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Abstract. A newself-pressurizing propulsion system Higgiid thrusters and gagt attitudecontrol withoutheavy gas
storage vessels. A puntypoststhe pressure of amall fraction of thénydrogenperoxide, so that reacted propellant can
controllably pressurize itswn source tank.The warmdecompositiongas also powerthe pump and is supplied to the
attitude control jets. Theystem hadeen incorporated into a prototypgcrosatellitefor terrestrial maneuveringgsts.
Additional progress includes preliminary testing of a bipropellant thruster, and storage of unstapdioggn peroxide in
small sealed tanks.

Introduction A Differential g B Plain Tank .
Piston Tank or Piston Tank
A previous papefadvocatedhigh testhydrogen peroxide | Oxygen, Oxygen, Gas
(HTP) for miniature spac@ropulsion! It noted that the Steam, & Gas Steam, & Gen
. Condensate Generator | Condensate
smallest satellitedhave used cold gas propellant.  The | 30-300 psig 30-300 psig @
philosophy presentedwas that HTP offers more L1 9
maneuvering capability than nitrogen, at a potentiallyer I -g
cost than hydrazineThe greatly reduced toxicity of HTP 85% Liquid Reg| g
can accelerate development testing of new systems. HTP Regulator | 85% HTP g
31- 300 psig 30-300 psig
P ; ; ; 310 To-400
Liquid thrusters sizedor attitude control on a tiny scale psig p'si
were noted to beunavailable. Scaling equations showed UEnabIe |
that smaller satellites require a greater propellant fraction or * _ Valve }/
smaller impulse bitsfor 3-axis control. Given these ;'j;on Enable Pump

constraints, it makesense tocarry liquid propellant and
react it in agasgenerator to feedasjets. This scheme is
synergisticwith using reacted propellant t@ressurize its
own tank, thereby avoiding large and heavy gas vessels.

Figure_l. Options for self-pressurizing liquid tanks.

Both conceptsare decades old and can lsed with
different propellants. For example, the latter was testttd
hydrazine in the midl980's using a gadriven intensifier

Ongoing work has embodied these principles. A self- (GDI) made by Primex Aerospace Company.

pressurizing HTP system hleen completed andsed in
maneuveringtests of a 25 kgmicrosatellite prototype.
Efforts continue toward flightworthiness and additional
performance advances.

While not shown in Figure the tank may directly feed
thrusters after system pressurization. Similarly, a branch on
a warmgasline would feed tiny control jets.Considering

the singlesourcereservoir, there is no need &pportion
propellant between translational maneuvansl rotational
control in advance.

Pumped Self-Pressurization

Fluid flow around acomplete circuit taits point of origin
requires a pressure boagimewhere along the path. As
shown in FigurelA, a differential-areapiston tank was

implementedor initial testing!  This imposes significant The pump shown in Figure 2 was designed at LLNL during

constra_mts. on tank de3|gn and system packaging. %98specificallyfor HTP. Itworked thefirst time it was
alternative is taise agas-drivenboost pump based on the tested, and ulimately proved to be reliable The
same differential area principle, adown in Figure 1B. ' '

Boost Pump

John C. Whitehead 1 13th AIAA/USU Conference on Small Satellites
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Figure 2. The 220 gram aluminum HTP pump.
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In the photograph, the inch-diameter powéstonsare at

the lower left. Thefour smallest itemsshown are the
moving valve parts. Each intake-exhaust poppet is normally
opened by supply pressure.However, pilot pressure
pushes orthe valve stem to close the intake awdnt the
power chamber. This arrangement perittits pilot signal

to simply be theopposite cylinder's state of pressurization.
Interrupting the pilot signal near the end edch power
stroke ensuresautomatic oscillation at afrequency
proportional to liquid flow.

Regarding the liquid pumping heads, a primary requirement
was to ensure they would operatevetty low flow over the
entire pressurerange, even with gas bubbles present.
Therefore, unswept volume was minimizedlso, the check

design follows a series of prototypes gradually rEﬁneq/alves were givetight springsand soft seals tirtually

during 1994-1997. In the selected configuration, cietral

eliminate reverse flow losses.

gasvalving isflanked by a pair of power chambers. The

liquid pumping assemblies at tlemdshave built-in check
valves. Double-acting operation permits continuoflsy

for a steady system pressureAluminum construction
keepsweightand cost downvhile aiding liquid cooling of
the soft warmgas seals. Aelated key feature ithat gas
flow ceases when liquid demand stops at pressure.

Figure 3 showshe powerhead subassembly, alomith a
set of spare parts (fasteners and seals omitEeah power
chamberhas a3-way intake-exhaustalve, pneumatically
switched by the maipistons. The springlesspowerhead

avoids force limitswhich would narrow the operating

pressure range. The uppienit is structural, and théower

limit depends omwalve friction. Many system restarts can
be reliablyhad,from tankpressures of just tens of psi. In
contrast,prior designs for self-pressurizing propulsion ha
pump springsand single-use solid propellant starter

cartridges.

One Piece
Gas Housing

Gas
Subassembly

Par
h
s IE

Pilot Pistons

dregulator

Note in Figure 2that sizeabledischarge and suction
manifolds are needed. The extra mass isletimental for
a self-pressurizing boost pump. However, this
configuration may not be preferrefdr a high flow-to-
weight ratio. Forexample propellant is pumped directly to
thrust chambers in a pump fed rocket engine. ceatral
liquid manifold surrounded bypower chambers joined by
gas plumbing is appropriate for this latter applicadion.

Breadboard System Test

Given a workingpump testedwith air, the nextstep was
self-pressurizing operation of a hydrogen peroxide tank. In
Figure 4, the system componemteremounted on a &ter
aluminum piston tank. Acommercial adjustablpressure
was used, alongwith a gas generator
manufactured by General Kinetics, LLC.

Assembling and testing this systemias a one-week
benchtop effort for 1-2eople. Thismay nothave been
possible with highly toxic or volatile propellant. Aside from
room temperature proof-pressure tests, it wasnoessary
to subject individualcomponents to predicted operating
conditions, or to performigorous systemeak checks. A
polycarbonate enclosure was sufficient to propegsonnel
from potential test failuresVentilation combinedwith the
low volatility of HTP would prevent éreathing hazard in
the event of a fluid release.

A gas solenoid valve at the tank pressurant wegused to
introduce compressed air at a fraction of operating pressure.
Also included in Figure 4 but not shown in Figure 1B is a
checkvalve for the warmtank pressurant. Thiprevented

the initial air charge fromimmediately actuating the dry

Figure 3. The gas housing and valves consist of 13 parts.pump.

John C. Whitehead 2

13th AIAA/USU Conference on Small Satellites



SSC99-XII-5

Thermal

Weakening ofaluminum tank wallsabove400 F is an

Gas
Check Tank obvious concern. At a comfortabl@00 F, Al-6061-T6
Valve Pressurant

Port retains 85-90% of its rootemperature strength, depending
on duration. Fluoroelastomer seals al®ve a practical
limit in the 400-600 F range Candidate polymerfor tank
liners are beingevaluated as well. Liquid HTP released
above its atmospheric boiling poin(282 F for 85%
concentration)will partly become vapor.  Sufficiently
concentrated HTP vapor detonates if ignited.

Gas
Solenoid

In the breadboard tests, thank's upper end (near the
pressurant port)typically reached 250 F upon full
pressurization. Additional heattransfer fromthe steam
raised this as high as 290 Hhese measuremeritglicate
acceptable avoidance of all the above limits.

Regulator

(sot at 300 psig) Note that this test seriesvas thermally stringent. In

particular, the 10% propellant load had little thermaks to
receive heatcompared to a full tank. Simultaneously the
90% ullage volume resulted in a high energy inpuffilléd

in 10-30 s (depending on start pressui) little time for
heat dissipation. Thermal stratification in thevertically-
oriented ullage may have reduced heatsfer tothe liquid,
thereby maximizing metal temperatures.

Pﬁmp Feed Valve
(from tank liquid port)

Figure 4. The breadboard self-pressurizing HTP system.

It is unlikely that flightsystemsoperating invacuumwill
result invastly higher temperatures, since observed cooling
rates in the lalveremany times slower than heating rates.
That is, convectiorand conduction to the laenvironment
must have been minor effects.

In September 1998, the breadboayktem pressurized
itself on thefirst try and subsequenthlyithout failure. Six
successful system stamtgere achievedrom 50 psigdown
to 15 (lowest tried). This simply requireattuating the
pump feedvalve. Low pressure HTRhen flowedthrough

the pump, regulatorand gasgenerator. Assoon as the The pump gas housingypically operated nea75 F.

;e_surllting Warrr; gas r((ejached It_hf] lpu?pr’] the latters quuri](_j System shutdown by closirthe pump feedvalve resulted
ischarge wasoosted to a slightly higher pressure. T Sin a few seconds ofrapid dry pump cycling, a worse

positive fgedbacldoop rellmplifiked pressurewhile sending thermal condition. During one oftheseevents,the same
steam and oxygen to the tank. thermocouple indicated a peak of 245 F.

The pump cyclingrate was limited byfluid passageway
sizing. It averaged approximately 1 Hduring system
startup. Aninitially lower frequency rosealong with

pressure, then it gradually slowed tastap while leveling

off at the regulated pressure.

Based on the number of pump cycles and its ~%olene
displacementroughly 100 grams of HTad flowed into
the 2-liter tank ullage @00 psi. Considering botheak
temperatures and thealculated volume of theroduct
oxygen, the observations are consistenith nearly

The h is band . I 16si wide. Aft complete condensation of steam in the tank pressurant. The
h € ystleresnsh andas approximately 1psi ;llwdeélo €' volume of condensatewater drained from the tank
the regulator shut, warm gas pressure reache psi asrspgssurant port verified this.

propellant remaining in the catalyst bed reacte@ver

roughly 10 seconds, it thefell back o300 psi as the In general, tank temperaturessulting from warm gas

fsys:]eml_copdlfle_l(zlrsrf]ld ren:ammgeam cor_1densedw:jr(1;_)gt Ipressurization invacuum can bepredicted by energy
urther fiqui ow. In one test series, an additiona balance calculations. The Appendix outlinesich

gauge on Fhe tank ullage indicated % rf_sduction there. calculations for HTP systems.
This mostlikely corresponded tthe crackingpressure of
the warm gas check valve.

John C. Whitehead 3 13th AIAA/USU Conference on Small Satellites



—— £

i T, gt
' M =
; AN
21 inches

Figure 5. Multi-axis HTP maneuvering system.
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Integrated Maneuvering System

A prototype maneuveringsystem sizedor tiny satellites
was initially tested inl997. Figure 5 showthe custom-
designed liquid hardware. A pair of piston tankih
connecting structure permits point c.g. contndiile also
serving as the structural backborf@ mounting other
subsystems.The translationalhrust is inthe range3-5 Ib
and total HTP capacity is 5 kg.

In Figure 5there is no pressurizati@ystem. Initial tests
in 1997 usedacility pressurization into thiong horizontal
tube. Tank outletalvesand thrustewalvesare all located
inside the center structuredTP fill and drainvalves are
above thdanks atthe inboardends. The totalmass of the
assembly pictured is under 5 kg.

5
As indicated in Figure 6, an onboard nitrogen pressurizatiogly

systemwas installedor tests in19984 The four carbon
fiber composite overwrappegressurevessels(COPV's)
alonemassed 2.4g, or half that of the liquidsubsystem.

SSC99-XII-5

Most of the components ifrigure 4weretransferred onto
the liquid maneuvering core. Tlhpressurizatiorhardware
and mounting bracketseighed as little as two of theur
nitrogen tanks. This could B®lvedagain by eliminating
heavy fittings and building a lightweight regulator.

Figure 7 is dine drawing of theassembled systemhich
may be directly compared féigure 6. Testsvereplanned
for horizontal thrustingonly, so theboost pump was
connected in place of thgpper thruster.The latter'svalve
remained and wasctuated to initiateself-pressurization.
The pump orientationcauses any rising bubbles in the
liquid manifolds to move upstream instead of naturally
escaping. Thus, potentigroblemswith gas pockets in
microgravity would become evident during ground testing.

Other parts were located farassbalancing,and to confine
the hottest tubinguns in asmall areaaroundthe aft tank.
A normally openventvalvewas included on the&varm gas
circuit so thesystemwould safelyshutdown upon loss of
electrical powerduring ground testing. The initial low-
pressureinert gas was also introduced there. Figure 7
represents a 9.85 kg dry propulsion system. Truisided
over 2 kg of heavyweight attitudets and 1.6 kg of
stainless steel fittings, so at least 3 kg could be trimmed.

In order tomeet aprogrammatic milestone, theesssembled
stemwas successfully tested on September B#08,
efore the end of the fiscal year. Tbely glitch was a
corroded check valve in the pump, whitéd resulted from
inadvertentwet (water) storage for 9 days. After 3
successfutests, thepropulsion systemvas declared ready

Their mounting brackets, the high pressure fill valve, and thfPor integration into a microsatellite technology testbed.

gas regulator also addedeight. All these itemswere

subsequently removed for the self-pressurizing upgrade.

P

< el “
[0 A
™./ Nitrogen ™
I/\_ Vessel

Gas
Bottle /

Support
Ring

ACS jets

Liquid
Thruster

Figure 6. Nitrogen bottles are heavy and bulky.
Self-Pressurizing Upgrade
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Roll Nozzle

Warm Gas Valves

Generator
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Figure 7. Complete self-pressurizing maneuvering system.
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Heavyweight Attitude Jets

The miniature jets indicated Figure 6were manufactured
by Moog Inc. specifically for cold gasperation. Not only
do they incorporatdow temperature materialdut axial
flow throughthe solenoid is not a goodleafor hot gas.
Instead,available valve$having high temperature elastomer
seal puckswere fitted with conicahozzles. Based on a
supersonic floncalculation, pitchandyaw jets for example
were sized for 0.51 Ib thrust at 300 psi. Multiplying

SSC99-XII-5

Several generations of prototype microsatellitesere
previously testedwith varying degrees of freedom.
Technology upgradesavebeen made irall subsystems,
including the dynamic air bearingdDAB) capability.
During October 1998, the self-pressurizing HTP
propulsion systenbecame part of aautonomousmicro-
satellite technology testbedubbedthe ETV-200(ETV =
Engineering Test Vehicle).

As shown in Figure 8several imagingsensorsand an

pressure by throat area yielded a rough estimate of 0.38 Iknertial measurement uni{iMU) were attached to the

Four sets of 4varm gasjets were usedmost ofwhich can

forward tank, and theavionics were located at thapposite
(left) end. Also visible in the photograph are the linear track

be seen in Figures 7 and 8. They are intended to be usedaimd its air bearing carriageFor rotational freedom, the
pairs. Those on the ends of the tanks provide pitch and yaxertical post supports &emispherical air bearing surface
couples, while vertically-oriented pairs near the center of theentered within the microsatellite test article. Packl roll

vehiclesimilarly deliver pure roll torques. The remaining
four near the center of theehicle (2 oneachside) point
forward and aftfor fine axial maneuveringhrust. In
addition, pairs of pitch and yaw thrusters may be selected
obtain translational forces along the two transverse axes.

Thusthe set of 16varmgasjets can provide independent

fine control of both translational position and angulaminiature vehicle, capable of multi-directional

orientation for a microsatellite. A particular interst the

present work is theapability toperform close proximity
operations near othesatellites, such asinspection and
possibly docking.

Microsat Maneuvering Tests

A key element oL.LNL's MicroSat Technologies Program
is to develop user-friendly test capability for 3-D
maneuveringusing actual "hot-fire" propulsion operation.
To date, 5-d.o.f. operation has been demonstratedith
nitrogen propulsion. This usésw-friction air bearings on
all axes except vertical translatibnHowever, ithas not yet
been practical to construct an tble largeenough for the
greater distances of interest (e.g. 30-100 ierefore, the
HTP propelled systenmasbeen testeavith 4 d.o.f. on an
outdoor linear air track which is 40 m long.

Liquid
Regulato

Boost Pump Pitch Nozzle

#

py‘

. -] i) Alr Bearing_Carrigge
Figure 8. Microsat prototype set up for 4-d.o.f. operation.

John C. Whitehead

are necessarily restrictethut yaw rotation is unlimited.
Note that several RHinks were used, taavoid umbilical
forces and limits.

to

Test Highlights

To the best ofthe authors'knowledge,this was thefirst
liquid
propulsive maneuvering under onboard control, without any
high pressure gas stored on boardrelatively fast-paced
capability was demonstrated, owing in part to tlse of
minimally-toxic propellant. During all tests, people were
permitted to observe at a 20 ft distamdgth safety glasses.
Before the end of October 1998, translatimer the length
of the track was accomplishedith the liquid catalytic
thrusters, simultaneouslyvith the first 3-axis attitude
control using warm gas jets (4 d.o.f. operation).

One aspect of a fast-paced schedule vilagt corrosion
protection was not at first implementéat the wettedparts.
Instead,procedures foair drying were invokedor system
storage in excess offew days. Subsequent disassembly
in December nevertheless confirmed surface corrosion,
particularly at the steam ends of the tanks. White aluminum
hydroxide apparentljorms as a result othe hydroxide
ions inwater. Previously, the metal was leftprotected
because the reactiodoes notreadily occurwith HTP
(HOOH would have togenerate an unlikel@H+ in order

to make OH-).

All aluminumpartswere anodizedncluding thetanks and
pump. An undyedcoating was chosen, because HTP
bleaches dye from colored anodized aluminupnopulsion
reassembly in Januamyas completed in one day by two
people. Thedrying step was subsequentlyomitted.
Maneuvering testswere performed in January and
February. After 4 more months ofwet storage and no
refurbishment, th@ropulsion systenoperated inlate June

13th AIAA/USU Conference on Small Satellites
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1999 without incident. This includes successful pump partially or erratically at 3ns. However, aseries of 4 ms
operation after 6 months @fet storage (residual fluids, not pulses at 25% dutgycle produced slightly more angular
full tanks). Inall, the propulsion system pressurizédelf  acceleration than 10 npaulses at 25%.All this suggests
approximately 3&imes, from under 100 psi to 300 psi. that thevalvesopened in jusbver 3 msbut took longer to
The one notable startup failure was directly attributable tolose. This could be stated in terms ofnmdnimum

corrosion ofthe bare aluminum checlalve early in the
course of the project.

Translational Maneuvers

Two different catalytic liquid thrusterswere used in the
linear track testsvith HTP. One igdescribed in Reference
1, and a slightly higher thrust unhtiaving traditional
stainless steel constructiomas purchased from General
Kinetics. Throughout the tests to date, informal
comparativeestinghasbeen donewith the LLNL thruster
on one side ofthe vehicle, and the purchased thruster
opposingit. Total propellanthroughput hadeen about 5
kg for each engine, with no apparent catalyst degradation.

One test on an outdoor track was set up for translatiyn
with  HTP consumed only bythe -catalytic thrusters.

Specifically, the tank pressurant was nitrogen and rotationahcertainties under 2% of this.

freedom was omitted.Thus engine performance could be
determined fromactual maneuversRecorded information
included time, position over a 10 m rangeand total
propellant consumed. Pulsewidths séveral seconds

repeatable pulsewidth of about 4 ms. This is nighia for
warm gas attitude contrdbut rather a function of thealve
technology used.

A key question regardintpe potentiafor 2-phaseflow is
what effectdoes ithave onlsp? Itremains unclear how
much steam is condensedtire nozzle throatyut certainly
the warmgasattitude jetplumes arevisible whitepuffs. A
long duration run alternately used positive aedative yaw
torques, so that a lot of propellant wamnsumedwithout
undue angulawvelocities. Selected yaviet pairs were
actuated for 1.25 s pulseach 5 s, i.e. 235% system duty
cycle such that the vehicle spun up and stopped agthim
each 10 second period.

Over the414 stest duration, the summed absolutdue of
angularvelocity changes was 3fs, with friction and drag
Multiplying iye rotary
inertia, then dividing by thed.26 myaw jet momeniarm,
indicates a total deliveredmpulse of 305+13 N-s.
Subtracting tankpressurant fronthe totalHTP consumed,
it was determined tha.48 kg of decomposed 85% HTP

resulted in velocities up to 2 m/s. Calculations fit the data #iowed out through the yaw jets and pump exhaust.

thrust levels of 3 Iband 41Ib, with an averagespecific
impulse between 95 arid0 s. These estimates agredth

thrust stand measurements. Note that both tteusls and
Isp would increase by roughly 30% in vacuum.

Attitude Control Measurements

The steam andvarm oxygen jetsprovided 3-axis control,
despite uncertainty about the effects2ephaseflow with
condensingwater. One test serieswith the ETV-200
(Figure 8)wasdonewithout translationusing avertical air

Dividing yields an effective warm gas jet exhausiocity of
635126 m/s, or Isp = 65+3 s stalevel. Deliveredlisp in
vacuum(including pumpdrive) would be near 85 syhich
is superior to nitrogen propulsion.

The yaw thrust was also obtained from this experiment.
Typical 1.25 s pulseslelivered by twojets resulted in a
0.42 r/sangularvelocity change,.e. 0.34 r/¢ angular
acceleration. Calculated torque Gs8+.03 N-m soeach
thrusterdelivered1.54+.05 N (0.35+.01b). This is less
than designcalculations becaussystem pressure was

spindle replacing the hemispherical air bearing. Thus, onkeduced by thegasdemand. A tank transducerdicated

the yawaxis wasactive,andrelatively precise performance
measurements could be made. ©héoard IMUrecorded
the angular velocity, including information to corréat the
air spindle's low friction.

260-280 psigvariations at thepulsing frequency. Also
notable is thapressure drops throughe gasfeed tubing
were not measured. Thus, the in-sigdfective "chamber
pressure” ofthe gas jets is not precisely known. In a
different test, yaw jet thrust was determined to be 1.85 N.

Separately, the rotary moment of inertia on the yaw axis was

determined to b2.4+0.1 kg-r@ by mounting thevehicle

Temperatures Measured

on a rotary spring (0.76 N-m/r) and timing yaw oscillations.

The apparatus was calibratesing a 20 kg uniforrmetal
bar having a calculated 1.4 kg~rm.o.i.

In one series, gradually increasing pulsewidtivere

commandedstarting at 2 ms.Hundreds of pulses dhis
duration failed to produceotation, and thevalvesopened

John C. Whitehead

The avionics visible in Figure 8 included eight
thermocouple channels dedicatedptopulsion. Reaction
temperatures in thgasgenerator are nedrl00 F. As gas
is conveyed tqooints ofuse, heat idost throughthe 1/8
inch tubing walls. The pump is on obeanch,0.5 m from
the gas generator. A gammersion thermocouple is at 0.8

13th AIAA/USU Conference on Small Satellites
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m, on the line to all the attitudets. An instrumented yaw temperature averageflist 5 C above the coolant, as

valve is0.3 m beyond this.The immersion thermocouple calculated from the 0.5 mm wall thickness andhig heat

typically reached 600 F when the system was opefated conductivity of the copper alloy used.

minute or so. Tank and pump temperatures remdiakmlv

200 F during such tests. While the preliminaryresultsare encouraging, bipropellant
operation will of course increase the heat load including the

Steady-state temperatures were reached dthin@-minute  possibility of local hot spots.  Assuming successful

yaw test, whichoccurred outdoors on a hot dsgmmer combustion is accomplishedith acceptably lowwater

day. Due tothe high demandor steam and oxygen, its temperatureghis surrogate coolantill finally be replaced

temperature exceeded 800 F for nearly 5 minutes. The ydw the HTP on its way to the injector.

valve hovered near 325 F as the valve pulsed 2% duty

cycle. At0.5 Hz cycling, thepump gasvalve housing Test results talatealso include measurinthe structural

gradually rose to 200 F. Simultaneously, the tank limit of brass operating nedrl00 F. Weightvas trimmed

pressurant endgeached 275-295 F, just as in the excessivelyprior to initial testing, as indicated by the

breadboard self-pressurization te3the liquidends of the "exploded view" of the catalyst chamber ifrigure 9.

tanks warmed up very slowly throughdbée run,andnever  Regrettably, arerror in this regardvas made in Reference

exceeded 200 F. 1. Thestrength quoted ithat after heating then cooling,
while the yield stress at temperature is much lower.

Bipropellant Thruster Development

Long Term Sealed Storage of HTP

Small satellites can be madar more maneuverable by
using monopropellant hydrogen peroxide insteadcofd It is widely known that gradual decagluring longterm
gas propulsion.However,there is no comparison to liquid sealed storage remains the greatest weakndd$ Bfiwvhen
propellantswidely used onspacecraft and launckehicles. satellite applications are contemplated.mlist be stressed
Therefore, thause of HTP as amwxidizer in bipropellant that the primary concern is pressure buildup, notdke of
systems is ofnterest. The specific impulse can at least b@ropellantactivity. For example, 1%decay hardly affects
doubled over that of HTP alone. maneuvering performandrut with a 20% ullage volume it
increases tanlpressure by 250 psiThe relevantfactors
Many advocates have noted that HTP is an ideal coolant farclude tank wall (or liner) material, the volume/surface ratio
thrust chambers, which has been shown enate as small (tank size), temperature, propellant purity, tank ullage
as ~100 Ib thrust. Key propertiesare HTP's highheat fraction, and the storage and consumption timeline.
capacity, low vapompressure, and thhigh mixture ratio
(ox/fuel) in bipropellant applications. Thus, there is plentyThe goal of ongoing work is to demonstrate 6 months to a
of cooling capacity available with no concern of boiling.  year or more of sealed storage in tanks sfeedery small
spacecraft. This is sufficient wover prelaunch timelines
Kerosene b e Tap ﬁoo'aﬂt and on-orbit health checks of a satellite. If initial maneuvers
'”'{'. i ] consume most ofhe propellant earlyon, then the tank
/ @ Combust. Ch. ullage volumeincreases greatly ansubsequent pressure
buildup occurs more slowly.

Silver Scree (3
Catalyst

Recentresults include carefully recorded decajata at
Thermocouple " Coolant Out 70+2 F forsmall vessels in th®.2 to 2liter range. The

Figure 9. Prototype biprop thruster. propellant is conc_entrated and distilled in a_ccordamde
Reference 1, whicloffers a repeatable puritystandard.

Figure 9 shows a prototype thrustetended to combust 1€Sts shown here begarth 85% HTPoccupying 80% of

kerosene orcontact withhot decomposed 85%TP. It the volume. Pressure and mass were recorded weekly.
uses a 9/16 inch catalyst diameter, for a thrust goal in the 5- ) )

10 Ib range. Talate, ithas undergonthermaltests of the The literature contains avealth of datafrom material
cooling jacket during monopropellant operation. Water COMPatibility testswith HTP. Much of it is usefumainly

flowing at 13.3 cc/s had its temperature raised by 65 C, i for relative comparisons, e.g. many tests have been unsealed
3600watts. While thismay seem high, &ey fact is that andweredone atelevatedtemperatures to speddem up.

only 10% ofthe reaction heat wagansferred into the Typically, results were normalized to fractionalactive

coolant water. Thecombustion chamber innewall ©XYgen loss (AOL) rates. ChangesAOL ratesover time
are not evident in historically tabulated data.
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_[300 Al-6061-T6 Bare , total volume 2540 cc, V/S = 2.6 cm.
&l Construction: machined cylinder, .062 inch wall.
9
5300 Fresh HTP
2 in Same Vessel
a Apr 27, 1999
]100
JAE
8
=)
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
0 10 Time, weeks 20 30
>
g|200 Al-6061-T6 Bare
= o
Qe e
g 100 Calculated from mass losses ::T;E
8 _ whenever vessel remained vented Bottle Eresh HTP in
o T - Same Al Tank
‘n_: - —
{300 Al-6061-T6 Anodized , total vol 2540 cc, _ \/@&(0‘\
8 VIS = 2.6 cm. Construction as above. 1\(?&0
- <
) <
> 1200 Fresh HTP
2 in Same Vessel,
a May 18, 1999
o [L00
[=2]
8
=)
r— r 111 1o 1.1 11+ 1.1 71 171 171 1T 1.1 T T 1. 1T T 1T T T T T T 1
0 10 Time, weeks 20 30

Figure 10. Pressure rises can vary widely when HTP is stored in sealed aluminum tanks.

In contrast, this paper is applicatiororiented, so raw
pressures are graphed. A new capabilityawailable in the

aluminum tank. Thisvas confirmed by a spectrochemical
analysis forthe elements known to be this aluminum

past isthat electronic analytic balances are now accuratalloy. The HTP contained 9 ppmaluminum, 0.7 ppm
enough toobservegas leakagefrom sealed containers, as magnesium, 0.2 ppm silicon, 11 ppb chromiamdg 39 ppb

well as confirming mass changes upateliberate venting.
Cylinderswere sealed by "Viton" o-ringswith negligible
leakage verified irmost cases. In keepingth the goal of
avoiding hazardousnaterials, alpartswere simply washed
with detergent followed by demineralized water rinsing.

Aluminum Results

Figure 10 representsiultiple tests in 2aluminum tanks

copper. Thdatter two areknown to causeHTP decay.

While 39 parts per billion seemmsinimal, it is equivalent to
a 0.16 mmcube of copper (avisible speck) dispersed
throughout each liter of HTP.

The test vessel was later refilledth fresh HTP. The
rightmost two traces in theupper graphindicate that to
some extent, the bare aluminwwrface had been cleansed.
However the decay was still high and it continued to rise.

overmuch of a year. Thactual test articles appear as in

Figure 4,with a gauge connected but none thie other

components (and no internal piston). The upper two graplsystem parts as describedrlier.

An identical tank was anodized alomgth the propulsion
Ideally, the aluminum

show that a bare aluminum tank initially reached itsoxide coating wouldorevent orreduce thedissolution of

pressurelimit in just 2 weeks, and that decay rates
subsequently increasadtamatically. The rateggraph is

included for this casenly, because thpressurecurves are
too steep to permit reading theailopes. Duringnuch of

the time, the vessel was left vented and the effeptigesure
rises were calculated from mass measurements.

Finally after 27 weeks, the propellant wesnsferred into a
compatible polyethylene containdnit the decayate did
not fall. HTP normally decaysery slowly in polyethylene,

unwanted metals. The lattappears to be the case in the
third graph. After 16 weeks of gradually acceleratiegay,

the pressure riseate withfresh HTPwas greatly reduced.
The datasuggestthat anodized aluminurtanks might be
appropriatefor HTP if prelaunch timelines arshort and
propellant is consumesbonafter reaching orbit. Storage
times could be extended if prelaunch venting of a few grams
of oxygencan be permitted, as wesutine in thepast for
HTP systems.Anodizedtankscan be lighter and simpler
than plastic-lined tanks, and amdso ideal for self-

indicating that the fluichad become contaminated by thepressurizing systems, due to corrosion protection.

John C. Whitehead
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Figure 11. Some polymers offer the potential for many months of sealed HTP storage.

Plastic Results

The effects ofexposing HTP tdwo different plastic tank

et al® These authors noteklat the ideal situatiofor long
term storage is pure HTP in @ean container having no
catalytic activity. Unstabilized HTP is also the biestlong

walls are displayed in Figure 11. Note that these vessels dheuster life.

much smaller than those in Figut®, with roughly half the
volume/surface ratios. If the reactioncurs orthe surface
only, pressure rises shown in Figure Wbuld be half as
fast if scaled up to the larger size.

On the polycarbonate graph, the lower curves aateal

pressure readingsvhile the upper curves include the
additional risewhich wouldhaveoccurred without external
losses. While this iabeled as leakagepntributions from
oxygen permeation have not been ruled out.

The best resulta/ere obtainedwith polyvinylidenefluoride
(PVDF). Its molecular structure iffectively a hybrid
between'Teflon" (PTFE) andoolyethylenepoth of which
have similarly excellent HTP compatibility. However,
PVDF is more rigid and easier to fabricate parts ouhaih
these related materials. Amgoing activity is to fabricate
larger aluminumtanks lined with PVDF. Based on
measurements to date, one-yeaventedstorage should be
possible for tanks designed liave similar pressureimits
and ullage volumes.

Perspective on Storage

Some remarksnade in Reference @nfortunately ignored
rising decay rates and the importance lmdmogeneous
decay due to contaminants in solution. particular, the
potential value of stabilizers inmetal tanks should not be
ruled out, to the extent that they mitigate the catalytic effect
of metals in solution. A previous paperdiscussed
heterogeneous decay on tank walls versus decay in solution,
for sealed storageé.

Actual long term storage in sealed containers is the most
realistic material compatibility testelevant to spacecraft
tanks. HTP inventedcontainers might gain atmospheric
water, which introduces mass errorinto decay rate
measurements.  With omithout leaks, atmospheric
constituents cannot enter a pressurized container.

Discussion

HTP offers the potential for relatively low cost rapid
developmentand testing of liquidpropulsion customized
for micro satellites. In terms of performance and spacecraft
lifetime, HTP doesnot compete witthydrazine. Thus it is
comforting thatconcepts forself-pressurizationadvanced

It must be emphasized that a complete treatment of the longith HTP, can also be applied to hydrazine systems in order
term stability ofhydrogen peroxide is beyond scope hereto avoid gas bottles while still offering gas jet attitude

For example,decay increasewith temperature, sdlight
tanks should béested underepresentativeonditionsover
appropriate times. Decay and materials compatitdiitye
been discussed extensively in tierature,e.g. by Schumb

John C. Whitehead 9

control to facilitate miniaturizationDecomposed hydrazine
offers more performanceven after cooling, because its
constituentshave lower molecular weightsand do not
condense as easily as the water in decomposed HTP.

13th AIAA/USU Conference on Small Satellites



Isp measurements reported hereindicate that the

potentially 2-phase product gas (i.e. with condensing steam)

still offers higher Isphan nitrogerwhenused inminiature
gasjets for attitudecontrol. Temperatures alew enough
to permit using aluminum and fluoroelastomeseals in
warm gas applications. Performance &ven higher for
monopropellantHTP liquid thrustersthat are appropriate

for translational maneuvers. Further, a fuel can be added if

more challenging maneuvers warrant greater complexity.

When comparedwith compresseahitrogen, an equanass
of liquid HTP occupies 2-8imes lessvolume. Order-of-
magnitude lowerpressures alspermit lighter tanksgven
when theHTP tanksare massiveenough toserve as
primary structure while absorbing heat from warm
pressurant gas. This sill true for bolt-togetherdesigns
that have plastitiners for longterm storage. Overall, self-
pressurizing HTP propulsiotechnology appears to be
feasible andattractive for tiny satellites, so work toward
flight systems continues.
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proportionate amount dfeat into the tankover thecourse

of expulsion. A worst-case tank temperature would result if
all theexcess energy is absorbedthg tankwall with no
losses. Thienergy balance can be determirfeaim the
specific heat and mass of the tank wall.

For example, ifdecomposed 85% HTP at 300 psi cools to
300 F, approximately 90% of its steam has condensed. The
bulk density is near 4@/l for this two-phase mixture.
Multiplying by 2000 J/g indicates that about 80 kJ must be
absorbed by the tank walls for each liter of volume.

At 0.9 J/g-C, aluminum acceptsl5 J/g uporheating by

128 C, i.e. from 21 C (70 F) to 149 C (300 F). Thus in the
worst case of no heédsses, abouf00 grams otank wall

is needed per liter of volume. Note that a tank haliessy

at 350g/l would equilibratearound 400 Flargely because
reduced steam condensation yields a reduction in pressurant
mass.
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The above calculations indicate idéalits, not tank design
criteria. In particular, the liquid propellant in the taalko
absorbs heat. The specific heat of 88%P is 2.85J/g-C,

or 365 J/g over the 128 C rise considered above. Thus only
220 g of HTP peliter of ullage isenough toaccept all the
excess pressuraheat at300 psi and 300 F. Imeality,
externallossesarealso significanfor operational lifetimes
(total time for tank expulsion) exceeding just a few minutes.

High ullage temperatures without steam condensation
would theoretically improve system performanddowever,

the pressurant is amall fraction ofsystem propellant for
the HTP systemstested. Therefore, it is @ractical
compromise tolet steam condense ithe tank while
avoiding excessive temperatures there.
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