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Abstract

Unstabilized hydrogen peroxide &85% concentrationhas been prepared in laboratory quantities testing material
compatibility and long term storage on a small scale. Vessale of candidate tardnd liner materials ranged wolume
from 1 cc to 254@c. Numerousmetals and plasticseretried at the smallest scaleghile promising onesvereused to
fabricate larger vessels and liners. An aluminum al6§61-T6) performegoorly, including increasingpomogeneous
decay due to alloying elements entersmgution. The decay rate ithis high strength aluminumwas greatly reduced by
anodizing. Betteresultswere obtainedwith polymers, particularly polyvinylidene fluoride. Data reported herein include
ullage pressures as a function of time with changing decay rates, and contamination analysis results.

Introduction

High test hydrogen peroxide (HTP) can be used as a monopropellant or as an oxidimémimty hazardous nature is a

major advantage for either. Unfortunately, its instability is generally a disadvantage. Decades ago, compatible materials wer
sought for longerm storage. Historicallygompatibility ratings and normalized decay ratesre documented in tabular

form. Usefulnesss, to someextent, limited to comparativeurposes. Foexamplemany of these datevere obtained at

elevated temperatures to shorten test durations. Changing decay rates are not represented in data tables. For guch reasons, i
is difficult to predict actual storage capability in sealed tanks. In particulgordiseure riseurve is the criticainformation

of interest, since it determines how long a tank can remain unvented.

HTP storage drumbkavetraditionally been made of unalloyed aluminum. In conttagh strength alloysire favored for
flight tanks to reduce weight. Thus the pressure rise and decay mechanisms in alloyed aluminum are of ietarest |If
oxygen can be occasionalgntedfrom flight tanks, decay ratdselow areasonable minimum aret critically important.
Historically, HTP tanks in some propulsion systems were fitted with a presfieferalve feeding a small catalysted?

Thus, only oxygen and water vapor would be released. Presently, flight rules preiibiy or at leastliscourage it more
than ever. The most stringent rules are for NASA's space shuttle, where polymer lined tanks may be appropriate.

The present work is motivated by an interest in using HTP to propel very small satellites. Laboratory storage test vessels can
be sized to represeartual flight tanks, which directly indicatéisne limits on sealed storage. Safety considerations,
propellant preparation, test methods, and storage resalt@lexplained hereitior the sake of completeness. While most
aspects of the work may not be highly original, it is at least current first hand experience with many details offered.

Propellant Hazard Experience

As a monopropellant, pure,HD, decomposes to oxygen and superhestieaim justibovel800 F inthe absence dieat

losses. The adiabatic decomposition temperature is altB68t F for 85percentsolutions by mass iwater (85% HTP).
Superheated steam can be very dangerous. As with any rocket work, hot hardware is a hazard by itself.

The decayproducts ofHTP, oxygen andvater, are obviously completely nontoxic and daswve nolong term harmful
effects. H O, is listed as a hazardous material by the Stateatifornia, soits release into thenvironment is required to

be controlled. However,mostenvironmentaprofessionals working ithe waterresourcedield readily acknowledgéhat
there are no long term harmful effects of HTP. The accumulation of unwanted metals, salts, andbrgaméd innatural

waters,for example, is dar greater concern. Dilution ¢iTP spills renderdshem nonhazardous, although thian be
construed as unauthorizé@atment ohazardousvaste. It is ironic that 51O, is deliberately added to naturahters

during sewage treatment and groundwater remediation. This is done under license at specifically permitted locations.
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In practice, the most prevalent hazard of HTP is skin contact with droplets too small to notice. Temporary white spots on the
skin are sometimes painful arsthould be rinsedvith cold water. Similareffects on theeyes and lung tissuare more
important to avoid. Fortunately, the vapor pressure is extremely low (2 mm Hg at 20 C). Beealitajion readilykeeps
concentrations below the gpm breathindimit (OSHA TLV). In the author'slaboratory,HTP is poured iriter sized
guantities between open containers, over secondary containment trays. In conttystaNd N, H, propellants must be

kept within sealed systems, and special breathing apparatus isisé@ganyway. This is due to their much higheipor
pressures and a 0.1 ppm breathing limit for the latter, with possible carcinogenicity.

Regarding protective clothing requirements, cumbersome suits may increase the likelihood of spills. It seems appropriate to
defer to personal preferenagnenonly small quantitiesre handled.For exampleworking with wet handsnear running
water has been found to be a satisfactory alternative to gloves, which can potentially contain spills against the skin.

During the course ahe presentork, a literaturesearch was conducted ander tobetterunderstand HTP hazards. One
questionwas the detonability oHTP. Safety handbooks aneven some technical literature include undocumented
references to detonation and spontaneous combustion. Fortunately, some meticulous dorievigshemicalengineers

and chemists at MITEirca19502&3  Although bulk liquidHTP doesnot propagate decompositiénhighly concentrated

vapor can be detonated by an ignition source. Reference 2 quantified the required conditions, so they can be avoided. In the
atmosphere, 100% HTP must be raised at leak120C inthe absence ofentilation to make detonable vaderl20 C at

85%). Reduced pressures require higher vapor phase concentrations for detonation to be possible.

When gaseous 4D, detonates, there are suddenly tintes as many moleculesratughly 5times ambient temperature.
Thus, the products necessarily occupy less than 10 times the ovigjiwalvolume. This is entirely different fronsolid or
liquid explosives, which expand thousands of times. Ifvtheme isconstrained, theressuresimilarly remainswithin an
order of magnitude. In particular, note that a vacuum distillation apparatus below 100 torr cannot explode.

A sustained, invisible, thermal decomposition flame can occur in the vapor aboveHiigRidThe author observetthis in a
beaker containingdTP near its boiling point. Rapiglentilation prevented the accumulation ofl@ngerousquantity of
detonable vapor above the beaker. The gaseous HTP within the beaker was ignited witliea hidieenergy released by
decomposition steadily vaporized more liquid to feed the flame, which could empty a 1-liter beaker in tens of seconds.

Avoiding contamination is especially importafar HTP, because there is the potentiaf both decomposition and
combustion if botttatalyticand flammablesubstancesre present. Combustible mixtures TP and fuel carburn with
thermal ignition. Concernsare minimal on a small scaldue toheatdissipation. Forexample, wetspots oncloth and
absorbent paper have been showstép small flamessinceHTP has a higlheat capacity.Drops of HTPand kerosene
placed in contact with one another do not react or even mix since kerosene is hydrophobic and HTP is hydrophilic.

An important hazard related to the subjecthig paper is overpressurization of containers by gradual decomposition. Al
HTP storage containers must have a vent or a relief valve to relesgedoxygen. Flight tanks need continuquessure
monitoring in the absence of passive relief devices.

Preparation for Concentration and Purity

Hydrogen peroxide is commercially available in a wide range of concentrations, purities, and quantities. Unfortunately, this
does not include small containers of propellant gid@P. Largedrumsare sold, buboth availability and impuritieshave
been variable. Also, handling larger quantities than needed can be burdensome in a small lab.

Food grade 35% hydrogen peroxide is purchased in 4-liter polyethylene containers. It is first concer@B8edrtdthen
purified, using the apparatus shown in Figure 1. This variation of a previous Mmetmoglifies the apparatus and reduces
glassware cleaning. Operation is automated, so only daily emptying and filling of vessels is required to yieloverligers
regular work week. Certainly the cost per liter is high, but the total is still affordable on a small scale.

First, a pair of liter size beakers on hot plates are used to preferentially evaporate water during a timer-controlled®eriod o
hours. The volume in each beaker is quartered to 250 cc, or about 30% of the initial mass. One founitiabfHheO,
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molecules are lost as vapor. The loss increases with concentration, so §s#%cigal limitfor this process.Calculations
and measurementsdicate a venhigh degree of safetipr the actuaproduction rates. In Figure &ir is drawn into the
horizontal exhausslots behindthe apparatus. Vapor concentratidretow 10 ppm were measured directlyabove the
concentrating beakers.

Table 1. Analysis of Hydrogen Peroxide Solutions in 1997.

Constituent Purchased Conc. & Distilled
H202 35% by mass 85%
Ca .01 mg/kg .03 mg/kg
K 2.6 <0.1
Na 1.2 <0.1
P 3.9 <0.5
S .04 .05
Sn 3.7 .08
Ammonium 1.13 mg/l <0.4 mg/l
Nitrate 4.7 5.9
Phosphate 7.4 <.02
Sulfate 0.4 1.6

Z TOC <0.1 mg/kg <0.1 mg/kg

Not detected at thresholds between .01-0.1 ppm:
Al Ag Ba Br Cl Cu Cr F Fe Mg Mn Ni Si Zn
| Not detected at threshold 0.5 ppm: Pb

Figure 1. Evaporative concentration and vacuum distillation.

If a hot plate thermostat failed ON during a shutdown of the ventilation system, detonable vapor could accumalaiel To
this possibility, the two 750 watt hot plategre simply connected iseriesafter it was noticed that they typically operated
on a 25% dutyycle. Serieswiring halvesboth voltage and current, whichquartersthe power. Thus, the thermostatic
switches remain closed, and the safe operating temperature is the maximum possible.

To the left of the evaporation beakers is an off-the-shelf rotary evaporato85%hsolutionhaving~80 ppm concentrated
impurities is heated in 750 cc batches by a water bath at 50 C. The sealed glassware is heldbetewnay mm Hg, so
distillation is complete after 3-4 hours. Condensate drips into the flask at lower left with <5% loss.

A dual water aspirator is visible behind the glassware. One port pulladhem, whilethe other circulatew/aterthrough a
chiller, the condenser coils, and the aspirator bath itself. A temperatuabgusfreezing improves both condensation and
the aspirator's vacuum capability. Vapors which escape the condenser are rendered harmless by dilution.

Pure hydrogen peroxide (100% HTP) is much denser than water (1.4%3t<0 afloating glasshydrometer (rangé.2-

1.4) readily indicates concentration to within 1%. In 1997, both the purchased prodtlet aililledHTP were analyzed

for impurities, as shown in Table 1. This included plasma emission spectroscopy, ion chromatographytabodyanic

carbon (TOC) analysis. Note that phosphate and tin are stabilizers, and they are apparently introduced as salts of K and Na.

The apparatus and procedures have remained essentially unchanged over two Y88, semples of the prepared HTP
were concentrated to obtain more accurate results with plasma emission spectrédicapybers reported ifiable 2 are
at least 3 times the detection limit. Data are consistghtTable 1 excepfor lesscalcium. Thus, there is confidentt®t
the HTP being used in experiments is consistent.

Table 2. Improved Analysis of Concentrated & Distilled HTP in 1999 (ppb).

Element Amount Element Amount
Al 10 ng/g Na 13 ng/g
Ba 0.2 Ni 0.2

Ca 7 P 25

Cr 0.2 Pb 0.4

Cu 0.4 S 20

Fe 2 Si 1

Mg 2 Sn 7

Mn 0.1 Zn 1
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Material Compatibility and HTP Decay

Compatibility between HTP and materials of construction includes two separate problems to be a¥dRletkposure can
causematerial degradation, agcurswith many polymers. Also, the rate oHTP decay varies widelwith exposure to
different surfaces. In bottases, detrimental effects require signifiqgaatiods oftime. Therefore, compatibilitynust be

guantified and considered in context, rather than being treategiess@ no question. Faxample, ghrust chamber may
be constructed of a metal which would be considered incompatible for tankage.

Historical work includes compatibilittestswith materialsamples in glassontainers oHTP$S This and otheliterature

contains a wealth of data. However, much of it is useful m&mlyelative comparisons, e.g. many tesiereunsealed and
manywere performed aklevatedemperatures to speddemup. Typically, resultswere normalized to fractionahctive

oxygen loss (AOL) rates. Pure hydrogen peroxide contains 47% active oxygen by mass (40% for 85% HTP). Changes in
AOL rates over time are not evident in tabulated data. Overall, it is difficult to predict actual pressure rise ratesaink8igh

using the existing information.

Decay can occur on tank walls (heterogeneous), or throughout the liquid (homogénddwsjelevant factors include tank
wall (or liner) material, the volume/surface ratio (taike), temperaturgnd propellant purity. Thactualpressuresvhich
are encountered igervice additionallidepend on the ullageolume, and the storage andonsumptiontimeline. For
unvented tanks in service, the primary concempréssurebuildup, not thdoss ofpropellant performance through reduced
HTP concentration. For example, it is readily calculateddhbt 1% decay oB5% HTP ("1%AOL") raisesthe pressure
of a sealed 20% ullage volume to 241 psi at 20 C (but some O2 also remains in solution). This rule bbltsirfon any
vessel size, while scaling affects decay rates because volume-to-surface ratios change.

This present work is applicatiariented, so the actuptessuresre graphed hereinSuchinformation is notably absent

from Reference 7, and raw pressure data presented elsewhere does notampldte information to make it usefalich

as the storage temperature and ulliigetion® In addition to thevalue of representing flight tanks iservice,there's

another reason to sedllP storagdest vessels when it is of interest to accurately measuyelow decay rates.HTP in

unsealed containers can exchamnggtter with theatmosphere (examples in followingo paragraphs). Even if sealed
containers have leakage or permeation losses, it is certain that atmospheric constituents cannot enter them when pressurized.

In 1997, three small vesselgere machinedrom fluoropolymers including unsealed lidstbe same material. Theyere

filled partly with 85% HTP(stabilized at the timeandleft undisturbed on a benchtop 2t+1 C. Athin walled PVDF

vessel containing 125 g of HTP gained 8 g in 1.5 years, and an additionahgnathefollowing year. A 40 gram sample

in a thicker container gainé®l2 gover 4months then losD.9 gover 2years. Anidentical thick-walled vessel made of
PCTFE contained 42 g of HTP and gained 2 grams over 2 years at a roughly constant rate. Results remain unexplained.

The distilledHTP describedabove isstored ind-liter polyethylene bottles, whichave expanded PTFE ("GoretexVent
membranes.One containingl.7 kg of 85% HTP (680 granativeoxygen)was regularly weighetbetweenMarch and
October of 1999. In the first 10 weeks, the mass decreased b@.brgybut 0.5 gvasmissingafter 26 weeks. In just 4
more weeks, an additional 0.5 g was missing! The calculated decay rate ranges from .07% to 0.9% AOL/year.

Methods and Test Vessels

Various small sealed cylindrical containd@ve been constructed of materials to be tested. A capabilityaveitable
decades ago ithat electronic analytic balances are now acclieatrigh toobservegaspermeation and leakadgsses, as
well asverifying expectednass changes upateliberate venting.Vesselshaving volumes of 1 cand 5 covere weighed
with .01 gaccuracy, whildbalancesised forthe largeroneswere accurate tabout0.1 g. All test cylinderswere sealed
usingfluoroelastomer "Viton" o-ringsyith negligible mass losses imany cases. In keepingith the goal of avoiding
hazardous materials, all parts were simply washed with detergent and warm water followed by demineralized water rinsing.

Figure 2 shows a 5 cc sample cup next to an assemwdsdicorresponding tohe crosssection diagram. The unalloyed
aluminum cover deformedith pressure, raising thegressurandicatorabove thdop of the vessel (a calibrati@urve was
determined separately). The cover also served as a safety burst disk. The samples were simply inch long pieces of inch bar
stock, with a 3/4 hole drilled 3/4 deep. Similar 1 cc vessels used half inch bar.
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Pressure indicator\

"Viton" seal

of test
material

Figure 2. Test vessel, 5 cc, and complete assembly.  Figure 3. Test vessels using 3 inch Al tube, 3 cc volume.

A key goal was to demonstrateonths of sealedtorage, so vessetgvinghigher volume-to-surface ratiogererequired.
Figure 3 shows 300 dest articles madaith 3 inch aluminum tubingsome ofwhich had machined®PVDF liners. A
polycarbonate vessel was fabricated from 3 inch dianbeter A 2.5liter aluminum tankused in a propulsion system was
also tested. This vessel is pictured in a companion $apgrno internapistonwasused for storage tests. &fl cases, a
pressure gauge and a safety burst disk were included.

Compatibility Screening

Consideringmaterials which are affected detrimentally by HTP, initigdting on a small scale proved to be appropriate.
Effectssuch asswelling or weakening become readily apparent when the mdieiieg tested is the containeall itself.
For example, both acrylic (PMMA) and acetal ("Delrin") had large amounts of hoop strain in 1 cc test vessels.

Fluoropolymers such as PTRpolytetrafluoroethylene)PCTFE (polychlorotrifluoroethylene), anBVDF (polyvinylidene
fluoride) do not degrade in HTPThey also result in slow decay tife propellant, so these materials makase fotank
coatings, liners, or bladders, if months to years of staaegeequired. PTFE has poomechanicaproperties and PCTFE
("Kel-F") is expensive, s®VDF ("Kynar") was tested thenostextensively(also it's less dense). Fluoroelastomer o-ring
seals (standard "Viton") and fluorinated greases have withstood yadigPoéxposure inhese tests. Smearifigrytox"
grease inside one of the 5 cc vessels redtieeH TP decay rateslightly. Polycarbonate plastic ssrprisinglyunaffected

by HTP. This non-brittle material has been used where its transparency is an asset, e.g. for tanks wheréethet igsid
be visible. PEEK (polyetheretherketone) did not degrade in a 1-month test.

Several aluminum alloys were tested at 1 cc and $dd preserves untreated aluminwarfaces fomany months. This
is in contrast to water, which reacts to form aluminum hydroxide. In 1997,54Rfy performegboorly, followed by 2024,
with 6061 being slightly better.All three performed worse after eight minutesl®% HNO3, soacid cleaning was not
pursued further. This decision may need to be reexamined in light of more recent results below.

The ideal HTP tank would have strong metal or composite withsa plastic liner or coating (the lattéeing the lightest).
Polyparaxylene ("Parylene") and PVDF coatimgse tried,but unfortunately both peeledd TP apparently permeated the
plastic and decomposed between the metal and its coating. A similar budffdstgccurs if HTP ideft in a 2-liter PET
soft drink containerfor severaldays. This isunfortunate, since this particular container iselatively high performance
pressurevessel. Another spectacular matesateening result ithatHTP in contact with titaniumbecomesyellow, quite
possibly the result of TiO in solution.
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Long Term Sealed Storage

The goal ofongoing workhasbeen to demonstrate 6 months to a year or more of sealed storage in tanksr sieeg
small spacecraft. This is sufficient to cover prelaunch timelines and on-orbit health checks of a satigliital. M&neuvers
consume most of the HTP, then the ullage volume increases and subsequent pressure rises occur more slowly.

Recent results include carefully recorded decay data at 21+1 C for vessels in the 0.2 to 2.5 liter range. These tests used 85%
distilled HTP initially occupying 80% othe volume. This permitted the test vessels to tm@vedfor weighing without

wetting thetop of the vesselhere thepressure gaugesere connected. Pressureand masswvere recorded weekly. The

impurities in the HTP were analyzed after several of the tests.

Uncoated Aluminum 6061-T6
Figure 4 presents initial results for a #tér aluminumtank. Eachime thepressureapproache®00 psi, theoxygen was

simply vented so testing could continue. The fe& shown here ishat the decay rate was initialhigh and it increased
over time. During vented periods, the effective pressure rises (dashed lines) were calculated from mass losses.

_|300 Start May Al-6061-T6 Bare , total volume 2540 cc, V/S = 2.6 cm.
&l 27,1998 Construction: machined cylinder, .062 inch wall.
2300 b » July 28-Sep 10 » g SeP 15,1998 - Dec 3 [ -
§ vented vented vented
a
A 1100 ?
8 Nov 4 Dec 3 liquid Jan 12, 1999
2 v transferred to last data taken
polyethylene bottle
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
>
§|200  May 27 to Dec 3, 625 grams lost out of Al-6061-T6 Bare
‘D 2779 grams HTP (1112 g active oxygen) T o o —m = oo
o 9 ( 9 yeen) HTP in PE Bottle
g 100 Calculated from mass losses
& whenever vessel remained vented _ Dec 3 to Jan 12, 9 g/day lost
<l ______ — over 40 days, 360 grams.
2 L
x| — (horizontal lines are average rates between record dates)

Figure 4. Sealed storage in uncoated aluminum 6061-T6, 2540 cc total volume. Initial &3t was 2032cc, 2779
grams (1112 g active oxygen). Ullage volume 508 cc (20%) holds 13.8 grams O2 at 300 psi.

Table 4. Analysis of HTP stored in uncoated Al-6061-T6 May-Dec 1998 (ppb).

Table 3. Alloy 6061. Element Amount Element Amount
Al 9600 ng/g Na 23 nglg
Al 98 Ba 0.9 Ni 4
cr .0020 Ca 31 P 12
Cu 0027 Cr 16 Pb 19
Mg 010 Cu 39 S 30
Si .006 Fe 160 Si 160
Mg 670 Sn 21
Mn 27 Zn 28

After 27 weeks, the propellant was transferred into polyethylene, but the decay rate determimaeddsomasurements did

not fall. This suggested that the fluid had become contaminated by the aluminum tank, resulting in homogenous decay. The
alloy constituents are displayed in Table 3. Data firmoctively coupled plasm@CP) emissiorspectrometry inrable 4

confirms that the metals went into solution. Note that while 39 parts per billion of dopgaampleseemanminiscule, it is

equivalent to a 0.16 mm cube of coppevigble speck) dispersed throughcedch liter ofHTP. WhileAl, Cu,and Cr in

solution are roughly in proportion to their presence inalay, there isover twicethe Si,and Mg is over-represented by a

factor of 7.

The obvious next question was whether the tank wall had been "cleansed" by the 6-month exptadereltoApril 1999,

the same vessel was taken out of storage and retestédguhe 5,the rate ofpressure rise and ifgositive derivative are
both lower than in Figure 4. Analysis after 24 weeks (Table 5) turned up 2.5 to 4 times fewer aluminum constituents.
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390 Eresh Al-6061-T6 Bare , total volume 2540 cc, V/S = 2.6 cm.
g HTP Construction: machined cylinder, .062 inch wall.
g[200 Apr Jul 15, 1999 - Oct 12 vented
al~ 27, -
< 99 -
%.) 100 Oct 12 liquid
or— transferred to
< Sep 21
5 July 15,1999 Aug 10 P polyethylene bottle
and sampled for analysis
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
>
5 200 . Oct 12-19, Decay rate Al-6061-T6 Bare
‘D Fresh HTP in h d - ethvl
a Same Al Tank ' unchanged in polyethylene
2+ 100 July 15 to Oct 12, 152.8 g lost in 89 days,
IS : X h
14 or approx 3000 psi equiv, 33 psi/d average Decay rate climbs less steeply
- |_ _| than in first test above.
rod o

Figure 5. Retest of Figure 4 vessel with fresh distilled HTP (2036 cc, 2757 g).

Table 5. Analysis of HTP stored in uncoated Al-6061-T6 Apr-Oct 1999 (ppb).

Element Amount Element Amount
Al 3700 ngl/g Na 8 ng/g
Ba 0.2 Ni 0.8

Ca 8 P 4

Cr 5 Pb 0.8

Cu 10 S 16

Fe 46 Si 46

Mg 37 Sn 4

Mn 8 Zn 6

The decay rate at the end of thi899testrelative to that othe previous test was reduced by a factor near 3, similar to the
reduction in contamination. Magnesium (as well as copper) is proportionately represented in the solution andigtaled for
5. Chromium is slightly under represented, while the silicon in solution is again twice the expectation.

Anodized Aluminum 6061-T6

Given thatdissolution ofthe alloy increaseBl TP decay, itmakessense to consider coating&iven thepoor luck with

polymer coatings noted previously, anodizing had become a subject of intelastl998. Figure 6 showhat anodized

aluminum has a decay rate much lower than the untreated surface for the same test in otherwise identical vessels (note the 8x
magnified scale in the lowgraph). Exposure of HTP tduminum ended after only Meeks,but the6061 elements in

solution are greatly reducetbr the most part. InTable 6,most ofthe alloying elements are representedoater of

magnitude more strongly than aluminum, when compared to the alloy composition.

300 Al-6061-T6 Anodized , total volume 2540 cc, V/S = 2.6 cm.
&l Construction: machined cylinder, .062 inch wall.
o] 200
=
§ May 18, 1999
a
w[100 Mar 17, 1999 Apr 20, 1999 - HTP stored in polyethylene bottle May 18 to Oct 1999 .
&

Start Jan 26, 1999

T T T T T T T T T T T 1 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

> .
8|25 SCALE DIFFERS FROM UNTREATED ALUMINUM GRAPHS Al-6061-T6 Anodized
Qo
% —12.5 _ _ _ _HTPin PE Bottle (uncertain due to non-rigorous mass data) _ _ _ _ _
24
ol
i)
g

Figure 6. Sealed storage in anodized aluminum 6061-T6, 2540 cc. Initial distilled HTP fill was 2048 cc, 2818 grams.
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Table 6. Analysis of HTP stored in anodized Al-6061-T6 Jan-May 1999 (ppb).

Element

Al

Ba
Ca
Cr

Cu
Fe
Mg
Mn

Amount
340 ng/g
0.3
42
14
13
0.6
11
0.4

Element

Na
Ni
P
Pb
S
Si
Sn
Zn

Amount
21 ng/g
24

4

3

25

26

7

15

The aluminum-oxygen bonds in the coating most likely kept this metal out of solution. Congider8xgreduction in the
final decay rate (Fig 6 vs. Fig 5), it is notable that Mg and Craughly 3xlower in Table 6 than in Table 5. In contrast,
the copper content apparently increased. Any conclusions drawn from this would of course be very preliminary.

The anodized tank was retested and its fluid was sampled after 19 weeks, as indi€gexk i@ andrable 7. Onceagain,
the decay rate and the concentrations of metadslirtion decreased. A third tesas started osep28, 1999 (Figure 7).
Initial results are similar to the month beginning on May 18.

Al-6061-T6 Anodized , total vol 2540 cc,

G 0 Fresh HTP Fresh HTP
= 200 in same vessel, in same vessel,
()
E May 18, 1999 Aug 11, 1999 Sep 28, 1999
4 - - > Oct 25
a
]100 vented Sep 28, transferred to
& polyethylene bottle
=)
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 1 T T T
>0 10 Time, weeks 20 30
8125 SCALE DIFFERS FROM UNTREATED ALUMINUM GRAPHS
%
o
e Oct 19, 1999
8125
% ______ Decay continued at same rate
§ ““““““ in polyethylene Sep 28-Oct 19

Figure 7. Retests of Figure 4 vessel with fresh distilled HTP (2030 cc, 2782 grams).

Table 7. Analysis of HTP stored in anodized Al-6061-T6 May-Sep 1999 (ppb).

Element Amount Element Amount
Al 250 ng/g Na 12 ng/g
Ba 0.2 Ni 0.5

Ca 12 P 2

Cr 0.4 Pb 11

Cu 3 S 26

Fe 13 Si 11

Mg 4 Sn 3

Mn 0.3 Zn 5

As an example of the low mass losses achieved in most tebis wietatanks sealeavith o-rings, lesghan0.1 gram was
missing after the 12 week test. On Auglkst1999, 15 g escapagponventing, so Igram of oxygerwas mostlikely in
solution (the ullage was calculated to contain 13.8 grams of O2).

Plastic Results

Both polycarbonate aneVDF weretested on a scale larger than 5 ccwitit about 10 timesessvolumethan theabove
aluminum tanks. Th&essfavorable (~halved) volume-to-surfacaios should b&ept in mind when comparingjopes in
Figures 8 and 9 to the aluminum graphs. It is unknavether the (relativelyhigh mass losse®sulted fromleakage or
permeation.
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| 300 started Dec 10, 1998 Lost Mass
g with newly machined N\rﬁ" Lost Mass
@200 and washed <3
2 vessel M Polycarbonate , 165 cc total volume, V/S = 1.4 cm.
2 Construction: cylinder machined from bar.
a
]100 %
JAE
]
=) April 29, 1999
T T T T T T T 1 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
400  started April 29, 1999 with fresh
distilled 85% HTP in same vessel.

1300 Polycarbonate , 165 cc total volume, V/S = 1.4 cm.
B Construction: cylinder machined from bar.
[oX
g (200
§ Lost Mass (rate is only ~0.1 gram/month)
(0]
a
o [L00
[=2]
: !
5

Oct 19, 1999
rr.r 1o 1111111 1.1 11 1.1 1.1 17 1T 1.1 1.1 1 T T 1T T T T T T 1T
0 10 Time, weeks 20 30

Figure 8. Sealed storage in transparent polycarbonate, 164 cc total volume. Initial His#I&l was 131 cc, 178 grams
(71 gactiveoxygen). Ullage volume 33 cc(20%) holds 0.9 grams O2 at 300 pdiower curvesrepresent thectual
pressure, while the upper curves are calculated, assuming that the lost mass would have been oxygen in the ullage.

Of all the materials tried, PVDF clearly offers the most potential for a year of sealed HTP storage. Prigiguaréh@test,
the vessel liner had been exposed to (stabilized) HTP for 22 months. It had been bleached whéaeraloan the original
almond color which is characteristic of PVDF as purchased. The importance of this fact is presently unknown.

—[390  started April 29, 1999 with fresh Polyvinylidene Fluoride (PVDF) , 305 cc total volume.
3 distilled 85% HTP. Construction: thin aluminum tube having .025 in thick PVDF liner.
£]200 (vessel contained stabilized
2 HTP for previous 22 months)
o Lost Mass
o
{100
JAE
] A
5
Oct 19, 1999
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

Figure 9. Sealed storage in PVDF-lirddminumvessel, 305 cctotal volume. Initial distilledH TP fill was 244 cc, 330
grams (132 g active oxygen). Ullage volume 61 cc (20%) holds 1.7 grams O2 at 300 psi.

Both of these plastic tests continue, and an ongadtigity is tofabricate larger aluminurtankslined with PVDF. Based
on measurements ttate,one-yearunventedstorage iswithin reachfor tanks designed tbavesimilar pressurdimits and

ullage fractions.
Discussion

Long term pressure rises resulting from unstabilized HTP in sealed contsmel®en documented itetail, because this
is the most realistimaterial compatibility testelevant tospacecraft tanksThe 20% ullage fraction igprobably apractical
compromise to avoid thicker walls which would be required to contain higher pressures at reduced ullage volumes.

Anodizedhigh-strengthaluminumtanksmight be appropriatéor HTP if prelaunch timelines arghort and consumption

begins soorafter reaching orbit. Storage times could be extended if prelaramting of a fewgrams of oxygercan be
permitted, as was routine in the past for HTP systems. Metal tanks can be lighter and simpler than plastic-lined tanks.
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Clearly, further cleansing of anodized aluminum alloy tank walls is a subject of great interesteaslthderein dontule
out further improvements. Historical cleanimgceduresvhich use hazardous liquidsave allbut been ignored by the
author, and it is entirely possible that they are of utredevance. However, given thhie goal is taemove metals which
will dissolve in HTP, it may not be an error to simply use HTP itself for this purpose.

The potential value of stabilizers in metal task®uld not beentirely ruledout, to the extent thdhey mitigate thecatalytic
effect of metals in solutionHowever,Reference 3or example noted that thideal situatiorfor long term storage is pure
HTP in a clean container having no catalytic activity. Unstabilized HTP is also the best for long thruster life.

Considering plastic tanks, the data presented heugjgesthe possibilitythat polymer permeability might provide'self-
venting" capability. This needs to be explored further, but it may or may not be in accordance with safety concerns.

A complete treatment dbng term storage in flight tanks is beyond scope herdéor example,decay increasewith
temperature, so flight tanks should be tested under representative conditions over appropriate timesveit beppssible
to store HTP indefinitely if it is permitted to freeze on long space missions. It does not expand andhambiareupon
freezing as water does. The HTP storage problem needs fardtierso it iscomforting that there arengoing programs
which are considering the placement of HTP tanks in the space shuttle orbiter bay, €l§. X-37.
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