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Abstract— This paper will cover the conceptual design of a
Mars Ascent Vehicle (MAV) and efforts underway to mise the
TRL at both the component and system levels. A sigsn down
select was executed resulting in a Hybrid Propulsio based
Single Stage To Orbit (SSTO) MAV baseline architectre.
This paper covers the Point of Departure design, awell as
results of hardware developments that will be testkin several
upcoming flight opportunities.
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1.MARS SAMPLE RETURN

Mars Sample Return (MSR) is highly desired by ptane
scientists as a way to bring the full scientifiqpaeity of

Earth to bear on the evaluation of Martian sampfes
determine if life ever arose on the planet, org&ance may
even exist today. Given the cost and challenge ubting

significant mass on the surface of Mars, plus tbeessity
of tele-operating robotic systems and instrumeetsately,

it will likely be over a century before comparalsigentific

power will be available in-situ at Mars. More rdgdi
achievable is the approach of bringing some of Nbaick to
Earth to study. In fact, this ability has been stddfor at
least 20 years.

Today, the Mars 2020 mission is under developmesed
on the highly successful MSL rover currently opieigtat
Mars. Figure 1) Mars 2020 brings with it a new powerful
978-1-5090-1613-6/17/$31.00 ©2017 IEEE

suite of instruments, plus a sample collection aadhing
system that will allow it to core drill targeted nsples,
carefully chosen by scientists exploiting the new
instruments, and place them into hermetically skale
containers (tubes) which could potentially be ne¢ar by
future missions. This capability would demonstrite first
leg of a potential MSR effdt.

Figure 1 : Mars 2020 Rover with sample coring and aching
system.

The exact approach for getting the samples bad&atth is
not yet established, but the current referenceitaathre
being used as a guide for mission studies is sHuelow?.

In this architecture, the next mission in the questeturn
samples would be an orbiter with the capabilitgaifecting
an Orbiting Sample (OS) and preparing it for retton
Earth. In fact, the Mars Program is currently depéig an
orbiter mission concept called the Next Mars Orbite
(NeMO) whose prime mission would be to replace ggin
telecommunications and reconnaissance assetsi¥hdree
Mars Program is also evaluating bringing a techgplo
demonstration payload that would demonstrate oit thb
capabilities needed to rendezvous, capture, perftren
necessary Planetary Protection isolation encapsnjaand
prepare an OS for return.
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Figure 2: Current Reference Architecture for potertial Mars Sample Return

Because of its telecommunications and reconnaissanc
functions, as well as its own science objectivhs, NleMO
orbiter, Figure 3, may choose to operate in a sun-
synchronous orbit anywhere from 300-500 km altituttas

is important to a MAV from a design perspectivenals be
seen later. An open trade exists for the final jeyrhome

for the samples. In the simplest architecture (shaw
Figure 2),the SRO would encapsulate the OS into an Earth
Entry Vehicle (EEV) and start the return trip tortBaUsing
solar electric propulsion, this would be perforntgda slow
spiral about Mars until finally exiting the Martiagravity
well and following a heliocentric path back to Hart
Immediately prior to arrival at Earth, the EEV wdube
jettisoned by the SRO, and the SRO would perfomtivart
maneuver taking it off an intercept trajectory withrth and
leaving it forever in orbit about the sun. The ERduld Figure 3: Conceptual Design for the Next Mars Orhier
enter the atmosphere ballistically, and land at gNeMO), including the demonstration ROCS payload sen here
predetermined uninhabited location. Currently thahJTest  on the lower side of the Bus.

and Training Range (UTTR) is one likely candidatef

other locations are also under consideration. rAd#tive  Following the Sample Return Orbiter (SRO) in thierence
architectures also under consideration include @ to  architecture(Figure 2), would be a Sample Return Lander
hand off the encapsulated OS to another orbiteMats,  (Figure 4). Currently, this lander concept would include th
potentially provided by ESA as a contribution t@ ISR capability to drive to the Mars 2020 sample drog of
effort. This would allow for the telecommunicatioasid |ocations, collect the samples, insert them inte taturn
recon asset to remain at Mars for continued sugpasther  canister, and eventually launch the entire colectinto
missions. The ESA orbiter could follow a similgpaoach  orhit for retrieval. A number of candidate architees are
to the return leg. Another alternative is for thRGS (or  under consideration for this, but the simplestisven in the
ESA) orbiter to return to Earth, however insteacdiofving  reference architecturdigure 2) where a Mars 2020-class
on a ballistic trajectory for direct return, thebiter would  rover includes the MAV as a payload and performs th
enter into a distant retrograde orbit about the Mand a  traverses necessary to collect the samples. Atieating
crewed mission would be executed to rendezvous anghe final sample to return, it launches the MAV nfrdts
collect the samples there, and return them safelyhe final location. Alternatives under consideratiorclirde a
Earth. cooperative approach where a platform like landeni{ar




to Phoenix or InSight) hosts both the MAV and a légna
MER-class rover. The smaller rover could be proditg a
partner (eg: ESA) which would traverse to the sampl
location points, then return to the lander base land the
samples into the MAV for launch. Launch would occur
where the platform landed. This Fetch Rover apgroa
requires much longer surface duration in orderadgsm a
round trip to the samples and back, and this pewvid
another driving requirement on the MAV, namely tovive

a full Mars year (2 Earth years) on the surfacehe T
uncertainty in the arrival date and actual durafmrsurface
operations also dictate that the MAV be able tntduat
any time of the Mars year.

Figure 4: Conceptual Design of a solar powered plédrm style
lander for SRL with Fetch rover and MAV

The final details of any MAV host will be unknowrf
many years, so in order to continue the advancewfethie
technologies necessary, the MAV concept being stldi
designed to accommodate a large range of potendist
constraints. Foremost is size, mass and power neagants.
In agreement with the Mars Program Office, the idgv
constraint for packaging would result from Fagure 5
skycrane-like delivery system (aka MSL and Mars ®02
although due to the higher landed mass requiredrfd3RL,
this would be delivered by a 4.7m aeroshell, arreiase
over the former 4.5m aeroshells. Similarly, white precise
delivery mass capability is yet known, the MAV ®ystis
being developed to minimize total landed mass ¢oetktent
possible. Similarly, it is unknown whether an RTGuid
be selected for a future lander. A platform lanaery never
use one. As such, a solar powered option solutiast he
maintained, and this also drives a MAV system tuie a
minimal amount of energy for survival. This is amred
through a combination of propulsion system selecind
launch system design with good thermal control bdiha

Figure 5: Packaging of a skycrane descent system & 4.7m
aeroshell to establish packaging constraints for MAV

2.HYBRID SSTOMAV

In January 2016, after briefing the Mars ProgrameE&tor
on the results of the 2015 studies and the resiiltise End
Of Year review, the decision was made to focusreffon
advancement of the hybrid Single Stage to OrbitT@S5
MAV concept. While more than one option was coesed
viable, the hybrid approach appeared to have thstmo
robust characteristics that satisfied the drivingstraints of
the other missions, as described earlier (sizesnmsver).
Given the limited Mars technology development funds
available, focusing efforts on this approach imgthe
ability to advance the maturity level considerably.this
case, the hybrid was also the lowest TRL of thdoopt
considered.

The hybrid MAV has several advantages over the rothe
architectures considered. First, the propellant ination

of wax-based solid fuel and MON-30 oxidizer allote
MAYV survival temperature to go as low as -75C. Tihat

is the oxidizer that freezes at ~ -82-83CThe paraffin-
based fuel with specially chosen additives has been
successfully tested to -105C. The next closestonptias
the bipropellant MAV which would use a combinatiof
MonoMethylhydrazine (MMH) and MON-25 which could
operate down to ~-44C (MMH freezes at -52C). Solid
propellants are generally qualified to -40C. This
substantially lower survival temperature for a lgbr
provides for a much lower survival energy demaianfthe
host.

Another key advantage is the high specific impuéehe
hybrid. With a theoretical Isp of ~ 335 s, and aqgpical Isp
~314-320 s, the hybrid is the highest performingppision
system and can therefor absorb dry mass increases m
readily than other systems with less impact to GLOMis



impulse is achieved without metallicizing the fuahd
therefore also reduces the erosion experiencetdendzzle

throat preserving the high performance throughcw t
burns. The hybrid can be restarted as many times as

needed, and can also be throttled if that provideg
performance or mass savings. Given the uncertaiitiéay
of some of the final details in ~ 2022 when an SRiksion
might start up, flexibility and design robustness
important.

A hybrid MAV operates at lower chamber pressure thia
cousin the solid, and thus over sizing the chamsbghtly to
accommodate increased total impulse ( in the evEntass
growth for instance) is not as costly. Similarlye tdiameter
of the system can be varied to buy back length has
oxidizer tank is scaled. Injection errors are agmificantly
less with a hybrid (or biprop) that can termindteust on
command once the target impulse is provided, coethty
a solid solution. The System-level benefits of ybrid
made this a clear choice for technology investmdfitile it
is not a guarantee that a future SRL mission watloose
to maintain this solution once it is initiated aseal project,
it is expected that for all these reasons it istng
contender. The goal of the Mars Program at thistjure is
to raise the TRL of both the components and thdefys
over the next few years to this end.

t lines.

configuration

3.HYBRID DESIGN TRADES

To arrive at the current design, several tradesewer
performed. The first was in how to perform thrusttoring
during main engine burns. Thrust Vector Control Q)Ms

i critical to controlled flight of a vehicle like thi as Reaction

Control Systems (RCS) would be unmanageably lafge i
required to operate in this capacity. The vehicke i
dynamically unstable and must remain under positive
control at all times. There are many options forCI\For
liquid engines, it is most common to simply gimhbe
whole engine with linear actuators and flexible gaitant

In solid rocket motors, the common approacko
gimbal the nozzle itself. This is performed by &ne
actuators pushing the nozzle in the desired doecti

The thrust chamber continuity is maintained eitheough a
spherical ball type friction interface (trapped Ipabr
through flexible materials (flex seal). The intedabetween
the nozzle and the thrust chamber is extremelylaigihg
and poses the most risk in this approach. Furthigh, the
expected temperatures it would see on Mars, thes#al
designs were ruled out as the soft goods oftenrhedurittle
at cold temps. The trapped ball nozzle approaclnis

The Point Of Departure Review (PODR) version of theoption for a hybrid motor as well, as they sharsirailar

hybrid SSTO MAWI! is shown inFigure 6, both with
details and stowed within its launch tube. This the
condition it would be in when mated to a host glatf. In
addition to the launch tube, clearly visible is calthe
canister loading system that is required to inste
collected tubes into the OS prior to launch. Thiading
system is enclosed in a sealed system to protecMiiV
and the OS from thermal and dust exposure while¢hen
surface.
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Figure 6: Current

hybrid SSTO Mars MAV

geometry to solids in this area.

Figure 7: Example of trapped ball nozzle with linea actuators
for Thrust Vector Control in solid rocket motors.

Another alternative to a moving nozzle that is aféd a
hybrid rocket motor is to use a simply fixed nozznd
inject either the oxidizer or pressurant into ports
downstream of the throat in the nozzle itself. Tijection
of liquids or gases here create a shock wave amd fl
separation where the supersonic combustion gasesl tr
down the wall of the nozzle. By injecting into \@us ports
around the nozzle, the effective thrust vector lvamliverted
up to many degrees. This is called Liquid Injectithrust
Vector Control (LITVCH! and requires no complex moving
parts. Simple solenoid valves are opened and closed
result in the desired vectoring (showrFigure 8).
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Figure 8: Simulations of Liquid Injection Thrust Vector
Control including reactive and non+eactive species showir
wall shock formations

Other TVC options were also considered, includireg J

Vanes and nozzle tabs for instance, but LITVC appéa
be the simplest, lightest and most robust approa€me
major drawback in their use is the quantized respdavel
they provide. Where a linearly gimbaled nozzle dan
smoothly transitioned with fine resolution to a ided
value, LITVC relies on pulses of injected fluid vidiscrete
impulse levels and at constrained time intervailstated by
the speed at which the valves operate.

Reaction Control Systems were also heavily studieda
more global sense, both the type and sizing of RIgS
systems had to be considered. In a purely deltasnimzed
approach, the MAV terminates the first burn oftit® burn
sequence while still within the appreciable atmesphand
at very high velocity. Given the mass uncertaintieghe
CG and moments of inertia, plus the fact that tesigh is
inherently unstable, we were finding that the RG@Stesm
needed thrust levels in the ~100Ibf range to maintahicle
stability after the main engine terminated (TVC \pdes
ample control authority as long as the engine iming).
Thrust at these levels requires substantial praguls
capability (ie: mass and complexity). We found thot
tailoring the trajectory to enforce a minimum dynam
pressure at burnout below a certain value had naih@fiect
on the overall mass efficiency, and dropped the Ri2iag
requirements down to under 7 Ibf. These levels ban

gas purposes however its low density makes it ar poo
candidate for moderate impulse levels (Isp is hight
density is low, so equivalent impulse would requerther
7X storage pressure or volume compared to GN2urthér
trade was executed looking at the relative benefittaying
with the GHe pressurant that was already availalgesus a
completely separate GN2 system which is seen ayedar
systems. Based on the current predicted value 86 R
consumption (very low), the current GHe systenhémass
winner. GHe also does not suffer the potentialciodensate
at the low temperatures expected as the gas idlecprut
of the tanks.

There are a few trades still open at the time &f gaper
writing. The first of which is a trade between motasing
material and propellant tank material. Under evéduafor
both is composite versus titanium. In both appiwe, a
composite structure is lower in mass. However,flix ¢he
motor and tanks to other elements of the structspecial
composite adapters must be glued and / or wrapgedhe
cases in order to provide attachment points ande tak
substantial loads. These add-on structures arasiahass
efficient as the rest of the composite structureaashole,

and the net mass of this approach is comparablerto
potentially heavier than a custom constructed Toyal
structure whose attachment points can be
seamlessly into the base structure. Mass is nototiig
factor in this trade, as Coefficient of Thermal BRrRpion
(CTE) may also play a significant role, both in tharnal
and seasonal temps experienced while on the suniéue
the temperature extremes they will see during dstare to
CTE and current mass estimates, the referenceitader

MAV is to use Carbon Overwrapped Pressure vessels

(COPV) for both the Oxidizer and GHe tanks. Theseaild/
be moderately thin Al liners wrapped with a T10GQ@ef.
These would be compliant with the 1.5X factor diepaat
their expected MEOPS during ground handling, anleastt
1.25X at flight operating conditions. The motor iogswill
be filament wound over the insulation wrapped foelin.
The nozzle would be integrated into the motor diyeand
wrapped as part of the overall assembly. Bothntiotor
and the oxidizer tank are in the primary load patid will
be attached via flanges integrated into them atfaheard
and aft ends.

Another open trade is the use of pyrotechnic oreoth

readily achieved by cold gas and similar types ofignition systems versus the inclusion of a hypécgol

approaches. Once the sizing was establishedtlleemnades

additive in the fuel. We have a couple of organdiret

of minimum mass could be undertaken. Using a smallnvestigating potential additives that react hypdioglly

hydrazine system would be relatively simple in ttasge,
however due to the high freezing point of hydrazine€C)
it would require significant heat to keep warm atefeat
the low temperature benefit that the hybrids presid
Instead cold gas was elected as the best appr@ddé.is
generally the pressurant of choice for a liquidpolsion
system to minimize mass. When used as a mediurmoldr

5

with MON oxidizerd’]. It is not yet clear what percentage
level these will need to be included at to enswapid
ignition. It is also not yet understood what hangli
constraints, if any, this addition might impose gmound
operations. Including the power and control cinguibn a
MAV however to perform ignitions, as well as thaitgrs
themselves, adds considerable dry mass and willineeq

integrated



more localized heating to keep them above qualiica
temperatures. If the development programs are ssfide
no additional mass will be required, and the moteil

light spontaneously after the oxidizer flow has rbee Equator, -2.5 km

initiated. If not, then in the worst case the MAMsh carry
ignitors, control HW, cabling and power to perfonmltiple
restarts internally. For now, a compromise apprasdieing
assumed where a pyrotechnically initiated ignifofired by
the lander host for the first burn. This connectisrmade
through the T-0O connection with the lander and ubes
Pyro Initiation Unit (PIU) that already exists dmetlander.
The subsequent operations are initiated via hypiergo
reaction. The fuel with the hypergolic additive ides
within the core of the fuel and is only exposeeiathe first
burn recedes the outer layers away. This precladss
ground handling exposure concerns. If the additd@sot
manifest as hoped, these may all become interidtlgted
events.

””e“{‘ B e <p7
I SP7 plus
igniter — [l Hgg.i.rgm'c
additive

Figure 9: Example configuration of a hybrid fuel grain
with embedded hypergolic additive for late burns

On the mission side, the MAV is currently beingidasd
to envelope all of the potential sites on Mars leemv-30
and +30 deg latitude, as Mars 2020 has not yetegick
landing site, and is unlikely to do so prior to 201Further,
as mentioned, it is assuming a worst case tardst of a
500 km sun synchronous orbit where the NeMO orhitay
choose to go for science reasons. Combining these t
issues MAV has established an equatorial launcim fi®.5

342.7
SW Melas (12.2 N, -1.9 km) 338.8
Columbia Hills (-14.4 S, -1.9 km) 337.9
Jezero (18.5 N, -2.5 km) 337.5
NE Syrtis (17.8 N, -2.2 km) 337.1
Mawrth (24 N, -2.3 km) 334.1
Eberswalde (-23 S, -1.4 km) 332.7
Holden (-26.4 S, -2.1 km) 332.3
Nili Fossae (21 N, -0.6 km) 332.1

Figure 10: Current top Mars 2020 landing sites under
consideration and potential MAV GLOM for each.

4. AHEAD OF ITS TIME

The MAV concept is being developed in advance efttbst
that would carry it. This is often the case withwne
technologies that require early investment, and MéViot
unique here. How then do we ensure that the workgbe
done and assumptions being made get properly epaurd
documented for the benefit of the future teams timatld
ultimately be working on SRL and the MAV in the cioig
decade?

In addition to capturing a set of requirements d0MAV,
and documenting the analysis and design work |gaginto
the Point of Departure Review (PODR), MAV is geltieig
4 Interface Control Documents (ICDs). The PODRI wil

km MOLA altitude as its reference launch site. Thecapture a snapshot of the MAV design that meetsfailis

adoption of this high inclination orbit has resdlia ~ 30 kg
of GLOM increase alone. The higher energy targéitor
also increases the “gear ratio” of dry mass in@sam the
MAYV. In the early versions of the hybrid MAV, thgear
ratio was approximately 4.6:1. The design matuaity the
Payload mass increase from 14 kg to 18 kg has drerk
this to 4.9:1. With the higher energy target grthie cost is
now 5.6:1. The higher energy orbits are the dontifector
in GLOM. The current top Mars 2020 candidate $itese

external requirements and design constraints, db age
flowdown of those requirements to internal subgystelt
will capture a design that closes with respecteldggmance
and can establish an anchor for subsequent teaiynolo
maturation efforts. While not a formal project, tRODR is
being treated from a design maturity level simitaa PDR.

The four ICDs under development capture four primar
interfaces, two external and two internal. The ®wbernal

shown inFigure 10. As soon as one is chosen, the MAV interfaces are the MAV System to Host interfaced &me

baseline design can take advantage of some pdtemiss
savings. Similarly, once the NeMO orbiter idemtsfian
actual target orbit, MAV may further be able to ued its
sized accordingly.

MAV to Payload interface. The internal ICDs capttine
details between the MAYV itself and the launch systand
the launch system to the loading system. Theseuwarently
under separate direction (JPL for the MAV and logdi

system and MSFC for the launch system) but may also

become separate contract items for a future SRIisiams
The two external ICDs are being negotiated andeabte
by representatives of their respective study lebdthe case
of the Host ICD, Erik Nilsen within the Mars Progra
Office runs the SRL studies and provides feedbault a
concurrence on details and assumptions that chessidst



to MAV boundary. As these details mature, he inooaes
them into his studies, and these would becomdli
accommodation requirements for a future SRL missio
development. Similarly, Tom Komarek leads the Adexh
Development Team (ADT) for the Mars Program Officel

is in charge of the Payload definition (especialig OS).
His team serves as the interface proxy to the N2&20
mission (producing the sample tubes), the MAV/SRL
mission concept, and the SRO mission concept. TBdasO
central to all three. The detailed interfaces betwé¢he
Payload system (which includes the OS) are iterated Figure 11: Example of composite overwrapped flightweight
between the parties and captured in the ICDs bettleam.  hybrid rocket®! motor similar to Mars MAYV size.

The future SRL mission, like the MAV, would also be

responsible for producing the Flight payload, anahynof o ) o

these details will be established prior to theiiseence as Key objectives of the flight demonstration include
needed to support earlier efforts (such as the R&GEmM ) )

on NeMO that could fly in 2022), hence it is critichese 1) Performance of the hybrid propulsion system

interface definitions get captured and well docutaén 2) Long coast and restart of the motor

3) Handoff between TVC and RCS control after

5. ADVANCING THE TRL LEVEL MECO 1
With the establishment of a MAV design that adeelyat
satisfies the needs of a future SRL mission, wogk ¢ 4) LITVC performance

proceed to mature all the components and Systemittha
represents. Bringing this System to a TRL 6 legehikey
objective of the Mars Program as a method of rsluction
for the potential future SRL mission. The MAV itcé$

. . : . 6)
considered the key remaining risk to being able to
successfully execute a Mars Sample Return misgioitsi

entirety. The current thinking of a flight profile to achiewhese
objectives is to fire the motor initially to ensusecoast to
aexoatmospheric conditions comparable to Mars. Qneee,
restart the engine and perform several maneuvetrs the
LITVC system. Note that the LITVC system will nobrk
at sea level due the flow in the nozzle not beinty f
developed at that back pressure level. As a rethgtdemo
airframe will likely require fins for stabilizatioduring the
. i first part of flight. Upon completion of the LITVC
funded in 2016, and successfully completed the-éver maneﬂvers, the 3ehic|e?/vill re-entrér and deploydtovery

full motor firings with MON 3 oxidizer in both 3"ral 10" ;

; . system. The system will hopefully be successfudiyovered
motor sizes. The knowledge they gained from thierefs -ny the ocean ¥or forensic znaly)s/is. High rate daih be
leading to improvements in the motor design anda

; vailable via telecom throughout the flight, butdiidnal
performance and will be demonstrated through mialtipl| data will be recorded on board that will be valeab®
duration ground tests in 2017. In se\_/eral of thesss, ocover. A similar approach is being followed withe
LITVC nozzles W'”. also b(_e em_ployed in order to uap Peregrine flight test, and the team will have some
some of the basic functionality and evaluate pddént experience with doing this
erosion concerns with their use. The vendors wioa '
demonstrate individually their respective approatth petajled flight design trades for the demo will coence
making flight weight motors, and will fire a fultale flight shortly after the PODR in December of 2016. Initioid to
weight motor for a full duration burn. This seriestests e surface launched concept described, the tedinalad
will provide both an anchoring and TRL advancemint  55sess an alternative option that launches a mars ke
the Mars MAV motors, but the knowledge from thesé W \av from a high altitude balloon at ~ 30km altitude
inform the MAV team of the appropriate changes akento mimicking very closely the same conditions expectgd
define a terrestrial demonstration design which rhaye  pars. While this provides a more direct comparisord
slightly different design requirements than a Magssion. relationship to a MAV mission, it may also be oéireach

for the current demonstration mission budget, artcbacks
elsewhere may be required.

5) Closed loop guidance and control with the
flight avionics and GNC HW

Anchoring of flight, aero and aerothermal
models

The MAV team intends to do this by implementing
development and test flight program over the néxed
years. MAV was funded through 2017 to initiate taffort
and has already begun in earnest. For the hybagutsion
system, two hybrid propulsion vendors are on cattta
develop and test full scale Mars MAV motors in both
ground and flight configurations. Two vendors weiso
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Figure 12: Top Level Schedule of the MAV flight deronstration mission development

On the path to a demo mission, the Project willofel a
typical mission lifecycle, albeit slightly compressfrom a
normal flight mission development (shownRigure 12).

The MAV Team will execute a Demo System PDR
August of 2017 based on all test data to date, thiedinal
objectives established for a terrestrial flight @estration
mission to launch in 2019. This demonstration rissill
likely launch out of WFF and if successful, willrdenstrate
a System level TRL for the MAV concept at TRL 6.

several months later, followed by an environmenest
program, and launch processing at WFF. As might be
expected, the critical path for the effort runsotigh
propulsion, both for the motor developments thewesglas

inwell as due to some long lead support items suctarass
and regulators.

In addition to propulsion, several other areas of

development are also underway as part of an ovistaw

A system. The launch system will be prototyped arstiete

competition will be held amongst the two competingWith surrogate motors to fully anchor launch modaixi

vendors in 2017 to select which will be the providé the

terrestrial demo flight motors. The current plarna use the

vendor performance on the flight weight Mars MAV tao
tests from mid-2017, plus the results of their gesieviews
for a terrestrial demo motor, plus their respecpiveposals
as scoring criteria. After selection the chosendegnwill
produce a set of test hardware to be fired ovefuthdlight
sequence prior to building the final demo Flightdimare.

The demo mission CDR will be held in August of 2Gi&i
will incorporate the details of all the test progsinto a
final flight system design. Systems integration| waitcur

environmental predicts. Of concern with a launcstem are
both the pressure and acoustic fields that resdtimpinge
on the MAV itself, but also the dynamics of the dah
system with respect to the MAV during takeoff. Tdesign
must preclude contact and also excessive tipoffues on
the MAV.



JPL Instrumentation Locations

«  [dain avionics is In the forward section. ~fam |

» A small sensor package located in the B
Interstage, powered by the forward \
electronics (option: local battery).

Accels and TCs mounted to the
nozzle, with a small, light-weight DAQ
(basic A/D, 422 tx).
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Figure 13: Instrumentation of the Ames Peregrine saending rocket.

against.

The avionics and GNC sensors must also operate
expected. The current baseline for MAV leverages th
development of a new computing system developelPht
for cubesats called Sphit% (shown inFigure 14Error!
Reference source not found. This new compute element
is extremely powerful and low power and will be disa
several upcoming microsatellite missions. JPL has a
opportunity in partnership with Ames Research Cente
(ARC) to fly this and two of the top MAV candidalt&lUs
on a sounding rocket flight in the spring of 20TThe o s X-Band Receiver
Peregrine rocketHigure 13) has been developed by ARC as 5= \ riiian
a potential alternative to the running solid rockedtor B )

systems used for sounding rocket experiments out
Wallops Flight Facility (WFF). This new Peregrinees a
similar paraffin-based hybrid rocket motor with N2© the
oxidizer. As such, JPL is also leveraging this appdty to

capture |nf||ght environments and launch acoustiésa Fina"y, a separate contract may be awarded toodrtke
comparably sized paraffin based motor that cande@lto  vendors (could be any of two runoff candidatesiipgrade
develop the terrestrial demonstration mission haréw theijr test facility for operation at -20C, the @mt Mars
design point. The only remaining demonstration asagy
to demonstrate full TRL 6 compliance for the MAV tois
is operation at the design temperature with theigdes
oxidizer (MON 30). For cost and availability reasp
MON 3 is used for all development and demonstration

Marina-2 FPGA
Modem Processor
Virtex 5

Power Supply Board

cEigure 14: JPL Sphinx CubeSat flight avionics develpment
for use on MAV



testing for operation at room temperature. MONeRfies if 7. SUMMARY

taken to -20C making it inappropriate for use atrdda ]

Conversely, MON30 at room temperature has a vegp hi 1he Mars Ascent Vehicle concept development effes
vapor pressure, and is hard to work with for normaiProgressed beyond trade studies and parametrioagiaas.
development. To address this, in addition to aldata that It IS Now on a mission to advance the TRL levekbfits
will be acquired from MON-3 tests and flights, seale constituent parts as well as the Sys_tem !tselmmxitmg in
motor firings will be performed with MON3O0 at fidtale to @ terrestrial technology demonstration flight inl20 Upon

eliminate the only remaining open question, oneeMION- successfully performin_g that historic flight, a rsu'if@ant
3 based developments are completed. obstacle to the potential return of samples fromrdViaill

have been vanquished!

6. PEOPLE INVOLVED
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This effort is comprised of many participants asrosany

centers. Much of the System design work and externalhe authors would like to acknowledge the suppdrt o
program interfacing is done at the Jet PropulsioNASA Mars Program Director Jim Watzin for taking a
Laboratory. JPL has led many of the architecturelés to  progressive stand on MAV, for coming up with theding
date, and helped to get the demonstration missiodefd to make it happen, and having the faith in us tecete it!

and started. Flight and trajectory trades and Heitgi

studies are being performed, as well as full 6-D@énte  Part of this research was carried out at the Jsitsion

carlo modeling. JPL also has several recent Phirithy Laboratory, California Institute of Technology, @nch
propulsion engineers who are familiar with paraffimsed contract with the National Aeronautics and Space
systems. Working closely with JPL has been the ks Administration.

Space Flight Center (MSFC) who has led many promuls

development efforts for MAV, and also has some lyigh REFERENCES

experienced hybrid propulsion experts who have been

invaluable helping to provide analysis and guidaanethe (1] http://mars.nasa.gov/mars2020/

propulsion system development, including LITVC desi
and modeling. MSFC also leads the launch syste

development for MAV. The Langley Research Center, . T o .
(LaRC) has been supporting MAV for several years no [3] https:/len.wikipedia.org/wiki/Mars_2022_omrait

providing computational fluid dynamics modeling @Fof 141 All propellant properties, especially Freagjoints, can
MAV geometries, establishing the aero coefficients, "pe found on Wikipedia

assessing RCS and flow field interactions and penifog

aero heating analysis and predicts. Ames ReseanteCis  [5] Design Review, Dec 14, 2016 at the Jet Prapauls
flying a similar hybrid system as a sounding rockatd Laboratory

MAYV has teamed with them to leverage a flight oppoity

for some hardware and some of its team. ARC is alsf] “Studies on Thrust Vector Control using Secamyd

r;g] JPL internal presentation

advising on the use and sizing of thermal protecsipstems Injection Sonic and Supersonic Jets”, 2nd Inteomzii
(TPS) that will be used on the Payload at Mars, mag be Conference on Mechanical, Electronics and Mechatson
demonstrated for the Demo mission. Engineering (ICMEME'2013) June 17-18, 2013

In addition to the NASA participants, members ofeth  [7] Characterization of Ethylenediamine Bisborane

propulsion companies have been also supporting MR as a Hypergolic Hybrid Rocket Fuel Additive, JOURNAF
Space Propulsion Group, Parabilis Space Technapgied PROPULSION AND POWER Vol. 31, No. 1, January—
Whittinghill Aerospace are all experienced hybrincket February 2015

companies and are rapidly advancing the systemsresly

for a Mars Ascent Vehicle. Also supporting MAV [8] http://marsnext.jpl.nasa.gov/

technologies are members of the faculty and staffurdue

and at Penn State, testing fuels with MON oxidizasswell

as hypergolic additives that might be used for tuigor [9] Personal Blog, SpaceshipOne,
http://www.airbum.com/pireps/PirepSS1.html

An effort of this scope could not be done withoulaege

number of people all working toward a common geailgd  [10] CubeSat for Planetary Science and Exploration
so far this group has demonstrated both the capabitd  Breaking New Grounds,

enthusiasm to see it through. The coming years ig®mo  sites.nationalacademies.org/cs/groups/ssbsite/deatsiwe
be exciting times. bpage/ssb_167850.pdf
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