input voltage
and generate a signal after the proper interval of time to activate the Burst
Length Control circuit,

The Burst Length Control determines the length of time the Charging Circuit
and Discharge Circuit will function, These circuits yield a burst of high
voltage~high current discharges at the igniter gap for a fixed time period,
The EMI Filtcer Section provides filtering of interference pulses generated
in the Charging and Discharge Sections.

The application of 28 = 4 VDC of proper polarity to the input of the Input
Section results in the reverse biasing of the reverse polarity diode D1-1,
Thus, it appears as an "open" and allows exciter operation, However, if
the polarity of the input is reversed, the diode will be forward biased,
appearing as a short circuit with R1 in series. This will draw sufficient
current to trip a zircuit breaker or cause a fuse to open, Protecting the
exciter with a circuit breaker or fuse of 2 to 3 amperes will be adequate,

Applying 28 + 4 VDC to the input in the proper polarity will initiate the

Delay Circuit as follows: Current will flow from B pin through R1, R2-1,
C4-1, D3, C4-2, and R2-2 to A pin; D3 is a zener diode, R2-1 and R2-2 are
the dropping resistors for D3, The combination of R2-1, C4~1 and R2-2,
C4-2 form small EMI filters, The voltage across D3 will rise rapidly., The
Delay Circuit operates from the regulated source D3,

The Delay Circuit is basically a programmable Unijunction Oscillator (Q3).
Its stancoff ratio is set by the ratio of R13/R14. The delay is set by the RC
network R17, C5. When the churge on C5 reaches the firing point, Q3 conducts,

- Preceding page blank 161
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The discharge of C5 produces a pulse at the gate of Q2 SCR., This pulse "gates"
Q2 to the "ON" state, The unijunction oscillator continues to operate as long
as there is voltage on the input, However, Q2 "latches" in the ON stage until

- the input voltage is removed, When Q2 is ON, the input diode ( a light emitting

diode in the optoelectronic coupler, OC) is activated. The output of the OC is
in the Burst Length Control Circuit, The OC is a device to couple one circuit
to another with a high degree of electrical isolation, thus the Delay circuit is
electrically isolated from the Burst Control Circuit and will respond only to
conditions at the input to the exciter,

Other components in the Delay Section are protection against false firing of
Q3 due to switch or relay contact bounce; to prevent this false firing, C5 must
discharge faster than C2-2, This is done by making the time constant of C5,
R6-4 faster than the timne constant of C2-2 x (R13 + R14),

The delay is set for 2, 2-2,4 milliseconds. During this delay time, C1 will
charge to near input voltage through L1-1, D1-2, and L1-2, D1-2 prevents
discharge of C1 back to the input and prevents activating the Delay Circuit
when input power is removed. C2-1 "softens' the switching characteristics
of D1-2 for EMI, C1 serves two purposes. It is an effective filter for the
audio susceptibility requirements (AC voltages impressed on the DC line)
and tends to cancel the reactance of the EMI Filter Inductors L1-1 and
L1-2,

C3-1 and C3-2 are feed-through capacitors which, in conjunction with L1-1
and L.1-2, comprise the major EMI filtering elements of the exciter,

At the end of approximately 2.4 milliseconds after application of input voltage,
a pulse has been generated to turn on Q2 and cause the LED (Light Emitting
Diode) in the OC to light., This beam of light will actavate the photo transistor
(output portion) of the OC,

This transistor receives its power from the zener diode (DS) regulated source
(R3 is the zener dropping resistor)., RS9 is the transistor load resistor. When
the transistor is turned on by the light from the LED, a pulse is coupled to
pin 8 (positive edge trigger input of the Ic) through C6, The Ic is a monastable
multivibration, whose timing is set by the RC combination R18, C7. The Ic
also shares the regulated power of zener D5,

When pin 8 is triggered, pin 10, which is normally low (at zero vcliage), goes
high and turns on the emitter follower Q1-2 and then Qi-1.

During the interval of th-: Deiay Circuit operation, the charging circuit is
ineperative because Q1-1 is off, causing current to flow through R4 and D6

to the base of @4, This forward bias forces @4 into saturation (turned on with
low resistance), The starting current for the charging circuit flows through
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R5 and R8 during the charging cycles, However, until the @4 is turned off,
current will flow through R5 and Q4 to the negative line, disabling the
charging circuit, When Q1-1 is turned on, the bias on Q4 is removed, turn-
ing Q4 oft and allowing the starting current to flow through R5 and R8 to the
base of Q5.

A P, Mt s 5 i AW Bt

This starting current (forward bias) on the Q5 base emutter junction causes
current to flow through the primary of T (power transformer), the Q5
collector-emitter junction and return to the negative input line,

7 e R

The current flow in the primary of T1 induces a voltage in the feedback wind-
ing of T1, Because the current increase in T1 primary is linear, the voltage :
out of the feedback winding will be br sically a square wave in shape, This
voltage causes current to flow through R19 and D2-1 to keep Q5 in the "ON" '
state,

PR N

When the loop gain of Q5, R19 and the feedback winding reaches zero, the :
collector current can no longer increase and the feedback voltage decreases
to zero, Therefore, the current in the primary decreases to zero very
rapidly, The polarity of the high voltage winding of T1 is such that the high ;
voltage rectifier CR1 is blocking (reversed biased) when the current in the |
primary i3 increasing. When the current rapidly decreases, a high voltage

pulse of the opposite polarity is induced in the winding, This energy

pulse places a charge on the energy storage capacitor C10,

o A o SO b i R 5

Concurrently with this pulse generation, the feedback winding produces a pulse 1
of opposite polarity (-) which is applied through D2-2 to the base of Q5 (reverse
bias) aiding in the turnoff of Q5. When all of the energy stored in the trans-
former has been 'delivered" to C10, Q5 will again conduct and the cnarge
cycle will repeat, C8 and C12 are bypass capacitors that eliminate Q5
responsge to high frequency pulses, This charging cycle will continue, and

each time Q5 is turned off, the voltage on C10 will increase. Wher. the voltage :
on C10 reaches the ionization point of the discharge tube, V1 will ionize and
the discharge cycle will begin,

The Discharge Section serves two functions, The first is to provide a trigger 5
(or ionizing) pulse (5KV) to the igniter. The second is the energy portion of :
the discharge which comprises the spark at the igniter tip., The trigger

voltage is generated by the resonant charging of C11 through L2 (a high Q

inductor), This places a voltage on Cl11, and also on the igniter clectrodes

that is 1,6 to 1, 8 times that of the voltage on C10. (See following pages for

a detailed description of Resonant Charging,) This trigger voltage appears

at the igniter center electrode to ionize the igniter gap,
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Upon ionization of the igniter gap, the main portion of the discharge occurs
as foilows: Current flows through L2, through the center conductor of the
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output cable to the center electrode of the igniter, through the ionized gap of P
the igniter producing a spark, to the outer electrode, back to C10 through the ;
outer conductor of the outpu. cable and case, The characteristic of the dis-
charge is Unidirectional (see following pages for a full description of Uni-~
directional Discharge),

.
s N et R e 4.l

When the voltage on C10 reaches zero, all of the energy stored in C10 has

2
not been dissipated in the circuit, A large amount is stored in L2 | E= LL !

L2 now becomes an energy source, This remaining energy will now starg to
charge C10 in a negative direction. This will forward bias CR2 clamp rectifer,
Due to the low forward drop of CR2, V1 and C10 are removed from the circuit
and the remaining energy is dissipated at the igniter tip, R10 serves as a
protective load in the event the igniter is quenched or the exciter is operated
without the proper cable and spark igniter.

This charging and discharging of C10 will continue until the Burst Length
Circuit switches to the off state. At this time, the starting current to Q5
will be removed, stopping oscillation and further charging of C10. The
charging circuit will not function until input power is removed. Reapplication
r of power will again activate the exciter with the associated delay, burst
duration and turnoff sequences.

b e L Ak e i &

L .

The basic spark rate is set at 400 sparks/second at 28 VDC input, This yields
a nominal 2, 5 millisecond. between discharge pulses, Thus, in a 15 milli-
seconds burst duration, 6 pulses should be present,

Due to the characteristics of V1 discharger tube, the charge time per pulse
will vary slightly, This is due to the high discharge rate, The discharge
tube will vary slightly in its ionization noint, yielding this variation in chaige
time. The charging time is also a function of the input voltage, so at 24 VDC

input, the charge time will be longer, and at 32 VDC, it will be shorter,
! Therefore, the delay to the first output pulse will vary with the input voltage
i level, The delay cirucit is designed to impart 2, 3 milliseconds nominal

, delay. This designed delay plus the charge time is the total delay to the first ' 3
pulse. Tests show a delay of 4.7 milliseconds at 28 VDC, becomes 5 milli-
seconds at 24 VDC and 4. 1 milliseconds at 32 VDC, 3

Due to the high voltage involved in the Discharge portion, this mcthod of
delay was used. For greater accuracy, more complicated circuits would be
invoived and would increase the volume, weight, and cost of the exciter,
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Resonant Charging

Figure A5 is a schematic of the components used in the discharge of the
capacitor to provide energy to the spark plug. The monitor circuit and
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resistors which have nothing to do with plug firing are omitted,

Q —— A - - - BN
O/ SIS > Tencver

|

Il

(@]

4 = {
— N 3
Figure A5, Resonant Charging Components {
!
Capacitor C3, Inductor L3, and Capacitor C4 form a resonant charging !
circuit, the purpose of which is (1) to increase the voltage applied to the
spark plug, and (2) to control the rise time of the voltage to the spark plug ‘
so that the full voltage is not appliad to the plug instantaneously, ]
The circuit of Figure A5 can be simplified for analysis as ‘ollows (see H
Figure A6), When the Gap V1 fires, it is a shori circuit and can be eliminated
from the circuit, Capacitor C3 has a much larger capacity than C4 nnd can ‘
be considered a stiff DC source during the period of time we are considering i
(time from Gap firing to Plug firing). What remains is the resonant charging 1
circuit of Figure A6, H
3
] L3 B .
; - g PO -y y Hoerk P
E . L\\-Q’ Lg}\/ e It!']" [)r. "~ Z
Stiff i N AL :
DC - E
Source T \) l__c
T A
1
L i -——-'-""/
f *
¢ #
: &
: Figure A6, Resonant Charging Circuit
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At the instant the gap fires, all the voltage appears across the inductor L3,
and the voltage at point B is zero, Current will begin to flow, charging C4

to the value of the source voltage (see Figure A7), This charging current
builds up a magnetic ffeld about inductor L3, When the capacitor C4 has
charged to the value of the source voltage, current would cease to flow if the
inductor were not present. The magnetic field that has been built up about the
inductor begins to collapse at this point and causes current to continue to flow
in the same direction until the field has completely collapsed (L.enz's Law).
This additional current flow in the same direction will theoretically charge
C4 to twice the source voltage. Because part of the energy stored in the
magnetic field is lost to heating and other losses, C4 actually charges to only
1. 6 to 1. 8 times the tank voltage,

Sty Sais
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If the circuit of Figure A6 were allowed to continue undisturbed, C4 would
discharge back to the source voltage with the discharge current again building
up a magnetic field about L3, This field would begin to collapse when VB = VA
and cause the discharge current to continue flowing in the same direction, :
VB is less than VA when the field is completely collapsed, and C4 will again J
start to charge to the source voltage, This process would continue with energy j
being gradually lost until the condition is reached where VB = VA, and there 7
is no energy stored in the magnetic field, The spark ignitor will fire some-

where between O and X on the VB curve (see Figure AT),

0 / \ e Time .:

[P

0 ,. Time

: L /\\ //‘\
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Figure A7, Voltage and Current Transients
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Some of the advantages of the resonant charging augment circuit are listed
below:

1) A simple means of providing an output voltage 1.6 to 1, 8 times the
storage capacitor voltage, This increased voltage extends the life of
a semi-conductor surface gap type spark igniter. The higher voltage
will ionize discontinnities in the semi-conductor surface and in the
contact between electrodes and the semi-conductor,

(2) The slower rate of rise of the output voltage increases the pessibility
of ionizing discontinuities in the contacts between semi~conductor
surface and electrodes,

®) L3 also can be used to lengthen the discharge period of the storage
capacitor, In some applications, this provides a gain in burner ignition
characteristics.,

4) L3 also can be adjusted to provide optimum energy transfer from the
storage capacitor to the igniter tip. The discharge current can be
controlled by the inductance, The inductance of the discharge circuit
is normally very low without L3 and the discharge currents high, The
high currents cause losses in the linear resistance of the circuit com-~
ponents and wiring.

By inserting the inductance of L3, the currents and losses are decreased. The
Q of the inductor is kept high to minimize I2F losses, The low limit on dis-
charge current is dictated by practical size of the inductor, peak discharge
power requirements of the burner, and igniter characteristics,

Oscillatory Discharge

The conventional method of converting input power to spark energy is to use
an oscillatory discharge circuit of the type shown in Figure A8,

/___._.
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Figure A8, Oscillatory Discharge Circuit
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The characteristics of an oscillatory discharge circuit are shown in Figure A9,
When the voltage on Cp in Figure A8 reaclizs the breakdown voltage of the
discharge gap, current flows from the positive terminal of Cp through the gap,
the circuit inductance and resistance, and the spark igniter to the other
terminul of Cp. Some of the energy stored on Cp is dissipated in the circuit
resistance, including the discharge gap,and some in the spark igniter, A
large amount is stored in the circuit inductance L1, This energy is trans-
ferred back to Cp as & negative voltage as shown by the Cp voltage waveform,
The energy will continue to oscillate between Cp and L until it is dissipated

in the circuit resistance and the spark igniter, In a typical exciter, 18 to 25%
of the energy is dissipated at the igniter tip.

Unidirectional Discharge

A unidirectional discharge circuit is shown in Figure Al0,

¥ Discharge Gap

e ———— -—-g-(’:- Q e .

Chsrging .+~ T — J :S|l._»_ Trigger
—t —= 241 Trans.
Circuit e CR / ‘;,H'\.
C 1 T S — o1
_ D e o v Spark
- - Ny S M Tgniter

Figure A10, Unidirectional Discharge Circuit

The operating characteristics of a unidirectional discharge circuit are shown
in Figure Al1l. Operation is the same as the nscillatory discharge circuit

for the first one-quarter cycle of Cpy voltage discharge current. When the
voltage on Cp starts to reverse or go negative (point T/4) Ck, is furward
biased and the discharge current path switches from the discharge tube through
CRj. The remaining energy is at this time stored in L and is dissipated in

the circuit made up of the spark igniter gap, CRy, and the remaining circuit
resistance,

The discharge gap and Cp are removed after the first quarter cycle, prevent-
ing the oscillation of energy and providing a nonreversing or unidirectional
discharge pulse, The increase in efficiency is mainly due to the elimination
of the discharge capacitor and gap after the first quarter cycle, In the oscil-
latory circuit, the gap dissipates nearly as much energy as the spark igniter,
as it has a similar arc voltage and the same current flows through it.

Typical efficiencies range from 36 to 50% as compared to 18 to 25% with the
oscillatory pulse,
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The important component in the circuit is CRl. It must have a reverse
voltage capability equal to the voltage on Cp (2000 to 3600 volts) and pass the
discharge current in the forward direction (200-3000 amperes), The losses
in the forward direction must be minimal to provide for the maximum
efficiency,

The unidirectional discharge pulse exciter offers reduction in size and weight
and reduced input power reguirements, The reduced input power is also an
advantage in miniature continuous duty exciters where heat dissipation is a

problem, The concept can be used for both high tension and low tension
exciters,

Bench tests on shunted surface gap spark igniters indicate a substantial
increase in life can be expected with the unidirectional discharge,
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TEST NO, 12103

3 DATE: 9-26-73
1.0  TEST SPECIMEN

Part No, Name Syrial No. QLy
48829 IGNITION EXCITER 003 1
2,0 TEST PURPOSE

; 2.1 Evaluate the prototype unit for EMI/EMC characteristics to MIL-STD-461A4,
Notice 3, Class A2.

2.2 Develop test procedures that will permit preparation of formal test plans
4 for later phases of the program.
3.0 REQUIREMENTS

1 Perform EMI tests to Method CE-03 (20 KHz to 50 MHz Power Leads),
Method RE-02 (14 KHz to 10 GHz Electric Field) and Method CS-01 (30 Hz
- to 50 KHz Conducted Susceptibility).

3 4.0  TEST DETAILS

4.1  Method CE-03

Figure Bl depicts the iest setup. Measurements were made over the 20 KHz
to 50 MHz frequency range using the slideback substitution method. Prelim-
inary testing showed that the turn-on transient was much larger than the EMI
due to sparking in the 15 MS burst. The transient was also found to be well
above (nearly 40 DB) the specified limits. A 2 MH inductor was connected in
series botween the negafive terminal of the 3 PPS solid state switch and the
negative line 10 mfd feed-thru capacitor in order to reduce the transient to
less than CE-03 broadband limits. The remaining transient was still larger
than the EMI due to steady operation of the ignition circuit. Details of the
solid state switch are shown in Figure B2. The rise time of the voltage
across the load is in the order of 40 usec. A short duration transient is
caused by the resonant charging of the 16 mfd F.T. capacitor of the EMI test
setup (MIL-STD-461A required). Page B13 shows the conducted EMI levels
at 20 KHz and 65 KHz using the switch only. Pages Hl4 thru B19 show accept-
able EMI levels using the 2 MH series inductor to limit the on transient.
Pages B20 thru B23 show conducted EMI levels on both the switch side (line)
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T EST NG, 12103

DATE: 90-26-73

and exciter side of the 10 mfd ¥.T, capacitore with the drive to the switch~
ing transients of the solid astate switch reduced such that the rise time of
the voltage to the exciter was reduced to approximately 1 msec. It will be
noted that the EMI is greater on the switch side of the capacitors.

The acceptable data of pages B14 thru B19 is plotted in Figures B3 and B4.
4,2 Method RE-02

No change in layout was made from that used for CE-03, except that exces—
sive radiation was found to be originating in the 2 MH series inductor uscd
for CE-03. The inductor was rerioved from the test setup and the solid state
switch was modified to reduce the turn-on current surge as in 4,1. The radi-
ated levels were reduced to less than RE-0Z broadband EMI limits at all fre-
quencies except those in the 14 KHz to 20 KHz range. This ua is shown on
pages B25 thru B28, Page BZY shows the radiated EMI levce.s in the 14 Kiu
to 150 KHz range with the 10 mfd. F.T. capacitor to exciter leads laying on
the grouad plane. This roughly simulated shielding these leads and shows
that the conductec transient on the input leads was the source of the high radi-
ated levels at 14 KXz to 20 KHz,

The data of puges B24 thru B22 is plotted in Figure B5.
4.3 Method CS-01

The conducied susceptibility test (30 Hz to 50 KHz power leads) was performed
outside the shielderl enclosure on open bench space.

Dclay tirae (time to first spark) and the number of sparks in the burst were
monitored by oscilloscc,s., A miniature accelerometer was installed on the
1gniter si:ield enclosure to pick up the spark shock impulse. The oscilloscope
sweep was synchronized to start at the moment the solid state switch applied
power to tlie exciter. Synchroinized pickup was by means of an RFI current
probe, loaded by 5 ohins, clunped cver ons of the power leads to Lhe exciter.

Low frequency susceptibility :ignal levels werce found to increase the jitter of
the time deiay o the first spark., This occurred mostly in the frequency range
whern the time per cvele of the susceplibility signal cither approached or
excecded the delay time. Pages B30 and B30 show the delay time vs. test
signal frequency and level, Page B32 shows thal a variation in the number of
sparks per burst coulid not he detocted at any of the three DC input voltages
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TEST NO, 12103

DATE: 9-26-73

4,4

6.0

as a rasult of injecting the required RMS test voltage. Page B33 presents
data to show the level at which the delay jitier increase could just be
detected.

Additional Susceptibility

Tests were not performed to Methods CS-02 (50 KHz to 400 MHz Power
Leads), CS-06 (Spike, Power Leads), RS-02 (Magnetic Induction Field) or
RS-03 (14 KHz to 10 GHz Electric Field). These tests must be performed

at an outside test facility., In view of the nature of the test sample which
works at high energy levels, is contained in a hermetrically sealed mag-
netic material case and is provided with a high performance integral power
line filter; these four requirements become insignificant and the performance
of these tests would not produce meaningful results at this stage of the
program,

SUMM \RY

The P/N 48829 Exciter demonstrated that the requirements for Conducted
EMI (CE-03) and Radiated EMI (RE-(2) can be met in accordance with the
broadband limits of MIL-STD-461A, Notice 3, Class A2, except for high
levels of conducted EMI during the switching transients. The radiated traa-
sients may be reduced to acceptable levels by shielding the power in~ut wir-
ing. Conducted transient levels were found to be a function of the 1 e of
rise of the power applied to the exciter and can be reduced to acceptable
levels by controlled switching. The conducted transients are, to a degree,
a function of insertion of the 10 mid fecd-thru capacitors in the power input
leads. These do not exist in the actual installation. The EMI test of the
complete subsystem as called for in MII-STD-461A, Nctice 3, Section 4,1.1,
thus becomes significant in importance.

Conducted susceptibility at low frequencies presented some jitter problems.
RECOMMENDATIONS

The next phase of the program must include resolution of the following EMC
areas in terms of performance vs. cost conscious design:

1) Can short duration turn-on transients be tolerated?

2) Is controlled step function switching of the power desirable or-
necessary ?
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3) Are the C5-01 required susceptibility levels realistic at low frequen-
cies? If they are, then the circuit must bo designed to produce the
maximum delay at 24 VDC minus the suscepcibility voltage and the
minimum delay at 32 volts plus the susceptibility signal. At 30 Hz the
half cycle time approaches the full "ON'' operational time.

4) The impact of MIL-STD~461A, Space Shuttle Amendment (now in pro-
posed form) on the present exciter design.

5) Since it is recognized that the characteristics of the power switch
have an effect on the transient EMI and that the 10 mfd. feed-thru
capacitor disturbs the circuit, the use of the actual switch, or simu-
lation therecf, between the 10 mfd, F.T. capacitors and the test
specimen should be considered in preparing an EMC test plan.
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TEST NO. /2,703

TEST PLAN -

SHEET v oF L

S/N_ Q03 DATE F=24=-73
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DATE TIME OPERATING REMARKS
HOURS
G-2413 | 045 — SHRTEL TEST SE7 UP
08§50 BEGHS CELE 03 TES7IMG
DETCEMIVGY 7HIT SWTTH TRA4WY S piw 7
WS LARGER THAN STEADY S7HTE L[S
IVSTALLED 2mH IXDUCTOR )N fZq.
QW Te & Lizg0,
/000 PEoA CIU3  SMOTH ot 7H RN,
1730 CONPLETED (LF 03 # 4 ",
12/0 BESAN R 02 PRELINIVARY TEST
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CONDUCTED BHROADBAND RADIY INTERFERENCE TEST DATA

\VeM _EXC17 oA [ fER2Y SERIAL NO. __Q003
ACCESSORIVES A 420704 20k 800500 LfoeZeg AC - Fr— 0670

TEST NO. SA2Z03 . UATE _{-.34:-27 TECHNICIAN _ G, Ruwdd
PURPOSE OF TeST___fife /7 7 Pl [E Il utZzoe’

TEST EQUIP. KL ~2e0e . AY — 3ER. I3y LAST cAL. Z2-7- 2.3
TEST EQUIP. Za /i i X SER. 2483 LAST CAL. L2723
PROBE/CESN Lo 540770 (v é43:2 FURCTION /2 dz FREQ.RANGF 2o/, 25 422 /ike
INPUT __30 ¢/ 20 sPeC.__4/ /A~ (3)___CONTRACT

CEO3 (435 NTeft  _ MITHOI T SCRIES [ DICTER
ThUE TRUE l
BACKGROUAD | 12:NSICR [ BACKERIND |  SAMPLE sAec
FREQ READING LEVEL |1 E0RKCE LEVEL LEVEL LIMIT REMARKS
L TR Y, cou v APE ) pey I neu I peu X DBUE : DB AGOVE 1 MICRO vOLT
URT /MR ST ) by PASITH g /NHZ DBUt 3 DA ADOVE 1 MICRD AMP
20 /90 B30 __| /¢ 4 &X4 137 | o Tonducior .
ZX2 190 g/ | /¢ /;// 1 450 | 412 »n ,
. ol S SR ._—.'_'___‘_JL prpmirapuetd iyt ppand

~
C 70/;7
APPROVED: 7'_..’ . -
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g CONDUCTED BROADBAND RADI: INTERFERENCE TEST DATA
4
ITEM [ZHCITER  PLY RN 2y SERIAL NO. _003 %
ACCESSORIES _LOAYIT et LiAD #2500 . LHK20700 £C ¥C =60 3
‘ TEST NO. _/2.1¢3 DATE _Z-2%-23 TECHNICIAN (2. S3udd ; ’
3 PURPOSE OF TEST__/Av70 Tyl [Eifrutired
: TEST EQUIP. NE~so8 2 ¥ SER. ___.33/4 LAST CAL._Z~7.23 )
- TEST EQUIP. TRV /aios A SER. 206853 LAST CAL. Zxs--23
PROBE/SkSN Rus 47743 sav 573-7 FUNCTION _fegk _ FREQ.RANGE Zoallz, 7o sop KHE.
3 INPUT _30 ' SPEC. __ /¢l A (3) CONTRACT
: CFe> LEST T W TH P Pl JADGCT 08 .
TRUEI TRUE . ]
rrea | meaping |ooLevee  liwstoance | creectMtl SETEE | SRS, REMARKS
Kitx, T, DU N A-DO oBuX pBU T onu I DBUE < DB ABAVE | MICRG vOLY
[ /Mn 2 AT 08 /342 /IMHT /MM DBUI = DB ABOVE | sMiCRn aup
oo 1O% Jo /e Ho /15 | /3y
22| /o8 o LL 40 HE | /32 | Run
L 20! /o= 7 Le 43 M | 126 "
” 4p | v3 | 29 e | 39 | se3 | sz ‘
) 84 e/l /) 40 gl 1 277 4
: 648 | Bo 3/ /0 4/ ¢ | ypr2z2 | » B
J go 70 g5 i0 dy- Fe | se %5
oo LH J° yz 25~ 68 yixs
120 | 49 J4 /0 <y 7 | 70/ .
Ldo | 47 32 /0 4. 57 77
3 —
| ‘3
= |
2y
Setaend 1
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CONDUCTED BROADBAND RADIO INTERFERENCE TEST DATA

ACCESSORIES LAy 7/047 fLAP HOFCO , [5207¢0 #C — fUCtre

TEST NO. /2/¢3
PURPOSE OF TESV_LFV0 THIE EVaL T o
TEST EQUIP.
TEST EQUIP.

DATE

J-du-23

TECHNICIAN

N -~r08 A

SER.

334 4

il At Jos X

SER.

2083

PROBEAESSN Loea  3492:3_ symrs?3-27 FUNCTION 23K FREQ.RANGE 2osmiz yo /b jliz,
INPUY __3¢ ¢ P2 SPEC. 4L/l1- (2 CONTRACT
CiEe3 St N T ST A QU TR e TN TR
TRUE TRUE
frro | reaning | CEvELo e fvetoance | oreweo ol SEEEC | Oy
P A N e T | 5o dee | ce?

20 | /oy 20 /0 €0 179 | 134
2 lod Jo /0 40 Jr72 | /32
3o /00 33 /0 43 e 126
4o 25 29 /0 3y Fs | Jze
_JD 71 Jo /0 4e g7 147

| om | Eo 3/ /0 4L fo {//2

8o 74 J5 /0 45 X/ /0F
/o0 57 327 20 s 67 | /07

120 D J4q /e 44 6° [0/
JAxe) 57 72 /e 42 57 L 97
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CONDUCTED BROADBAND RADIYD !NTERFERENCE TEST DATA

0 T RS R S N o

)
5
g;
&
%n

CVVEM __EACTER Yy HEF2E ' SERIAL NO. ___ (003
ACCESSORIES /G LY 710w Lrsp HCT0o _ [HBUTIR _AC. - Hi—4re
TEST NO. _[2/¢3 DATE __7-2+4-73 TECHNICIAN __ G, Rusd
PURPOSE OF TeST__PAc7e ThHE sy tiutins ;
TEST EQUIP. AE-/0.8 AY SER. __33/% LAST CAL..Z-2-23 §
TEST E£QUIP. _ﬂm - lC A SER. _23/4 LAST CAL, oS 23
PROBE/ EESN 9% Zr1-%p FUNCTION _fesh _ FREQ.RANGE odame. so 29" M2
INPUT __ 30/0C SPEC., 4] A (30D CONTRACT
Cl 23 (ST SWiTl M~ WiTt- it juDUCTIA e ¢
PACKGROUND | TRANSFER [BACIEESUND SI::’JEE SPEC 3
FREQ READING LEVEL IMPEDANCE LEVEL CEVEL LIMIT REMARKS 3
DRUY v DEUY SUb oru T osul coul DBUE : DB ABOVE 1 MICRD VO.T 5
MHZ /M2 /n 08 /an2 /MHZ /N7 DBULt = DB ABOVE | MICRO AwmF ‘“-
250 | G 2 5:2 | 20.8 | 548 97 ;
Boe | o7 2 7.3 L /in7 | 49.2 ] 72 g
| . 250 | o8 26 £~ 1 17.5 | 46.5 1 §8 §
PicleYo) 33 a5 ViEN /9757 435 £ i
Yoo | 45 22 /v //. 0 42,0 7
wIpe | so 20 /2.0 70 | 350 75
(00 d 22 | /2.5 7.5 3¢5 72 i
Aoo | 4% 23 /3.5 9.5 | 345 &7 1
Loe | 4a” 2 /48 <. 0 3/.0 (2. _
Lo | 45 23 (4| &5 | 305 5¢ ]
2.00 | 42 23 4F | g2 | 222] 50 3
o, 4 | 38 2y | 50 9.0 23.0]| ko g k
J.26 | 38 2 /50| jo.0 232.6| 50 ¥
Heoo | 44" | 2 [SSo| Fo 4 Fe.o) 50 ! E
4.8 | 35 | 2y o | g0 | 2%.0]| 47 g
(Yo | 3T 23 /57 f0 | Jaol 4 i
E.pp | 33 21 /570 (oeO /5.0 | 40 3
g b | 357 | 2] /50 | .o | 2eo| so i
id, 8o | JO__| 2 [so ) F0 | /57| 570 i
/oo | 27 | 27 po | /2.0 |R/2.0]) 5o v
/5. 20 | 2 27 b 2.0 | L /20| 50 ) ;
5o | 2L | 2b /M5 g TS ST 80
b
i 3
- k!
= = ‘ !
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ITEM

CONDUCTED BROADBAND RADI

ékmf&r 7 48827

ACCESSORIES /AT 7764 Lash)) 4§00

TEST NO.
PURPOSE CF TzST

INTERFERENCE TEST DATA

SERIAL NO. _00oJ3

LG .61 TR _LC P C—L/0

TEST EQUIP. AL
TEST EQUIP. J2/NF - for X

PROBE/TESN A

TECHNICIAN _ G A udd
Y AL L AT,

12083 DATE _Z-24-23
LPrRo 70 T4 /5
ME 205 AT SER
SER

. 2314

. 2344

LAST CAL. Z2-2-23
LAST CAL. Z2~5"-23

g 0582 S 27-20eFUNCTION _Lhak FREQ.RANGF .foutha, In 2502

L
?

INPUT o vYpC SPEC. ___2¢/A _(3) CONTRACT ___
e 2203 [ZAST _SWTEM (0 TH 22 i TuPie s
TRUE TRUE
rrco | reaning |ocEvios livpeoance | Ctevee 0] StEver | Ciir REMARKS
SBu ¥ couy yon oBu L oBUL D8u L OOUE : D ABOVE 1 MICRO voLT
MH2 /Ml /N2 [<]:] /unyg /A2 /MAZ DBYL = DB ABOVE 1 MICRO AMWP
5o | I8 2¢, 4.2 20.8 | 5281 97 B
L2oo | K 26 7.3 /2.2 4271 g2
2.5 54 26 R.J (25" | 505 g
oo | SF 25 1 9.5 | /55 | 4357 g4
LYoo | 2 22, .0 | /e Hdlo | e
oo | Jo a2 12.0 /0.0 3750 | 75
oo | T 22 /2.5 75~ | 3857 92
Rpo | 51 23 43,0 N 32571 7
00 48 23 /4,0 v AL 340 | 42
120 1| 5D 27 4.7 Fo | 3551 59
/o | HY 23 /4R gz | 272 59
2.oe | 42 24 /£ g0 ! R720| %0
2.40 | 37 25 |ise /g | 220 g0
3.2 37 ol 1550 y&xA 22.¢| 5¢
4.00 25 24 /50 g0 20.0 k4
9,80 | 34 23 5.0 r.e /7.0 | 50
6.4 | 33 ey yZL 84 /80 | 5o
B.oo 1 .37 21 IR ¢.0 /2.0 50
Ti6o | .34 24 |ur.p 20 | /70 | s0
I3, Fo | Ip 2¢, [50 [l | 150 50
Joov | 2T &1 450 (2.0 |5 (2.0 5@
/12,20 | 27 27 /50 (20 |4£/2.0| s
2500 | Alo | 2l {ged | (Lo (S5 | 5O
APPROVEC: f@/‘)
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CONODUCTED BROADBAND RADIN INTERFERENCE TEST DATA

VVEM _LEH00 750 2Ly (&2 SERIAL NO. QO3
ACCESSORIES /G770 LEAD 4YC5¢0 Lheyiesg  AC = YC L/

TEST NO, L2703 DATE __F-349-273 TECHNICIAN (o, ATncdd
PURPOSE OF TEST___fRO7O 73 'Z  [2 )AL it7re s

TEST EQUIP, Al vas x ¥ SER. J 34 LAST CAL. Z=2-73
TEST EQUIP. _ZL¥F s A SER. __2:3/4 LAST CAL., 28223
PROBE/EFSN Lhe  Ttdlaf v 277200 FUNCTION _Ffod  FREQ.RANGE g2k, As J2 414

INPUT ___ 30V JC o SPEC. HECL/A (3] CONTRACT

CLE03 LAST SWITCH Lt 2 A = JaduCTeR ‘
TRUE TRUE :
BACKGROUND | TRANSFER | BACKGROUND SAMPLE SPEC
FREQ READING LEVEL IMPEDANCE LEVEL LEVEL LT REMARKS £
duu ¥ oBu 32 sub osu I ooy I osul OFUE = D8 ADOVE [ MiCRO vaLy 3
MHZ 2" v ) 20 7 /Nnl ofus = DR AROVE 1 MICRO AMP ) i
25 323 23 /4.5 L7 K 85 | 40 ;
30 &5 | 29 /4-Y AN/ BRRY,
Y40 &g, 232 /2 & 9.4 1< 74 50 :
: iy ]
Jn | 23 23 / /2.0 (£)2 Y b
¢
i
. 3
- § BF
3 X
3 H '
: H :
v ;
3 * 2
3 3 :
3 % 5
A A "
! e
! 3
S L
o
PR A
~ : - 0/ i
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3 g' ®ITMESSING INSPECTAT b
3 b . 3
3 A 193 b
rf
Eox ¥

i
E




CONDUCTED BROADBAND RADIQ INTERFERENCE TEST DATA

VTEM __EXCITER PIY YR RS SERIAL NO. 03
RCCESSORIES /O 77c¥ LELD 4 (fcl LOGMITER _AC = FC-(Lo
TEST NO. /2203 DATE __2:-24->3 TECHNICIAN (. /¥ ecctd
PURPOSE OF TEST__ ARe7e THASE  fLALLUET e
TEST EQUIP, NME~Zena AY SER. 2308 LAST CAL. 2223 _
TEST EQUIP. LA S-ions A SER. __.33/4 — LAST CAL. Z3F-23%
PROBE/AHSN Nep, Vrfo~/ INEW-200FUNCTION ___ FREQ.RANGE Q8myxm, Jo . Ay
INPUT 30 ¥ D¢ SPEC. CONTRACT
C 03 LA ST o irhe Tl 200 jap.
TRUE TRUE
BACKGROUND | YRANSFER | BACKGROUND SAMPLE SPEC
2 FREQ READ INC LEVEL IMPEDANCE LEVEL LEVEL LIMIT REMARKS
3 08U ¥ ooUL’ Su6 DBU L oBu X ooul DBUE : DB ABOVE 1 MICKO vOLT
MM 2 /vl /A2 08 /rz IMHZ /b2 O8UI = DO ABOVE 1 MICRD AMmP

28 | 23 23 (4~ Fo |4 E5 | so
o | 27 | 27 | /0 | pe |L//¢ | s
4o | 22 22 (.| 94 |4 24| 40
Jo 23 23 /o | 72.¢ |£/29 | 50

R T T e e

e s £

- é

1
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CONDUCTED BRUADBAND RAD1G INTERFERENCE TEST DATA

\TEM _LZXCATR ¥ LECEG SERIAL NO. _003
RCCESSORIES /(G AN T704 LEALD #/05¢0 [EAMER _LC~ Se—GlC
TESY NO, £2&/¢3 DATE _ 7-24-23 TECHNICIAN &, 2Tudcd
PURPOSE OF TiST__ARNT70 T3AZ =yt ildizo
TEST EQUIP. __NE~105 Ay SER. 3314 LAST CAL._2-2-23
TEST EQUIP. I/ AE LB N SFR, 2483 LAST CAL, . 2=8:7 %
PROBE/CERN Lo FUNCTION _Ae-2.A” FREQ.RANGE oM. o 50 An:
INPUT 30/ R2E- _SPEC.__ LA (2) CONTRACY
CEO3 ElOMER W B f0pfl) [27-  DoS.
T IU— —t S
TRUE TRUE
BACKGROUND | TRANSFER | BACKGROUND SAMPLE SPEC
FREO READING LEVEL IMPEDANCE LEVEL LEVEL LY REMARKS
. ADP - DAUE : DB ABOVE | MiCKkO vOLT
' rn‘.uf ol (/"“_x;\‘ on T N DBUL = DO ADOVE | MICRO Aup
2n /35 30 /0 40 /45" /124
2Z 130 3 /0 He /40 | /32
H 30 12y | .33 /0 43 /3, 126
| 4o /24 2 10 3¢ 126 | 122
K1) /30 3o /0 4o Jue | 177
O 427 | 3 V44 “/ 127 /=2
Ep_ 1)o7 4 a5 L0 s /i 7 | 208

LT AISE) Fperez]  senilr #

’
APPROVED: 7 yl:’

—p
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CONDUCTED BROADBAND RADIU INTERFERENCE TEST DATA

VTem EXC T Y 4FELY SERIAL NO. __Q¢3
ACCESSORIES /6 L/ TroY fLAD 450 Lo 17T AC— = (ol
TEST NO. /303 UATE __9-29-23 TECHNICIAN __&. Rudd
PURPOSE OF TiST__/RU70 7305 IS¢t il tTs et
TEST EQUIP, YA 208 AY SER. EAIL LAST CAL. Z~/ 73
TEST EGUIP. JRINE 2ot A SER. —_2&87 LAST CAL. ZaZ23
PROBE ZLESN £Lc, FUNCTION _feg A FREQ.RANGE Zo/iz, Jo _do> Ala.
INPUT —_ 30M0¢, _____ seeC Ml = (32 CONTRACT
C. .03 ST Cpe SIVE __OF __LOpfr) FT 05
TRUF TRUE
e | reanine |oocete o lweoamet | PTEvec N Stivee | &Tady REMARY §
Kh=, DBU Y TR Ao neu L~ oou I oou I DBUE : DB ABOVE | MICRO vOLT
m.n_'.:r /M7 /a2 1] /Mng /INKZ / Nz DBUI : Dft ABOVE ! MICRO AMP
| 2o 143 3o /0 40 (53 | /34
| 22 143 | g0 /e | 4o | /53 | /32
_4n 137 33 /0 43 4?7 | 126
e 19Y 2% a4 39 /44 =z
e 127 | o ’9 40 /37 | 127
(24 /¢ 3/ Lo o/ (&g | /12
ED e g5~ /e H5" | 20 LOF

.——-....—1’_... — -

Z Alf..':o‘ ﬁ’/;.f_Z;/.-{"i S‘W[{”{"%

-
L= e e = il g
”
— 2
APPROVED: (¢ VQ/—) -
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CONDUCTED BROADBAND RAD!! INTERFERENCE TEST DATA

LYCITER Pl PP 0032

;,;:5
;
s,

WITUESSING INSPECTOR

e skl
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FTEN SERIAL NO,
ACCESSORIVES _Ab 4y 77e8 LEAS2 L3500 Lo grigm AC-¥C~tr0
TEST NO. L2/03 DATE __ #2423 TECHNICIAN (%, Auwdd
PURPOSE OF TEST___LRo7oThIrE  SUALII 77047
TEST EQUIP, NE~zos A SER. 3.3/ LAST CAL.__ 2 #2232
TESY €QUIP. ZALALS 2o A SER. 264853 LAST CAL. 223745
PROBE/ SN Aoy FUNCTION _Beuits  FREQ.RANGE _godifba Y2 foz/uk
INPUT 30 2C SPEC. _HL/~4 () CONTRACT
e CEC 3 SIS0z AL LOpD LT AL
: TRUE TRUE
rreg | meaping | LEvee o lmeoance | o ocever o] “thvee | hetr NEmaRKS
reu Y ohu psul osu T oBul DBUE = OB ABOVE ! M!CRO VOLT
MH2 /il A 0B AT N2 ANRr DUUL 2 DU ABOVE | MICRO AwP
20 143 30 Lo 4o (53 | /3y
22 43 S0 /¢ Heo 253 1 132
30 (35 1 313 10 H3 2495 | 124
Yo | 134 27 o ) 39 /44 22
J0 128 3n /8 40 138 /27
NS 3/ /e 4 r2¢ ) [t1Z
8o | e | 35 | /¢ 45~ | 42 | /0%
LS ASIETINE  sebore
-2
APPROV..D: /”“VQ £22
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CONDUCTED BROADBAND RADIN INTERFERENCE TEST DATA

VVEM ___LxCiTrR A HEERG SERIAL NO, 003 5
RCCESSORIES Lloay Fuct! AELD 050 Lo 17 AC O =L ;
TEST NO. _LA/£3 DATE ___ #~34%-73 TECHNICIAN __ Gr, Sundd |
PURPOSE OF TeST__LRuTQ T30E it iigires
CTRSY LQUIP. L NE e A —- SER. 3324 LAST CAL. 2Z2-7-73
TEST EQUIP. ZRZALSso8 X SER. REAS LAST CAL. Z2ng-23
PROBE /&S _5';% FUNCTION ez 4 FREQ.RANGE
INPUY 301 P SPEC. 40/ A— (3) __ CONTKACT
e QE 0D ENUTL, SO OLe MO SR
TRUE TRUE ' 3
preg | reaning |2 EEVRC " Liveeoamee | A Trene ™l SRS | S REMARKS ! i
ORU A¢ 0B M 400 oeu I° pau I o DRUL : DB ABOVE ! MICRO VOLT i
JH2 /el SN2 vpa /W IMNT ‘i»’i’” phutr = DO ABGYE 1 MICRY AW 4
20 132 Je 10 ge 42 1 (24 :
22 L2% 30 WA 10 /37 1 132
3o |28 1 33 | je H3 | /3C | 126
4o 2.1 a7 /0 37 /37 | 28 b
o | Mo 130 /0 #e 140 | 147 1
Lo 1 1/6 2/ L0 4/ l26 | 112 i
Bo_ /ot 3L e VT Ve L s0F . _ i ;
.1
i k|
] =
i
J sl pisEl zose | swerd # ' *
; =
i T
|
- - i
.. -L ]
! 4 3
Pt s = === = ,
APPROVED. i VO/’
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RADIATED BROADBAND RAL:IQ INTERFERENCE TEST DATA

VTEM EXC TER YV 4825 SERIAL NO.

ACCESSORIES LOLUIICY LoAD _&0red. |, [Extrn A4S} = /0

PURPOSE OF TEST _ AL0/oZyaE L vililtddn’

TEST NO..LZ&LV> OATE T 2423 TECHNICIAN (e . Buded

TEST EQUIP. _ME-/n8 2 X SER.__A3i __ LAST CAL. —
TEST EQUIP. RLAE 105 SER.__ 2483 LAST CaL.
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