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Abstract

Hydrogen peroxide tanks can be pressurized with decomposed HTP originating in the tank itself. In rocketry, this offers the
advantage of eliminating bulky and heavy inert gas storage. Spvetatype self-pressurizingTP systemdaverecently

been designed and tested. Both a differential piston tank and a small gas-driven pump have been tried topobssiaréhe
boostneededor flow through a gagenerator and back to the tanResultsinclude terrestrial maneuverirtgsts of a
prototype microsatellite, including warm gas attitude control jets.

Introduction

Rocket propellant tanks are typicaflyessurizedvith inert gas stored in pressuvessels, especially on spacecrafthile

this approach is simple ameliable,there aramass angackaging disadvantages associatétl the gas vessels Another

option is to pressurize a tank with gas derived from the propellant itself. For example, simply boiling a small fraaion of th
propellant has been widely implemented for liquid hydrogen tanks.

In the case of high test hydrogen peroxide (HTP), decomposition yields a mixture of steaxygemvhich can baised
for tank pressurization. Thizan theoretically be accomplished by simply immersing a catalyst inside theHawever,
the reaction rate is difficult to control, and it may be slowed by the coolant effectafrtioeindingliquid. An alternative is
to controllably pass some of the HTP through a separate catalytic gas generator, and return the gas to the tank.

The work described was motivated by an unmet fieedffordable microsatellitpropulsionbetter than coldjasl4 It is

attractive toconsiderminimally toxic liquid propellantwhile avoidinggas storage toeduce systemmass andvolume.

Hence, self-pressurizing HTP systems have been fabricated and tested. In 1998 this culminated in maneuvering tests of a 25
kg microsatellite prototype which had no gas vessels. The purpose of this paper is to thesevidr& andconsider other

potential applications. For example, self-pressurizing HTP feed systems can be used with hybrid rockets.

System Options

Flow through agasgenerator and back to tl®urce tank necessarihas anassociategressureloss, which requires a
pressure boost somewhere along the path. This constitutes a positive feedback loop, so flow control is requiredeio avoid
pressurization. Figure 1 showseeoptions inwhich HTP exiting the tankhas its pressure raisethove that of the tank
pressurant. Arrows indicate the direction of motion or flow. In €ask, diquid pressureegulator in seriewith the gas
generator controls system pressure. The pressures and HTP concentrations shown are merely exaatpkegassible.

In all cases, the tanks start full of liquid at low pressure, and come up to operating pissutee enablealve isopened.

This can enhance safety, as no part needs to be above 10 to 50 psi initially (e.g. before launch).

A simple scheme uses a cylindrical tank assembly having two different diameters and a compound internal piston, as shown
in Figure 1A. The pressurant gas acts ovesraa larger than the liquid piston, to ampfiiyessure. Amajor drawback is

the large empty vented space, i.e. the total volume is twice the liquid cagdgitye 1B showsnotherway to implement a

pressure boostingylindrical piston tank. Again thegasarea exceeds the liquadea,but theventedspace isexternal, i.e.

there merely is no pressure acting on the free end of the rod. As a result, liquidtiadlyy occupy the entire tamkolume.

The piston seal andod seal are liquid cooled, whereas s pistonseal in Figure 1A could beverheated by steam.

Another advantage of option B is that the structural loads on the piston are less.
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Figure 1. Options for self-pressurizing HTP feed systems.

Pump

A potentially usefulfeature of the externgliston rod isthat it indicates the quantity of remaining propellaktowever, a
drawback is that external space must be provided for the lengthening rod exposure. While this is undoubtedly possible, it is
impracticalfor someapplications. The final more complaiternativeshown in Figure 1C is to usepdain tankwith an

external pressure boosting component. indlicated,this may be a small gas-drivggjumpwhich usesthe differentialarea

principle. In effect, such a pump ig€fillable differentialpiston tank. The pump mustcycle backand forth, and hence it

has valves (not shown) for receiving and discharging both liquid and gas.

The differential area principle is aid idea in rocketryand it can beusedwith different propellants. In 1932, Robert H.
Goddard et al built a bellows pump driven by a bellows engine to opethtiquid andgaseous nitrogenBetween1950
and 1970, all three options in Figurenvére proposed invariousforms forsmall rocket propellegtehiclesoperating in the
atmospheré:? While self-pressurizing liquid systems would be compact to minixfiag, solid rockets insteadame into
widespreaduse for thistype of application. More recently, self-pressurizing systems usirydrazine and differential
pistons have been tested for specialized applicatfnsThe term "warm gas pressurization” is often used.

There are other options for providing a pressure boost, such as gravity and electric pumps. Hovpegssutevhich can
be obtained frongravity is very limited. The electrigption would mostikely be more massive. An electiitive would
also need a controller t@void continuous energy consumptievhen thesystem is at fullpressurewithout flow (liquid
regulatorshut). The all-fluid designs in Figure inherently operatever a wide flonrange at a nearly constaptessure
without external control. Control could be added, e.g. reduced pressures can be obtained using the enable valve.

There are a number of reasons why it is important to characterize storage and operational timelines before implementing self-
pressurization. For example, if the system in Figure 1C is required to have a long life after initial startup, one codcern wou
be the potential migration of catalytic material from gas generator into the tankPeak temperatures tfe tankwall and

pump seals are another consideration depending on duty cycles.

The liquid delivery ports indicated Figure 1may feed one or moriarust chambersSimilarly, abranch on avarm gas

line could meet auxiliary gas requirements. Given a single soeseevoir, there is no need to separatelgget forliquid

and gas needs in advance. If a large flowas isdrawnoff intermittently, system pressureould vary. Toavoid this, a

separate gas generator may receive liquid from the self-pressurizingRankxample Figure 2A showshat a smalkelf-
pressurizing rod tank could feed a gas generator which in turn pressurizes a much larger HTP tank. In this case it would be
much easier to provide room for the extending rod than if the main tank is made to be self-pressurizing.

Hardware weight can beduced further in many cases tiging high throughput pumps teed thrust chambemirectly
from low pressure tanks. This is practical for higlta-v maneuvers at low tooderate acceleration, ldw pressure tanks
can be madeery lightweight(as onlaunch vehicles). Converselelf-pressurization is lightdor extreme acceleration at
low delta v, since pump-fed engine weight would exceed potential tank weight savings.
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Figure 2. A. Staged pressurization. B. Pump-fed thrust chamber. C&D. Self-boosting pump-fed propulsion.

Note that self-pressurizing featuresan be combinedith a pump-fed system.The example ofigure 2B shows a self-
pressurizing rod tank which delivers HTP to a geserator, which drives@ump to feed thrustersPump fedHTP using

only low pressure tanks (2C-D) is being explored, and will be described in a future paper. Technological overlaps enhance
synergisticdevelopmenefforts. Forexample, theemperature antifetime capability offluoroelastomer seals, fluorinated
greases, and aluminum alloys is important to all these concepts, as are valves, regulators, and gas generators.

Differential Tank Test

The option of Figure 1B wamplemented by thauthor in 1997-1998. Figure 3 shothe low cost testhardware, which
uses a differential piston tank made from a length of 3 inch diameter byvallGduminum tubingwith endsheld in place
by snap rings. Welds were avoided, to reduce cost and to simplify changes and post-test inspections.

This self-pressurizing HTP systemas tested on the benchtagsing commercial solenoid valves and low cost
instrumentation, in a transparent polycarbonate enclosure to psafeitdirect observation. The schematic diagram
correspondexactly to the hardware pictured. In addition to ¢fas immersion thermocouple shown, temperatusese
measured on the tank and gas generator. Although the aluminum parts would melt at the reaction tem @&t i€ Ryf
hardware temperatures remained acceptably low due to limited flow rates with external heat losses.

[TJPiston
Rod Pressure
Gauge,
|T| 0-600 psig
Control

85% \Valve
HTP
gio Liquid Thermocouple
psig

Gas

30-300 psig

condensed Warm Gas
water) Valve with

Tank ___~®— warm Gas Nozzle

Figure 3. Self pressurizing HTP test setup with differential piston tank.
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Numerous starts were demonstrated using an initial air charge of 30 psig. Oscillatltmmsl@omposition reaction at ~1
Hz were observed during startup. The reaction in the gas generator causedveoseeflow of gas, after which liquid did
not reach the catalyst again until the gas flowed forward into the taftiile the oscillation could be prevented by a check
valve (e.g. atthe gasgeneratoiinlet), thesmall amounts ofeverse flowdid notheat the regulataabovel00 F. The tank
temperature remained well below 200 F during pressure regulated operation.

Throughout fullpressuretank expulsion, the regulator inlgressureremained within a narrowange. Therefore, the
complex art of conventional aerospace reguldésign is unnecessary heréhe 60 gram regulator hamhly four turned
parts in addition to springseals, andasteners. A softeal provided a positivehutoff. Thissimple axial flowdesign is
possible becauserieed not bgressurebalancedwith respect to the inlet. In contrast, sensitivity to ipletssure is
unacceptable for the gas pressurant regulators used on satellites, because the pressure in helium tanks varies widely.

Instead ofdelivering pressurizediquid, this test series exercisditk system by pulsinghe warmgas valve, with delivery
temperatures exceedid@®O F. By pulsinghe controlvalve, itwasshownthat system pressureould be adjusted to any

level between the seal frictiothreshold andhe regulategressure. Thidlexibility can beused tocontrol fluid delivery

rates. However,attempts atow bandwidth manual control at reduceessuresesulted in significanpressurevariations.

This increased tank temperatures due to steam condensatixyges flowing out of the tank was replaced byfrash

mixture of steam andxygen. Essentially, there is a choice betwegsing the tank as an accumulator aadoiding

additional condensation there. The latter option requires a ghlekatthe tankpressurant port. Thustas learnedhat

the most efficient operation requires sizing the components to meet any auxiliary gas demand, rather than relying on the tank
ullage to meet peak gas demands.

Pumped Self-Pressurization

When self-pressurization was considered for a microsatellite technology tepfliedtion,packaging considerations ruled

out the differential piston tanks in Figure 1. The option of Figure 2A was also contemplated, but the need to load propellant
into one or more extreankswas deemed to be a significant disadvantage. Neverthelessdtiaek effort wagime well

spent, because the positive results bolstered confidieatdeigure 1C could beeadily implemented, moreoveiith an all-
aluminum pump having leaktight elastomer seals.

Boost Pump

The pump shown in Figure 4 was designed at LLNL during 1998 specifically for HTP. It worked the first timéeiteds

and ultimately proved to be reliable. The design followed a series of prototypes gradually refined @R4#i®97. In the

selected configuration, the central gas valving is flanked by a pair of power chambers. The liquid pumping assemblies at the
ends have built-in check valves. Double-acting operation permits continuous flow for a steadypsysseme. Aluminum
construction keepwgeightand cost downwhile aiding liquid cooling of thesoft warm gas seals (due tihe high thermal
conductivity). A related key feature is that gas flow ceases when liquid demand stops at pressure.

Figure 4B is a powerhead subassembly, along with a set of spare parts (fasteners and sealskauittpdyver chamber
has a 3-way intake-exhaust valve, pneumatically switched by the main pistons. The springless powerhead almiils force
which would narrow the operatingressure range.The upperlimit is structural, and théower limit depends orvalve
friction. Many system restartsan be reliablyhad,from tankpressures of just tens of psi. dantrastprior designs for
self-pressurizing propulsion had pump springs and/or single-use solid propellant starter daftridges

In the rightmost photograph, the inch-diameter pauistonsare at the lower left. Thimur smallest itemshownare the
moving valve parts. Each intake-exhaust poppet is normally opened by supply pressure. Howepersgilt pushes on
the valvestem to close the intake amdntthe power chamberThis arrangement permitie pilot signal to simply be the
opposite cylinder's state of pressurization. Interrupting the pilot signal near the esmh gfowestroke ensureautomatic
oscillation at a frequency proportional to liquid flow.
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Regarding the liquid pumping heads, a primary requirement wesstare theywould operate atvery low flow over the
entire pressuraange,even withgas bubbles preseniTherefore, unsweptolume was minimized. Also, theheckvalves
were given springs and soft seals to virtually eliminate reverse flow losses.

Gas One Piece
Subassembly Gas Housing £&¢

Gas
Exhaust
Liquid
Inlet
1inch } Valve
w o Guides
o
Intake- * ? 1F
Liquid Exhaust
Gas Out Poppets Jt
In Pilot Pistons
Figure 4. A. The 220 gram aluminum HTP pump. B. The gas housing and valves consist of 13 parts.

Note in Figure 4Athat sizeablalischarge and suction manifolds are needed. The mesa is notetrimentalfor a self-
pressurizingapplication. However,this configuratiormay not be preferrefibr a highflow-to-weight ratio. For example,
propellant is pumped directly thrust chambers in a pump fed rocket engine (Figaé€,D). A central liquid manifold
surrounded by power chambers joined by gas plumbing is appropriate for this latter apgfcation.

Breadboard System Test

Given a working pump tested with air, the next step was self-pressurizing operation of a hydrogen peroxide tank. In Figure
5, the system components were mounted on a 2 liter aluntamlm Acommercial adjustablpressuraegulator (Tescom
Ni coated Al) was used for expedience, along with a gas generator manufactured by General Kinetics, LLC.

Assembling and testing this system was a one-week benchtop effort foedp2. Thismay nothavebeenpossiblewith
highly toxic or volatile propellant. Aside from room temperatyseoof-pressurdests, it was nohecessary to subject
individual components to predicted operating conditions, or to perfiggorous systemeak checks. A polycarbonate
enclosure was sufficient to protgmrsonnel fronpotential test failures.Ventilation combinedwith the low volatility of
HTP would prevent a breathing hazard in the event of a fluid release.

A gas solenoidialve atthe tankpressurant ponvasused tointroduce compressedlr at a fraction of operatingressure.
Also included in Figure 5 but not shown in Figure 1C theckvalve for the warmtank pressurant. Thiprevented the
initial air charge from immediately actuating the dry pump.

In September 1998, the breadboaststem pressurized itself dhe first try and subsequentlwithout failure. Six
successful system stamgere achievedrom 50 psigdown to 15 (lowest tried). This simply requiractuating the pump
feed valve. Low pressure HTP then flowed through the pump, regulatogaagdnerator. Asoon aghe resultingvarm
gasreached the pump, the latter's liqdidcharge waboosted to a slightly higher pressure. Tpdsitive feedbackoop
amplified pressure while sending steam and oxygen to the tank.

The initial pressurizatiorrate was limited byfluid passageway sizing, notably a small tgmkssurant port. The pump

cycling rate averaged approximately 1 Hz during system startup. An initially lower frequency roseithlqurgssure, then
it gradually slowed to a stop while leveling off at the regulated pressure.
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The hysteresis bandias approximately 1Qsi wide. After the regulator shutyarmgas pressureeached310 psi as the
propellant remaining in the catalyst bed reacted. Over roughly 10 seconds, it then fell 3@@kpsd aghe systemcooled

and remaining steam condensed without further liquid HTP flow. In one test series, an additional gauge omilkagetank
indicated a 5 psi reduction there. This most likely corresponded to the cracking pressure of the warm gas check valve.

Check Tank
Pressurant

Port

Gas
Solenoid

Regulator
(set at 300 psig)

' thp Feed Valve
(from tank liquid port)

Figure 5. The breadboard self-pressurizing HTP system.
Thermal

Weakening ofaluminum tank wallsabove400 F is arobvious concern. At a comfortat®90 F,Al-6061-T6 retains 85-
90% of its room temperature strength, depending on duration. Fluoroelastomer sdaseabgwactical limit in the400-
600 F range.Candidate polymerfor tank liners are beingvaluated as wellLiquid HTP releasedaboveits atmospheric
boiling point (282 F for 85%concentrationwill partly become vapor. Sufficiently concentratddP vapor detonates if
ignited. For all these reasons, modest temperatures are beneficial.

In the breadboard tests, ttank's upper end (neéite pressurant portjypically reached250 F uponfull pressurization.
Additional heat transfer from the steam raised this as hig@®@d-. These measurements indicateptable avoidance of
all the above limits.

Note that this test series was thermally stringent. In particular, a 10% propellant |dgiteHthdrmalmass toreceive heat,
compared to a full tank. Simultaneously 8@ ullage volumeresulted in a high energy input. filled in 10 to 30 s
(depending on start pressurejth little time for heatdissipation. Thermal stratification in the vertically-oriented ullage
would have reduced heat transfer to the liquid, thereby maximizing metal temperatures.

The pump gas housing typically operated riggs F. System shutdown by clositige pump feedvalve resulted in a few

seconds of rapid dry pump cycling, a worse thermal condition. During one of these events, the same theinuicategle
a peak of 245 F.
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Based on the number of pump cycles and a ~#okane displacementpughly 100 grams of HTRowed into the 2-liter
tank ullage to obtai00 psi. Considering botheak temperatures and tbalculated volume of thproduct oxygen, the
observations are consistesith nearly completeondensation of steam in the tgmlessurant.The volume ofcondensate
water drained from the tank afterward confirmed this.

In general, tank temperaturessulting fromwarm gas pressurization iracuum can bepredicted by energypalance
calculations. The Appendix outlines such calculations for HTP systems.

Integrated Maneuvering System

A prototype maneuvering system sized for tiny satellitesinifially tested in1997. Figure 6 showthe custom-designed

liquid hardware. A pair of piston tanks with connecting structure permits a fixed point c.g. location while also sereing as th
structural backbone for mounting other subsystems. The translational thrust is in the range 3 totétdbHinE capacity

is 5 kg.

In Figure 6, there is no pressurization system. Initial tests in 1997fagligl pressurization into thlong horizontal tube.
Tank outlet valves and thruster valves are all located inside the center structure. HTP fill and drain vabme dahetanks
at the inboard ends. The total mass of the assembly pictured is under 5 kg.

—

f —L
¢ T

L
'__q.ﬁﬁﬂ""' I : m i 4:-“"““"""
_',_,n..----—-:'"_"'_I ey i . .
e
' M =
g N
21 inches

Figure 6. Multi-axis HTP maneuvering system.

As indicated inFigure 7A, anonboard nitrogen pressurization systems installedor tests in19982 The four carbon

fiber composite overwrappgutessurevesself COPV's)alonemassed 2.4g, or half that of the liquidsubsystem. Their

mounting brackets, the high pressure fill valve, andgderegulator also addedeight. All these itemsvere subsequently
removed for the self-pressurizing upgrade.

ACS jets

Support
Ring
o Generator
Liquid (hidden)
Thruster Pitch
Figure 7. A. Nitrogen bottles are heavy and bulky. B. Complete self-pressurizing maneuvating syste
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Self-Pressurizing Upgrade

Most of the components ifrigure Sweretransferred ontehe liquid maneuvering core withidays after the breadboard
tests. The pressurization hardware and mounting brackets weighed as tittblecighefour avoidednitrogen tanks. This
could be halved again by eliminating heavy fittings and building a lightweight regulator.

Figure 7B is a line drawing of the assembled system, which may be directly compared to Figure 7verégsasined for
horizontal thrusting only, so tHeoost pumpwvas connected in place of thpper thruster.The latter'svalve remained and
was actuated to initiate self-pressurization. The pump orientation causes any rising buthkeldisjud manifolds tanove

upstream instead of naturally escaping. Thus, potgtidlemswith gas pockets imicrogravity would becomevident

during ground testing.

Other partavere locatedor massbalancing,and to confine the hottest tubingns in asmall areaaroundthe aft tank. A
normally open vent valve was included on the warm gas circuit so the system wouldtsafdlywn upon loss oklectrical

power during ground testing. The initial starting pressurant was also introduced there. Figure 7B re@e®emtg dry
propulsion system. This included over 2 kg of heavyweight attitude jets and 1.6 kg of stainless steel fittings, sokat least 3
could be trimmed.

In order to meet a programmatic milestone, the assembled system was successfully tested on September 30 1998, before the
end of the fiscal year. Thanly glitch was acorroded checkalve inthe pump, whicthad resulted frominadvertent wet

(water) storage for 9 days.After 3 successfulests, thepropulsion systenwas declared readfor integration into a
microsatellite technology testbed.

Microsat Maneuvering Tests

A key goal of LLNL's MicroSat Technologies Program has been to develop user-friendly test capability for translational and
rotational maneuveringsing actual"hot-fire" propulsion operation.Therefore, theHTP propelled systenhasbeen tested

with 4 d.o.f. on an outdoor linear air track which is 40 m long. In Figutlee8jnear track and its air bearing carriage are
visible. For rotational freedom, thevertical post supports &emispherical air bearingurface centeredvithin the
microsatellite test article. Pita@nd roll angles are necessaristricted but yaw rotation is unlimited. Several Rknks

were used, to avoid umbilical forces and limits.

Liquid Boost Pump Pitch Nozzle
RegulatcN / i
d J‘) it > 1'\.- £ d - - 7

- Al Bearing_Carriage
Figure 8. Mlcrosat prototype set up for 4-d.o.f. operation.

Test Highlights

To thebest ofthe authors'knowledge,this was thefirst miniature vehicle, capable of multi-directional liquid propulsive
maneuvering under onboard control, without any lgéssure gas stored on board.refatively fast-paced capability was
demonstrated, owing in part to the use of minimally-toxic propellant. Dalirngsts,peoplewere permitted t@bserve at a

20 ft distance with safety glasses. Before the end of October 1998, translation over the length of the track was accomplished
with the liquid catalytic thrusters, simultaneously with 3-axis attitude control using warm gas jets.
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One aspect of a fast-paced schedule was that corrosion protection was not at first implemtredettedoarts. Instead,

procedures for air drying were invoked for system storage in excestewfdays. Subsequent disassemblypecember
nevertheless confirmed surface corrosion, particularly at the steam ends of the tanks. White dhydrioxioe apparently
forms as a result dhe hydroxide ions irwater. Previously, the metal was lefiprotected because the reactitwes not
readily occur with HTP (HOOH would have to generate an unlikely OH+ in order to make OH-).

All aluminum parts were anodized, including taeks and pump. Alear coating was chosen, becat§eP bleaches dye

from anodized aluminum. Propulsion reassembly in January was completed in one day by two people. The drying step was
subsequentlypmitted. Maneuveringestswereperformed in January and Februarfter 4 moremonths ofwet storage

and no refurbishment, th@opulsion systenoperated ifate June 1999ithout incident.This includes successful pump
operation after 8nonths ofwet storage (residual fluids, not fulanks). Inall, the propulsion system pressurizédelf
approximately 35 times, from under 100 psi to 300 psi. The one notable startup failure was directly attribchatzsion

of a bare aluminum check valve early in the course of the project.

Temperatures Measured

The avionics visible in Figure 8 included eight thermocouple channels dedicated to propulsion. Reaction temperatures in the
gas generator are near 1100 F. As gas is conveyed to points of use, heat is lost through the 1/8 inch tubing walls. The pump
is on one branch, 0.5 m from the gas generator. A gas immersion thermocouple is at 0.8 m, on the linattiuadietfets.

An instrumented/aw valve is0.3 m beyond this.The immersion thermocouple typically reacl&® Fwhen thesystem

was operated for a minute or so. Tank and pump temperatures remained below 200 F during such tests.

Steady-state temperatures were reached during a 7-minute test of fast attitude control maneuvers. Thisubdoorsedn

a hot dry summer day. Due tloe high demandor steam and oxygen, tlgastemperature exceed&®0 F fornearly 5

minutes. The yaw valve hovered near 325 F as the valve pulsed at a 12% duty cycte H2¢ycling, thepump gasvalve
housinggraduallyrose to 200 F.Simultaneously, the tanpressurant endeached275-295 F, just as ithe breadboard
self-pressurization test. The liquid ends of the tanks warmed up very slowly throughout the run, and never exceeded 200 F.

Discussion

HTP offers the potential faielatively low cost rapiddevelopmentand testing of unique propulsi@ystems. Irparticular,
various schemefor pressurizing tanks andriving pumpswith decomposed monopropellanave been affordably and
safely tested. This iswed toHTP's low toxicity, low vapor pressure, high specifibeat, and completely benign
decomposition products. In terms of performance and stdifatime however HTP doesnot compete withhydrazine.
Thus it is noteworthy that the concepts and results presented herein, once advanced with &l$® beanplementedwith
hydrazine. An advantage of decomposed hydrazine is its better perforimapcenpdrive and pressurization, because its
constituents have lower molecular weights and do not condense as easily as the water in decomposed HTP.

For higherpropulsive performanceith HTP, a nontoxic fuel can be included. Either liquid bipropellarttydorid rocket
engines are options. The systems described in this paper are entirely appropriate for these applications.
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Appendix: Tank Temperature Predictions

Pure hydrogen peroxide releases 2889 J/g upon decomposing, or 2456 J/g for 85% HTP. The latter produces 60% water by
mass and 40% oxygen. Water requires 2252 J/g to vaporize at 212 F (100 C), falling slightly to 1915 J/g at 400 F (205 C).
Notably, about half the reaction energy of 85% HTP is associated with the water phase change.

When decomposed HTP is used fank pressurization, a quantity ghs proportional tdank volume introduces a
proportionate amount of heat into the taer thecourse of expulsion. A worst-case taeknperature would result if all
the excess energy is absorbed by the tank wall with no losses. This energy balance can be deterrtiieespoificheat
and mass of the tank wall.

For example, if decomposed 85% HTP at 300 psi cools to 300 F, approximately 90% of its steam has cortuetsgil.
density is near 40 g/l for this two-phase mixture. Multiplying by 2000ndfigates that about 80 kdust be absorbed by
the tank walls for each liter of volume.

At 0.9 J/g-C, aluminum accepts 115 J/g upon heating by 128 C, i.e. from 21 C (70 F) to 149} (30is inthe worst
case of no heat losses, about 700 grams of tank wall is needed penitieintg. Note that a tank half akeavy at350 g/l
would equilibrate around 400 F, largely because reduced steam condensation yields a reduction in pressurant mass.

The abovecalculations indicate idedimits, not tank desigreriteria.  In particular, the liquid propellant in the tasko

absorbs heat. The specific heat of 85% HTP is 2.85 J/g-C, or 365 J/g over the 128 C rise considered above. Thus only 220
g of HTP per liter of ullage is enough to accept all the excess pressurant heat at 300 psi and 300 F. In reality, segernal los
are also significant for operational lifetimes (total time for tank expulsion) exceeding just a few minutes.

High ullage temperatures without stearondensation would theoreticaliyjnprove system performance.However, the

pressurant is a small fraction of system propellant for the HTP systems tested. Therefoneraittisah compromise to let
steam condense in the tank while avoiding excessive temperatures there.
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