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Abstract. The Advanced Stirling Radioisotope Generd#8RG) is a next-generation radioisotope-based power
system that is currently being developed as amrmative to the Multi-Mission Radioisotope Thermaxtie
Generator (MMRTG). Power sources such as thesehbmayeeded for proposed missions to solar systenetsla
and bodies that have challenging Planetary Prote¢®P) requirements (e.g. Mars, Europa, Encelaithas)may
support NASA'’s search for life, remnants of paf&, land the precursors of life.

One concern is that the heat from the ASRG coutdmi@lly create a region in which liquid water magcur. As
advised by the NASA Planetary Protection Officehew deploying an ASRG to Mars, the current COSPASSN

PP policy should be followed for Category IVc missi Thus, sterilization processing of the ASRG thieve

bioburden reduction would be essential to meetPRlametary Protection requirements. Due to therroabtraints
and associated low temperature limits of elemefits@ASRG, vapor hydrogen peroxide (VHP) was sstggbas a
candidate alternative sterilization process to dempnt dry heat microbial reduction (DHMR) for thesembled
ASRG. The following proposed sterilization plan fire ASRG anticipates a mission Category IVc leoEl
cleanliness. This plan provides a scenario in wWMEIP is used as the final sterilization process.

Keywords. Advanced Stirling Radioisotope Generator (ASRGanetary Protection (PP), Vapor hydrogen
peroxide (VHP) sterilization.

INTRODUCTION

Radioisotope power systems (RPS) have been eddertti@ U.S space program for over 50 years ande ha
supported more than 20 missions. RPS providegrielpower to spacecraft systems and science imgntation by
converting the heat produced from the natural @ative decay of plutonium-238 to power. As therailimited
supply of**®*Pu and there are currently no U.S. facilities paiag it in significant quantities, NASA must coneid
the limited supply when planning future RPS powaresisions (1).

The most recent RPS technology to support an exjdor mission is the Multi-Mission Radioisotope
Thermoelectric Generator (MMRTG), which is currgrplroviding power to the Mars Science LaboratoryS{y
rover. NASA and the DOE are now developing an AdeahStirling Radioisotope Generator (ASRG), which
utilizes a highly efficient Stirling engine for ceersion of heat to electric power. ASRGs shouldblke to provide
power comparable to the MMRTG, but with only oneder of the”*®u. The higher radioisotope fuel efficiency
provided by the ASRG could extend the suppl{*@?u available for future missions (2).

In the development of the ASRG, the most stringaigision requirements have been considered to emsulte

mission support capabilities. Planetary Protec{i®R) requirements vary depending on a missionetargnetary
body and science goals. The ASRG PP planning tesncdnsidered what would be required to suppoiisaiom to
Mars where liquid water may be present. This wddda PP Category IVc mission per NPR 8020.12D ((8) ia
one of the most challenging missions from a PPpeeit/e.

Category IVc mission requirements are largely basedhe biological cleanliness precedent set by\theéng
missions, which were powered by previous generd®®$. Satisfaction of PP requirements for RPS oy
prior to ASRG was relatively simple as the powestegn either generated enough heat to be selfiziegilor could



Proceedings of Nuclear and Emerging TechnologieSgace 2013
Albuquerque, NM, February 25-28, 2013
Paper 6766

withstand the temperatures required to appropyiatzluce the systems bioburden. Due to therntatcaints and
associated temperature limits of elements of th&@Svapor hydrogen peroxide (VHP) has been consitlas a
sterilization process to complement Dry Heat MigabiReduction (DHMR) for different steps in the aswbly of
the ASRG and for use directly prior to spacecnatégration (4, 5). A proposed plan and unique awrsitions for
the use of VHP as the final sterilization proces®oivs.

VHP STERILIZATION BACKGROUND

The VHP sterilization process is considered asnat@mperature complementary surface sterilizatemthnique to
the NASA approved dry heat sterilization procedse WHP process employs hydrogen peroxide vapoestray

microbes. It is widely used by the medical industrysterilize surgical instruments and biomedialides. The Jet
Propulsion Laboratory (JPL) has developed the vabase hydrogen peroxide sterilization procesafoeptance
as a NASA approved sterilization technique for sgaaft subsystems and systems.

In the past decade, extensive validation studiee wenducted by the Biotechnology and Planetaryteletion
Group (BPPG) at JPL and by the U.K. Health Prodecfigency (under contract with the European Spagendy)
(6-12). NASA/ESA formal review of vapor hydrogenrgede specifications for bioburden reduction was
conducted at NASA HQ and JPL. Certification studgults were presented by both JPL and HPA scisritisthe
NASA and ESA Planetary Protection Officers and tieiew panel. The specification for use of VHP hasn
established and reviewed, though not yet formaliglished. A NASA/ESA specification for use of VHRshbeen
approved by the Planetary Protection Officer. ThkoWing is a draft of the proposed specificatiar VHP
sterilization processing:

The D10 value for hydrogen peroxide reduction ofeste spore burden is 200 (mg/L) sec. D10 (exprkase
concentration over time) is the value requireddstby 90 per cent of the microbial population orfaces
subjected to vapor hydrogen peroxide processiagcancentration of 1.1mg/L, a temperature of betw2®C and
45°C, and with relative humidity controlled betweeB®%, as measured at %5. All microbial spore populations
located on spacecraft “free” surfaces (i.e., shel tapor exchange can take place) and vegetatjanisms are
understood to be killed at this level of exposure.

The effect of the VHP process is cumulative (i.€taalue of 600(mg/L)s gives 3 log reduction) wéih acceptable
range of application between 2 log reduction atmb@eduction. Process application to attain nibas 6 logs
reduction must be supported by additional datasgptoved by the PPO. Surface cleanliness of haaltedne
sterilized must be assessed and consistent witt8I&0ass 100,000) cleanroom conditions. Matex@ahpatibility
and residue issues must be considered in the dekigarilization cycles. The project shall spgcifethods for the
measurement of the time, hydrogen peroxide conagémtr, and humidity parameters and make allowafares
stabilization times. C and t are measured real toréng the exposure run. Process efficacy shafldraonstrated
through the use of validated biological indicatBstear othermophilus DSMZ5934/ATCC7953 or other to be
selected in consultation with the PPO). The bimdalgndicator configuration shall represent a amative
challenge compared to the hardware bioburden rexfuctedit claimed for the process.

VHP MATERIAL COMPATIBILITY

One of the characteristics of the hydrogen peropideess is that it is compatible with a wide ranfienaterials.
However, there are materials that are incompatiilth VHP process. These materials either comprorttige
efficacy of the sterilization process or the mateiiself is degraded/damaged by the VHP procesterim of
structural integrity or performance (6, 10, 14-16).

Since hydrogen peroxide is a strong oxidizer, itmportant to ensure that spacecraft materialsnatedamaged
during the sterilization process. The compatibilityground support equipment (GSE), infrastructamed flight
hardware components with the VHP process shoukebkiated on a case-by-case basis. The lowesépigioach
would be to subject a completed flight-like hardevaio the complete sterilization cycle and then tbest
performance before committing the flight hardwaréhte sterilization process. If this is not a veabption, it is very
important to gain as much information as possibleuathe VHP compatibility of flight hardware.
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Validation studies conducted by the Biotechnology ®lanetary Protection Group (BPPG) at the Jeputsmn
Laboratory (JPL) have generated recommendationgXperimental setup, exposure conditions and tegbgols
for the VHP process specification (9, 11, 12, ai)l These VHP process specifications have been asedguide
for VHP exposure conditions and VHP compatibilisgttprotocols. Over 90 spacecraft-related matenale tested
for VHP compatibility by JPL in these studies (6, And 13). The results of these studies are suinedafl8) and
could be used as reference for a future ASRG VHBRpatibility evaluation.

ASRG VHP STERILIZATION AT VIF

The premise of planetary protection for the ASR@a all internal components are cleaned to apmataplevels,
assembled in a clean room, heat sterilized andarobntaminated during the fueling process. A vapalrogen
peroxide (VHP) atmosphere is present in the endldaeling facility at Idaho National Laboratory preclude
recontamination of the ASRG's internal parts (3).

Post fueling activities such as thermal vacuumratibn testing and storage at the INL, truck tramspo KSC,

storage in the power source processing facility GRY, integration and checkout in the Payload Hazmasd
Servicing Facility (PHSF), transport to the vertigategration facility (VIF) and lifting up into # VIF, would

present unsterilized environments. It is therefoostulated that final external surface sterilizatof the ASRG
would be accomplished once at a desired work lat¢he VIF (at the fairing access doors) and piospacecraft
integration.

VHP Compatibility Evaluation

Before committing ASRG to VHP sterilization proce®e VHP material compatibility should be evalabter all
the materials that will be in contact with VHP dwithe process. Leak testing has to be performezhsore no
VHP vapor penetration in to the parts/subsystermrtiay not be compatible with VHP process.

ASRG Bioburden Evaluation before VHP Process

The ASRG bioburden level would be evaluated befékP process. The test would be based on the NASA
NHB5340.1 process for monitoring microbiology cantaation of space hardware.

Vapor Hydrogen Peroxide Generator

The Steris VHP 1000 ARD would be used as the vAgdrogen peroxide generator. It has been used Byf&San
ambient atmosphere (as opposed to under vacuum)wahidration study. The ARD is designed as a mogyistem

to be moved to different locations for room or leddory decontamination. The ARD operates with a \&éRsor
for feedback control to maintain a fixed concembratof VHP in a fixed space. The sensor bundle atemitors
temperature and humidity in the space. The Steid® V1000 ARD system consists of VHP 1000 ARD bio-
decontamination unit, dryer regenerator, high cepalryer tank or dryer cartridge, sensing unitxidary aeration
unit (high capacity catalytic converter), room aition unit and contactor unit (Figure 1).

Figurel. STERIS VHP 1000 ARD.
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VHP Enclosurefor ASRG sterilization

A large VHP enclosure would be used (Figure 2). $ize of the enclosure would depend on the cordigom of

the installation cart and spacecraft. The testamuck consisted of a steel frame, double-walledopnand sides
with low density polyethylene sheeting and Tyvektdiape. Adhesive plastic sheeting was used fofltioe of the

chamber. A large removable door will provide acdessmoving in the hardware. The test enclosuri also be

tested for compatibility with the spacecraft enmimental requirements (ESD, humidity, etc.). Theolayof the

ARD connected with the test enclosure is also shiovifigure 2.

..,_-,...-mri"'-"‘

Lexan interface panel (

ARD Sensor
- Bundle located
inside chamber

ARD inlet

Figure2. STERISVHP 1000 ARD Connected with Test Enclosure

VHP Enclosure Cooling System

A Fans/Heat Exchanger would be used as the coslistem to ensure no over heating of the ASRG sysiging
VHP sterilization. The size of the heat exchangeuld be 1.02 rhand the airflow in the enclosure will be 0.15 m/s.
The temperature of the coolant outlet would be23€2Both outlet and inlet of the coolant line wolle insulated
to ensure no cold spots in the enclosure. Thisimgalystem would remove 500W of heat, which is gatesl by the
ASRG, during the VHP process. The targeted temperan the VHP enclosure is %5 The proposed layout of the
Fans/Heat Exchanger is shown in Figure 3 below.

Fans/Heat Exchanger (1.02
Fans m2, airflow 0.15 m/s, heat

removed 500 W)
@ / — (= <:

I ASRG Alrln Air Out,
— 35°C ' o°C

@@@@

/ Coolant Coolant In,

Decontamination Enclosure Out, 22°C 23°C

Chiller

Figure 3. Fang/Heat Exchanger Layout
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VHP Sterilization Process
Before VHP sterilization, the hardware should beperly grounded to ensure no ESD damage during/ttie

process. The VHP process consists of four distiases: dehumidification, conditioning, decontaitiimaand
aeration. The following sections provide a deswipbf these phases.

Dehumidification
r Conditioning

Decontamination Aeration

Concentration

Time

Figure 4. Phases of the VHP Decontamination Process

Dehumidification

At the start of the VHP process, the system drawdram the enclosure to be decontaminated, patzesir
through the air drying module and returns it to ¢nelosure. Cycling the air through the dryer Iesvitre humidity
within the enclosure to preclude the possibility oéndensation of hydrogen peroxide from the vapor.
Dehumidification continues until the humidity haeeln lowered to below the target humidity level befwansition

to the next phase of the cycle. The targeted huynieivel for VHP sterilization is as low as 35%/ lier ESD safety
reasons, the setpoint for the ASRG VHP proces896.4

Conditioning

Once the humidity threshold has been met, the Wé#em then initiates injection of hydrogen peroxi@gor into

the enclosure. In the conditioning phase, a rapjdction rate is usually selected so that the cotnagon of
hydrogen peroxide is raised to the desired decdn&tion concentration as quickly (but uniformly abighout the
chamber) as possible. When the decontaminationshiblé has been attained, the VHP process enters the
decontamination phase. This level is monitoredaittive feedback control by a hydrogen peroxide aelmated
within the enclosure. The targeted VHP concentratiothe enclosure (measured as close as is pahlito the
ASRG) is 750 ppm.

Decontamination

Once the target concentration of hydrogen perodmnsistently maintained, the decontaminatioretiie started.
The time required for the decontamination of thateots of the enclosure is driven by the hydrogeroxide
concentration and the required level of microbiedtivation. For a six log reduction in bioburderd! with VHP

concentration at 750 ppm, the decontamination tg120 min. An additional 6 min 40 sec (two log) wiarwill be

applied to the decontamination duration.

Aeration

After the successful completion of the decontanmaiphase, the VHP system ceases injection of lggiro
peroxide. Vapor from the enclosure is cycled thtotige catalyst to reduce the hydrogen peroxidel Ibeéore

returning to the enclosure. The aeration continugd the concentration of hydrogen peroxide vapsturns to

ambient levels to permit opening the enclosuredtiieval of the contents.
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Biological Indicators (BI)

Biological indicators would be included with the YHsterilization process to validate the efficacy thé
sterilization cycle. The biological indicators eacbntain 16 spores from a VHP resistant bacterial strain (B
stearothermophilus DSMZ5934/ATCC7953 or other to be selected in caason with the NASA PPO). The
biological indicator configuration shall representconservative challenge compared to the hardwateutten
reduction credit claimed for the process.

Viable spores on unexposed (control) coupons andhenVHP exposed coupons would be enumerated by
incubating in Tryptic Soy Broth (TSB) at 55°C foB 4ours. Clear tubes (no growth) indicate succdsthe
sterilization process.

Post Sterilization Handling and Storage

All personnel working with the hardware need tonlede aware of the need to retain sterility of taedtvare, post
sterilization processing. The ASRG hardware co@dépt in the VHP enclosure after the VHP steriimaprocess
until spacecraft integration. The fan/heat exchamgmuild remain operating to ensure no overheatinth® ASRG
system.

Re-sterilization

Some effects of VHP sterilization are cumulativhe$e could increase the risk of degradation of viaarel
performance after numerous process cycles. It poitant that re-sterilization options should beetalty reviewed
before committing the hardware to further stertiza.

CONCLUSION

Unlike previous RPS technologies, due to thermaktraints, the ASRG will require a treatment otiirem DHMR
for bioburden reduction. The proposed plan presehte for the use of VHP as a final sterilizatarilines the
necessary considerations and detailed treatmeatraders prior to final spacecraft integration atiés. Additional
PP implementation details during and after spadeictagration will be determined once a missiosetected.
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