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Abstract— The NASA Mars Exploration Program has invested

technology funds over the last couple of yearsdwaace design
concepts for a Mars Ascent Vehicle (MAV) and tedbg@s that
may be enhancing or enabling for various architestuto be
pursued. A Mars Ascent Vehicle would fly on a pai@nfuture
Mars Lander mission to recover and return the saspb be
acquired by the Mars 2020 rover, or another futaission, to a
retrievable orbit. Resembling a terrestrial Sugfag Air Missile
(SAM), the propulsion options considered for the WiAoncept
span the range from two stage solid rocket motnmmdnoprops,
biprops and hybrids. This paper will highlight thiriving
constraints and performance requirements and theeguent trades
that would ultimately drive the selection of a chlespproach.
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1.INTRODUCTION

To support a Mars Sample Return (MSR) endeavor,afne
the more challenging and new elements of this effauld
be the delivery of the collected samples to a Méao# where
they could be captured by a spacecraft and substdygue
returned. While no easy feat, landing on Mars hasnb
performed many times over the last several decaddsis
becoming relatively well understood. The reversecpss
conversely has never been done before, and prosmies
key technical challenges that vary from packagimgl a
configuration, to long term storage on Mars, tghtiregimes
never experienced on Mars. To design such a vefaqléres
a good understanding of the design constraintsatbas of
uncertainty, potential areas of growth, as welbamg an
active participant in the evolution of elements ¥drich the
MAV must interface, such as the Orbiting Sample Y@sd
the Sample Return Lander (SRL).
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2.DELIVERY TO MARS

The first set of design requirements comes fromnined to
get a MAV to Mars. In so doing, the MAV must be idesd

to survive the typical launch, cruise and EDL eoriments.
Fortunately, it is likely that the recent launchtbé Mars
Science Laboratory (MSL, aka Curiosity) is expedtetie a
good analog for the mission that would take a MA\Mars.
The MAV team is using the design environments fritwe
Environmental Requirements Document (ERD) from MSL
and the Mars 2020 mission for this purpose. Mar2020
which will gather samples of Mars that could beune¢d by

a future lander mission, is a “build to print” rigfit of the
MSL system. There are potential deviations froms thi
reference baseline to be aware of however, as tharstrong
probability that a future SRL mission may in faetiequired
to put down more landed mass than MSL or M2020raag
require a new, larger delivery system as a redsla general
rule, if the same delivery architecture is chodgdont body

9 entry vehicle, parachute deceleration and sky ctameinal
10 phase) then loads will be comparable or less thaset for

the smaller delivery system. This ensures the MAYigh is
robust to changes of this type. However, if anralte
architecture is pursued, such as an all SupersRgito-
Propulsion (SRP) approach under consideration, then
may need to be revisited.

Using the MSL/M2020 analog environméftas the source
of design requirements, the key launch loads ametified in
the following tables.

Table 1 Key Terrestrial Launch Loads for
MAYV [

Launch Quasi-static +6.4/-2G in Z, +/-2.2G in X-Y*¥*
Frequency, Hz Acceleration Spectral Density
Level*
20 - 40 + 6 dB/oct
40 - 450 0.08 HHz
450 - 2000 - 6 dB/oct
Overall 7.9 gms

*Quialification levels and require 2 min/axis
* MAYV is assumed mounted in the X-Y plane, Z load
are transverse to the MAV primary axis

'




A Mass Acceleration Curve (MAC) is also commonleds
as an early design criteria, and the MAYV fits ithe mass
range for which this is applicable. The MAV in awed,
launch condition would be required to survive with
appropriate margins the following MAC.

100

+-| o Usefor appendage mass up to 500 kg anly

-1 oUsefar appendage frequency less than 80 Hz

| o0Apply inwarst single direction (not necessarily
aligned with coordinate directions)

0 Add a static 1.5 G in thrust directian

| @ In addition, for a non-spinning SiC of ~3,200 Kg,

design to a static (no MAC) 8.5 G in thrust direction

Acceleration (G)
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1 10 100

Mass (Kg)

Figure 1 Mass Acceleration Curve adopted for
MSR project elements!]

Launch Acoustics is another design load for lauadid, must
also be applied to a MAV. For Earth Launch the expe
levels are presented in the Table below.

Table 2 Terrestrial Launch Acoustic
environment for MAV [
One-third
Octave Flight Qualification Test
Band .
Center Acceptance| / Protoflight | Tolerances
Level, dB Level, dB dB
Frequency,
Hz
31.5 124.5 127.5 +5, -3
40 127.0 130.0 +5, -3
50 128.5 131.5 +5, -3
63 129.5 132.5 +/- 3
80 130.0 133.0 +/- 3
100 130.5 133.5 +/-3
125 130.5 133.5 +/-3
160 130.0 133.0 +/-3
200 129.5 132.5 +/-3
250 129.0 132.0 +/-3
315 128.0 131.0 +/-3
400 127.0 130.0 +/-3
500 125.5 128.5 +/-3
630 124.5 127.5 +/-3
800 123.0 126.0 +/-3
1000 121.5 124.5 +/- 3
1250 120.0 123.0 +/- 3

1600 118.0 121.0 +/- 3
2000 116.5 119.5 +/- 3
2500 115.0 118.0 +/- 3
3150 113.0 116.0 +/- 3
4000 111.5 114.5 +/- 3
5000 109.5 112.5 +/- 3
6300 107.5 110.5 +/- 3
8000 106.0 109.0 +/- 3
10000 104.0 107.0 +/-3
Overall
SPL (dB) 140.3 143.3 +/-1
Qual =120
. FA =60 Seconds
Duration Seconds PF =60 N/A
Seconds
Throughout Cruise, the thermal environment will be

maintained above the AFT limits of the Rover andogat
system hardware. If an RTG is used for the lanadatively
warm temperatures will be experienced. This isandtiving
environment for a MAV.

Landing on Mars exposes the MAV to the EDL loadsege
in fact are likely to be the design drivers for soofthe MAV
structural aspects. There are three main periodagl&DL
where loads are experien€éd
1) Entry deceleration up to 15 G’s in the Z axis
(transverse to the MAV) and upto 1 G in X-Y
2) Parachute deployment up to 10 G’s in the Z axis
3) Touchdown with up to 5G’s and up to 116
rad/seé angular acceleration
Several shock events will also occur between craeiage
separation, parachute firing, heatshield separatiaokshell
separation, rover mobility system deployment andero
stowed element releases after landing. Maximum &rpe
shock levels at the MAV for these events is alledas:

Table 3 Stowed MAV pyrotechnic shock levels
for design purpose$§!

100 309
100 - 1,600 +10.0 dB / Oct.
1,600 - 10,000 3,000 g
Packaging

In addition to the environments that a MAV mustesigned
to, there is also challenging packaging requirestrat must
be met. Initial MAV accommodation studies were also
performed assuming a MSL/M2020 configuration foe th
descent system. Both a platform lander and mobikvM
rover are options (will be discussed in more deibr),
however the mobile MAV system drives the packagige
than the platform option and so was considereddfezence
for establishing these allocation values.

With the assumption that a Rover would be configure
appropriately, and that a new location could beaioied for



the terminal descent radar system, a MAV could pgdhe
following volumetric space when aligned with the vieo
axis.

—5SmDx25mL

— .65mDx2.3mL

—.75mDx2.1mL

e

Figure 2 Rover packaging study for MAV

based on MSL/M2020 4.5m aeroshell descent

system

Figure 3 Delivered mass capability of the MSL
descent system through early 2040

For both the packaging and the delivered mass @nit,
the values will change for a new descent systenerd lare

Given that this volume must enclose both the MAM an geyera| factors under consideration now (outsidMAl)

whatever launch and thermal control system a MAjunees,

that may be leading to the development of a lalg@m

the maximum diameter of the combination must beaeroshell and descent system. No packaging stuties

considered. Initial MAV designs have been targer&8 cm
diameter (set by the diameter of the Star 15 solitet motor
assumed in previous MAV studies), so with the addibf
10 cm per side for these functions, a 0.6m diamwsrbeen
held as a target system diameter. This sugges@xarmm
MAYV length of approximately 2.1 m after accountifay
thermal and packaging clearances required axialyedl. As
we shall see later, this is one of the most chgltem

been performed for this system as of yet, but ahiti
parametric studies suggest it may be capable ofed&lg up
to 1500 kg to the surface. This might provide ug®9-500
kg for a MAV system. With the MAV as the central
packaging driver for a new lander / descent sysiesign,
MAV available volumes may reach ~ 0.7m in diameted
over 3m in length. With the current payload growmd
potential mass liens on the MAYV, relief in both thiese

requirements for a MAV, and may be a key driver ingirections may be required over the initial MSL s

deviating from the reference MSL/M2020 deliverytsys.

Delivered Mass

allocations.

3.MAV SURVIVAL ON MARS

Several studies have been performed that examiee tiGetting to Mars is only one half of the problem.oking
maximum possible landed mass that the MSL systartdco again at the range of Launch — Arrival space thatMAV

deliver to the surface of Mars with modest chanigethe
design (addition of a larger parachute is consitierenodest
change as room exists to package it already). €Thee
several items that factor into the amount of madslaery
system can put on the surface. Some of the kepriaetre
associated with the arrival velocity, seasonallyvetr
atmospheric conditions, and landing site elevatidhere is
no clear approved date for an SRL mission that dideliver
the MAYV, so the range of launch — arrival spacensgfaom

may be landed in, some cases landed very clobe tstart of
or even during the Martian winter. During that perithere
may be limited SRL operations, and thus the MAV lddae
expected to survive throughout the winter condgibefore
use. This can be achieved in two ways.

First, the Lander could provide sufficient powerkieep a
MAYV warm (above its Allowable Flight Temperaturéd;T)
throughout winter. The MAV thermal control systerouid

2020 through the early 2040's. As can be seen, L-Aobviously be designed to keep this at a minimunt,ewven

conditions essentially repeatin a ~ 15 year cy€lee landing
site elevation is currently unknown, but will bévein by the
M2020 mission, by definition as they will be collieg and
preparing the samples to be returned. Based onhbgen
launch year, a range of delivered masses appebesviable,
the upper end of those in the 1200 kg range. Laphkinthe
expected mass of an SRL rover, and comparing to BI8L
M20220 Rover mass predictions, a working valueGff Rg
has been allocated for the Rover and 300 kg forMid&/

system (MAYV plus launch and thermal support sysjems

with 10 cm of insulation on all sides the landerwpo
requirements can be excessive. Keeping a MAV ab4Q€

could require between 500 and 800 Whr per sol. iEhigie
even in dust storm or other non-optimal power pobidn

cases, as well as lander safe mode conditionise Ifeinder is
solar powered, the MAV might require as much a$ tha

lander daily power.

Second, the MAV could be designed to survive losterage
temperatures. If the MAV could go to -50C, -60Cewen as
low as -100C, then little to no additional landeergy would



be required to sustain it. As a result, MAV desaptions
being investigated are all targeting as low a reable non-
operating temperature as is possible. For solikeomotors,
this will be driven by the particular propellantnsbination
chosen. Typically -40C, some combinations can itk
go as low as -608, but for the MAV application this would
have to be demonstrated and qualified. For thedgjWMH
has the lowest freezing point of the normal fuesisdu(-51C),
and MON-25 has a freezing point of -55C. This would
suggest a liquid might nominally be allowed to tead6C.
For a hybrid, this would be driven by the freezmugnt of the
oxidizer, and again using MON-25 would set its A&fT-
50078,

In all cases, the MAV must be able to launch atthest case
hot period on Mars as well. During the summer MAMKb
average temperatures might reach close to -20Qefdre,

it was decided to set the MAV operational point-20C
across all MAV options. In cases where the MAV bul
average temperature was lower than this, heat gnesgld
be applied to pre-condition it to this temperatpréor to
launch. This also helps to constrain the rangepafrating
performance conditions the MAV must be tested ont&a.

k

Open Lander Options

There are two main architectures under considerdtiothe
SRL mission concept. One would use a platformi¢siaty)
lander to deposit both a MAV and a fetch rover otiite
surface. The other would utilize a larger, MSL-slagver to
support the MAV and traverse with it attached.

The platform lander option would be a solar powdired
lander. It would include a MER class fetch roveatttvould
drive to collect the samples deposited by the M2Q2r,
then return to the fixed lander and transfer themaples to
the MAV loading system. The MAV would be loaded,
erected and then prepared for launch. This approwshbe
the lightest landed mass concept (further studyired), and
might also provide good packaging options for a MAV
might also provide for a good teaming arrangemeérereby
one participant provides the platform, one providddAV,
one provides the fetch rover, and one is respansdal the
delivery system. Conversely, if this were by a Emgovider,

it is likely the most expensive option, requiringotcomplete
landed systems that must operate autonomously kod a
communicate back to Earth for up to a full Marsrydais
particular option would also require the longestfete
operations, as the rover must make a multi-kilometend
trip. This, combined with the potential for limiteak no
operations during winter is the source of the MAY\éval
requirement of one full Mars year.

’5 .:' Fetch Rover
il

Figure 4 Fetch Rover and Platform concept

The concept of a large, MSL class rover carryirg MAV
with it is called the mobile-MAV architecture. Ihi¢ case, a
large rover houses the MAV system onboard for lag@ind
subsequent surface operations. This option coul@itier
solar or Radioisotope Thermal Generator (RTG) peder
(both MSL and M2020 were RTG powered). This appinoac
has the benefit of only requiring a one-way tripctalect
samples, thus reducing surface mission duratioalst has
the robustness aspect in that if at anytime themrexere to
get stuck or suffer some other form of disabilityy MAV
could be launched with whatever samples it hadect@d up
to that point.

Figure 5 Mobile MAV concept, showing RTG
and Solar Powered options

In this scenario, the MAV and the mobility systeompete
for the potentially limited on board energy avaié@abThis
must be factored into to mission planning studeslaring
the Spring and Fall, and especially in the wintgAV
heating requirements may limit the amount of ddiliwing
possible. If an RTG were chosen as the power sydeen
waste heat from the RTG could be circulated throtigh
MAYV launch tube (doubling as an RTG radiator) ahd t
MAV would easily maintain AFT limits with no eleatal
power required at all. In fact, initial estimatee ¢hat should
an RTG be used for any form of the lander, the Mgygtem
temperature could be maintained above 14C anadidf This
would allow propellant choices that are “off theeKf
including the use of hydrazine for Reaction ConfRCS) if
desired (freezing point at 2C) and also reducetaunbally
the MAV development and testing costs by not reqgir
cryogenic test conditions.

The Benefits of Nuclear Power



This is a good segue to discuss what an RTG cauittibute
to the design of a MAV system. If it could be confed today
that the SRL lander would use an RTG as its basglower,
it might change several of the design choicesehah of the
MAYV options are considering.
substantial impact on the development,
qualification costs of any MAV by eliminating theed for
cryogenic testing.

For the Solids, realizing higher temperatures migldw
them to utilize an HTPB binder instead of the CTiftBder
they are currently using

nozzle approach instead of the trapped ball. Tdwedkal has
significantly more heritage in motors of this cl43§, and is

likely less susceptible to slag build up during then. It

might also allow for the use of hydrazine for R@®reasing
the control authority without significant mass ieases,
moving back to a core burner option with shortemitimes

(this will be discussed in more detail later).

For liquids, this would allow the use of either MMahd
MON-3 or potentially even hydrazine and MON-3 foet

main engine. There are numerous engines using the &

combinations already available in or near the alessled for
a MAV and would reduce the development cost ard afs
obtaining this engine. Furthermore, there are nfacdities
equipped to handle MON-3 test and operations tharetare
that can handle MON-25. The use of a hydrazine¢bas
engine also allows for straightforward use of hyilra-based
RCS thrusters, which are the typical work horsthefspace
sector.

Similarly for the hybrid, the ability to utilize M®-3 instead
of MON-25 allows for lower cost development andites

Fuel formulations could be tailored to optimizefpemance
at higher temperature ranges and not need to deératmkow
temperature survival.

Launch and Thermal Support Systems

One way to reduce the Gross Liftoff Mass (GLOM)tlod¢
MAV is to utilize a support structure external tad take the
loads during launch and EDL. In these events, tHe/Ns

exposed to large lateral forces, and is generatigtnobust
to axial loads only. In particular the 15Gs that udb
otherwise cause substantial bending of the MAV ddug
supported by a strong back or other superstruttupeevent
it. It is also desirable to control the exhaustegaduring
ignition and initial liftoff to limit rover damagend rover
motion until the MAYV is clear and under its own perwBoth
of these drivers lead to a launch tube, as is &paf

terrestrial launch systems of this class.

The launch tube would be locked in place duringlElaunch
and EDL, and released after landing. It would beced in
preparation for launch (as shown in Figure 7). &V
would be suspended in the launch tube with one orem
sabots as depicted in Figure 6. Further design wserk
required to evaluate the loads imparted into theWakd

5

to get some performance
improvemeritl. It might also allow the use of the flex seal

e

optimal placement of the sabots while not negafivel
affecting the inflight aerodynamics of the vehiclée sabots
must also maintain a positive preload through ageaof
temperatures going from up to +50 C at earth lathadugh

It would also have aas low as -80C (or whatever the low AFT of the MAV
testing an@iecomes). They also must separate cleanly afteMife

exits the tube. Aerodynamic features can be appbethe
sabots to ensure they separate with adequate force.

Sabots
e

—

T
Sabots

Figure 6 Example of MAV supported inside a
launch tube by sabots

The launch tube itself would be structural, butiist also
rve as an insulator to keep the MAV at its safwigal
emperatures. The obvious way to do this is touidelas an
outer covering the desired amount of thermal irtgda
adhered to the tube. This outer covering couldrbmf2 up
to 6 or 8 cm thick, depending on the amount of latson
needed for a given MAV. This could be achieved bing
simple standoffs around the tube holding a lightigive
aluminized mylar covering, or might be achievedngsa
layer of aerogel coated with an outer surface. Bathld be
painted with a highw/e coating to maximize temperatures.
The two ends of the tube would keep the same sthndo
distances and be closed out with simple mylar cVvEhis
design is robust to multiple launch opportunitiesl aan
maintain the MAV at launch temperatures indefinitélhis
provides robustness to situations where the orhsgtemot
ready or has a problem, the lander does not pasmai
checks, or the MAV does not report ready for lauioctsome
reason. This is not possible with a deployable slaeti
thermal enclosure concept that would be jettisobefibre
MAYV erection (as in previous studies) where the M#Aist
be erected and launched shortly after cover rentosiare it
drops in temperature below flight limits since & now
directly exposed to Mars.



Figure 7
erected launch tube

MAV concept launched from an

In the event that lander survival becomes impaytae outer
tube could become structural and exhaust gases dmil
ducted out the front and away from the lander. Thisot

uncommon for terrestrial missile systems (calledt Ho

Launch), but would add mass. Alternatively, a gasegator
could be used to pop the MAV out of the launch tuded
then airlight the main engine. This is also donthwarious
launch systems (called Cold Laun€h)

Payload

One of the last external, and one of the primamyeds, of the
MAV size is the amount of Payload that must bevaeéd to
orbit. Over the last two decades of MSR studies pired
project efforts, the OS has ranged in estimate f8a8rkg to
5 kg. In 2014 the MAYV efforts assumed 30% margirthoan
5kg target and used 6.65 kg as the maximum payluess.
This value covered the maximum predicted valueregtd
from an earlier design study that assumed everpkamwas
loaded into its own dedicated drill bit (as opposedcach
tube being swapped in and out of a fixed drill.bit)

37-Sleeves | 31-Bits 37-Bits

Characteristic | 31-Sleeves

Cache Mass (w/ sample}  1.66kg (Ti) 198kg (T}  1.99kg 2.36kg
Cache Dimensions 10.550m X 9.8em 1169em ¥ 9B 162em¥X10om  17.2¢m X 1dom
05 Diameter 19.37¢m 20.33cm 24.24cm 25.13cm
0S Mass (wfo Cache) PBE  2.34kg 2.52kg 3.27kg 3.46kg
0S Mass (w/ cache) PBE 4.50kg 5.09g 5.86kg 6.53kg

*  NOTE: No redesigns for wider caches, only direct scaling. There are possibilities for re-packaging
for different cache dimension ratios.

Key Finding: 05 mass
driven mare sirongly by

Figure 8 Results of OS study performed in 2012

Since this time, the Mars 2020 project has offigidlegun,
and detailed design work of the sample cachingstordng
system (SCS) has begun. Taking Planetary Proteetich
sample cleanliness issues into consideration, ube sizes
have grown considerably. Added elements includellirg
fixtures introduced on one end of the tube, anetffsam

6

feature at the other end for sample core breakaoff, tube
plugging and sealing hardware. These design chammes
resulted in a tube that is over 100% larger thanpevious
study. This design effort has not yet reached P&, thus
additional growth beyond this level is probable.

M2020 current
147mm long, 24mm diameter des!gn, August 2015

200mm 05,

Decadal and related studies =5kg

I 5., x 50 mm core)

Figure 9 Comparison of historical sample tube
size to present M2020 derived size and resulting
OS size and mass

4. MAV Design Options for Flight

Now we deviate from external design constraints iaedes
to ones directly affecting the design of the MASEIf. There
are several phases of flight to be considered. Bastlits own
unique issues and will be addresses separately.

Launch

At the time of launch, the MAV must obtain accuratiial
position, attitude and time data. This can be olethifrom
the Lander, or potentially internally dependingvanich has
the best IMU’s and can read launch erection systecoders.
A series of Go-No-Go checks would be performed bthb
the lander and the MAV prior to a launch commit. tAat
time, ignition would be triggered at the predetered time
to coordinate MAV flight with the tracking SRO otdi to
ensure both telecommunications coverage and patignti
optical tracking as a backup method.

The choice of MAV propulsion system is a key feataf the
size, mass and accuracy with which the payload lwan
injected into a correct orbit. These also affed thpe of
trajectory flown, and the size and total impulseded of the
RCS system during flight.

Solid Rocket Motors

Historically, the approach chosen for a MAV hasrbgeuse
solid rocket motors in either a 2 or 3 stage canfigion. A

minimum of two burns is necessary to put the payioto a

10+ year stable orbit. For a solid, that can Heeaed with

either a two-stage system using two rocket motong, on

each stage, OR, more complex approaches have eoedid
complex fuel grain design that uses a first buairgbonded
to a fixed delay and then a second burn grain exdfito that.

The latter case is not unlike a hobby rocket mttat uses a
delay before firing the final charge that deploysazachute.
Due to variability in atmospheric conditions anchds, plus
the inherent variability in the stage 1 motor buhg ability



to optimally start the @ engine burn at the appropriate time gyer timel15!

increases the probability of putting the OS insaée orbit.

Solid rocket motors also generally burn in very rsho
durations at very high thrust levels. For a missiies is
generally a good thing. For a MAV, it is less dable. Initial
design work for a first stage solid based on a $famotor
resulted in an action time of only 17 seconds.h&ttime of
burnout, the vehicle would be well in excess of Nacand
less than 10 km in altitude, with substantial atphase
remaining to coast through. During the primary btine
Thrust Vector Control (TVC) provided by gimbalinget
main engine provided ample control authority tomtein the
vehicles attitude. However, through detailed aenaghyic
analysis at Langley Research Center (LaRC), atithe of
MECO, the vehicle was at maximum dynamic pressack a
was not dynamically stadté. It would immediately start to
tumble. This is not a desirable flight conditiorhem
hypersonic.

To address this, estimates were made to assesi¢hef the
Reaction Control Systems (RCS) needed to maintttode

until sufficiently outside the appreciable atmoggh®ue to
the short length of the MAV, and thus the short reatrarm
available to it, it was estimated that 100 Ibf slamotors
would be required! These would blow the mass foactf a
solid motor out of any reasonable competitive rarayed

drive the GLOM of a solid-based MAV to significantl
higher values than previously estimated. Trades weade
to fly the MAV in slightly less optimal trajectogebut with

the goal of hitting a lower dynamic pressure at MEGhus
reducing the size of RCS thrusters required. TtHigrns out
was very effective, however it would require thetonao

reduce its thrust and increase burn times.

Table 4 Comparison of first stage solid motors

w ik -

Model - - — — —
{ > ~ | &
'__" - -

Ispig 2784 2764 2838 2933

Total Massew 1231 1192 1334 1414

PropMassws 1023 1008 104.6 1065

Burn Times 19 19 1139 70

Propefent TP-H-3052 [16% Al} TP-H-3062 TP-H-3544 {21% Al) TP-H-3062 {16% Al)

Motor Graln ~ CP Grain EP Grain End Burning End Burning

Nozzle Reversed Trapped Ball Mo changes Smaller Throgt. Insulator  Tungsten Throat Insert.
Nozzte Thickness Incregsed Due  Inswlator Thickness

to Burn Time Incraase for Positive
Margins
Igniter Head End lgniter Same Af-End Igniter Same {Dual}

For a solid this is achieved by switching from aecburner
to an end burner. The solid propulsion team at MBEGan
work on designs that could achieve this. With theréased
burn times, the design of the trapped ball nozetsine even
more difficult. The size and mass of the thermadiwithin

the case also grew significantly, out weighing teesing

itself. The result was a motor design that clodad, at a
somewhat higher than desired dry mass. Future drade
returning to the core burner and trading the adiditof
deployable stability features (fins, flares, ettiodld be
considered in the future to see if any better rpastormance
can be achieved.

Liquid Rocket Engines

Liquid bipropellant rocket engines have been usecesthe
1950s and offer excellent performance. Historicaiy
relatively small applications (small meaning lowtalo
delivered impulse), they did not compare well
monopropellant systems due to the additional drgsnthey
require. For a MAV, which is delivering approximigtet
km/s of dV, these are certainly within the competitrange.
Two versions of this are considered: one is claflyic
regulated and the other is pump fed. The pressg@ated
version is commonly found on GTO transfer stage®ror
deep space missions used to perform an orbit inject
maneuver upon arrival at their destination plaRemp fed
systems are typical of suborbital or orbital lausghtems. In
the latter case, the pumps are generally turbo pinxgn.

to

The regulated version of a MAV would be straightfard
today, with the development of a new engine udiegMMH
and MON-25 (cold temperature propellant combingtion
Engines exist in this thrust class but with MMH/ME&\ or
with this propellant combination but at much lowhrust
levels. This development would be straightforwandt is
likely to be modestly expensive. The RCS systemldvbe
driven directly off the pressurant system.

The pump fed version utilizes a new type of eleatly
driven pump. With the advent of 3D manufacturingyve
small rotors can be made with good precision fds th
purpose. Several companies are demonstrating theofis
these for rocket engine operations. The combinatib@
pump and the requisite battery mass, plus a sep&&t
system, trades well against a pressure fed systeoaentanks
must be sized to operate at higher pressures,rahaies a
complete He pressurization storage and delivertesysFor
the MAYV size and payload delivery requirements, gthenp
fed system offers both GLOM and packaging savings o
the regulated version. It will however require didahial
development and qualification funding. It too regsia new
MMH/MON-25 engine. It is possible that the sameipag
could be used for either system in the event thatpumps
did not reach a desired TRL level at the needed, timwever



this would potentially reduce limit the benefitatitould be
achieved with a pump that might be able to reag}hdni
chamber pressures.

Figure 10 Electrically driven pump developed
for a MAV application

Hybrid Rocket Engines

Hybrid rockets have also been tested for decadswritally
these have used HTTB or PMMA based fuels as pramtsi|
often with significant Al particulate added (up 26%) to

trade will explore whether the pumps have sufficleenefit
to the regulated system for this application ad.wel

Current estimates of Hybrid solutions show thenbéothe
lightest of all MAV options evaluated. They arecalke most
flexible, due to the high performance and restéetalture.
They are also the least mature. The new fuels lepen
tested across a range of temperatures, and tcagptar to
have good properties. They will need to be testad a
thermally cycled extensively to ensure long terarage and
survival characteristics. Ignition systems or hyodic
additives need to be developed and tested as welssthe
range of MAV restart conditions. Nozzle survivatyiland
performance will be another challenge, similarhtattfaced
by the solids. There is a bit of work ahead forhibrids, but
the payoff appears today to be compelling.

5.PARAMETRIC STUDIES

Given this set of propulsion options to choose freath was
developed to a point where a scaling model couldpied
and validated against detailed Mass Equipment (MELS).
This model captured fixed dry masses plus variabie
masses that were a range of propellant mass towa.fFor
every MAV, a fixed cold gas RCS system was applieder
optimizations for a given MAV would look at combmgj this
with the propulsion system built in elements (pveast

increase regression ra#é42. Hybrids have been used as safesystem). In addition, a set of subcases were dérhat
versions of hobby rocket motors, and have been ased covered the range of potential payload, avionicstatecom

launch system motors for numerous vehicles inclydhe

hardware that might be considered. Some of thewsealis

current Virgin Galactic Spaceship Two. More recgntl the same for all MAVs (such as prop drive elecizenirVC

Universities have started to look at paraffin bafseds as an

drive electronics, wrap around antennas, paylopgat and

alternative, and these have emerged with some ngrelease mechanism, etc) and these are includeeifixed

beneficial propertie&3

Unlike the HTTB fuels, which evolve material thrdug

pyrolysis, the paraffin based fuels are considdicpabfying,
in that they evolve in liquid form from a melt layand thus
can regress at higher rates than the previous, faets more
efficiently. Both systems require good mixing of tuel and
oxidizer for high system efficiency and performagdeving
a length to diameter ratio for hybrid8)!

Hybrids have the benefit of terminating on commédmnd
simply closing the oxidizer valve. This helps famgroved
injection accuracy and control. They are also resbée
making them excellent candidates for a SSTO MAVeilTh
Isp is better than the liquid bipropellant combioas under
consideration as well. They can be throttled ovarge range
of Ox/Fuel ratios as well, unlike a bipropellangame. This
makes them safer and less costly to develop andiapt
(don't have to rebuild as many test stands duatastrophic
failures). Their pressurant system can also be tesedpply
the RCS system, similar to the regulated bipropgfuture

mass for each. Then the items that might vary weparated
and estimated. These ranged as follows.

Table 5 Range of secondary masses used for
parametric studies

Payload 6.65 kg 25 kg
(smallest possible) (includes PP BTC
HW)
Avionics 5.4 kg 15.5 kg
(JPL  Sphinx plug (fully redundant RAD|
MEMs IMUs) 750 suite with LN
200)
Telecom 1.45 kg 4.2 kg
(JPL IRIS or tactical| (Electra Lite)
radio)

This set of variable mass has a large permutatinge over
which it covers. As such, 6 subcases were developtd
varied combinations of assumptions that cover thrge.
The subcases were identified as:



Table 6 Range of variable mass permutations

used for parametric analysis

Subcase Payload Avionics Telecom
Mass Mass Mass

1 6.65 5.385 1.45

2 10 5.875 2.04

3 14 5.875 4.2

4 14 15.5 2.04

5 20 15.5 4.2

6 25 15.5 4.2

In addition to the MAV mass scaling algorithms deped,

a model of the launch /erector system was buittsbaled as
a function of MAV mass and MAV length. There were
multiple versions considered, and the lightest Weigrsion
was chosen (slider-erector). The erector was asgumbe
oriented vertically (zero azimuth and 90 degreerustion)

at the time of launch. Trajectories are iterateatilu
convergence meeting all constraints, and MAV andnich
system mass and dimensions are outputs.

All scaling algorithms are included in a 3-DOF éetpry
optimizer. All runs were originated at the equatond
targeted a 400 km orbit inclined at 45 degreesjettaries
were constrained to have a MECO dynamic pressure of
2000 Pa (to keep within the fixed RCS control atitigp For
improved accuracy, for each MAV configuration and
Payload, appropriate aero coefficients were obthiinem

Missile DATCOM. A subset of cases were compared

between Missile DATCOM and LaRC predicts for
validation. Agreement was close enough for thigestaf
evaluation. Later 6-DOF runs would use the refeeen
trajectories from these runs as a basis and thertenmarlos
would be run to look at dispersions.

Launch Launch Launch
epach site aftitude

¢ Target
MarsGRAM ‘ bt
2010 | ‘
v L 4
Thrust A“l??ﬁ::_b['t Propeliant
angle —— ——— loading and
I 3DOF staging
Constraints— B =
L Optimization
Enineryi —*  Trajectory
pressure Aero !
@ MECO coefficients
-
o, Missile
Geomelry =™ paTcom o Dry J Propeliant
mass | TasS L
' scaling

Figure 11 Process used for Parametric analysis
and subsequent 6-DOF runs

6. PARAMETRIC RESULTS

The first item of interest as a product of thisoeffis the
GLOM of the various MAV design choices and how they
vary with increasing dry mass to be lofted.

500

-B-- Case la
=P Case 1b
4501 --¢-- Case 2a
~&- Case 2b
--¥-Case 5

Case 6
--6-- Case 7

Subcase

Figure 12 Parametric Results for all MAV
options across range of subcases

Some observations of these results indicate tlealhybrid is
predicted to be the lightest option across allaysj and is
less sensitive to dry mass growth than the othgo@ The
solids appear to be the most sensitive. This isaotpletely
surprising given the Isp difference between theomst but
is also a function of the total dV required by eaghtem. It
turns out that an SSTO requires less total dV txhethe
target orbit than does a TSTO option. This is altexf the
optimizer trying to maximize the use of th¥ &tage to “buy
back” the additional dry mass required of that apmtion
(ie: two engines instead of one, two TVC systerapagation
hardware, etc).
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Figure 13 Total dV for the 2-stage solid vs the
pump fed liquid

What is also clear is that it is unlikely for anyAM to be less
than 200 kg. Unlike some previous studies that esiggl low
end MAV’s might be achievable in the ~150 kg rangsce

all aerodynamic, flight path constraints and RCStep
impacts are accounted for, plus the fact that thddads are
much heavier than previously assumed, reasonablé/ MA
masses are more likely to land in the 250-300 kgeaThis
does not yet include the support system hardware.

In addition to GLOM, total MAV mass is the combiiwet of

MAV and MAV launch support systems. The resultghef

support system mass across the range of subcased ba
the lightest weight sliding erector are as follows.

Support Systems (base driven)

S

300

~
G
S

Case 1A (S-S G-G, variable stage)

~
o
1S

Case 18 (S-S G-G, Fixed S1 stage)

Case 2A (S-S G-U, variable stage)

-
G
S

Case 2B (S-S G-U, Fixed S1 stage)

—e—Case 4 (SSTO Monoprop)

o
1)
1S

Case 5 (pump fed BiProp)
(
—e—Case 7 (Regulated Hybrid)

—e— Case 6 (Regulated BiProp)

Support Systems Mass [kg]

w
S

10 50

Variable Mass (PLAT) [kg]

20 30 40

Figure 14 Launch erector and thermal system
mass as a function of subcase

According to these results, a support system nsamsggected
to be in the 150-200 kg range. Combined with the \MA
GLOM that suggests a total MAV system mass betwin
and 500 kg. The maturity of the MAV support systertess
than that of the MAVs themselves, and effort over hext
year is going to focus on reducing this value. Hynbe
possible to reduce the support system by haltiteeat value
through a combination of improved design maturigguced
requirements, and reduced robustness. The tailaing
launch support system for a given MAV will also be
investigated to see if further reductions can beeaed.

Another key factor in MAV selection is packagingida
whether the MAV is going to fit into the Aeroshelt not.
With the constraint of holding MAV diameter to axmaum
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of 38 cm, the following stack height results webtained.

4

T
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T T
| |
4 e 0 —
3.81 > Case 1b ‘ ‘ ‘ 3
--4- Case 2a ! : |
380 .amcase2b| T T T e S 7
|

--%-Case 5
Case 6

Subcase

Figure 15 Stack height for all MAVs as a
function of dry mass growth

Here we see that the two stage solids appeartteetshortest
packaging, with the hybrids at the upper end oir trange,
while the liquids are longer. The liquids are dny@imarily
by the inclusion of the pressurant system and Ig@repellant
densities. In any case, it is equally obvious timMAV is
likely going to be able to stay inside the MSL khse
volumetric allocations. Without a complete redesajrthe
Rover, a mobile-MAYV inside the MSL aeroshell isikaly.

A platform lander may be possible, but packaginglists
have not been performed for that concept yet.

Some sensitivity analyses were also run to loakpacts to
changes in orbit altitude and inclination, as wad off
nominal azimuth and erector inclinations. SSTO’adiky
handle altitude change with an impact of only a feyper
100 km, TSTOs are 25% worse. SSTO’s however cost mo
for large inclination changes, requiring approxiemat5%
GLOM for an additional 40 deg change, while the T&nly
requires about half that for an additional 40 dagnge, a
result of more dV being imparted by the TSTO ongbeond
burn near apoapse making changes in inclinationemor
efficient. The SSTO’s with their lower T/W ratiovealmost
negligible impact for azimuth or launch inclinatiamror,
while TSTO's are slightly more impacted but stélatively
robust to this.

One more aspect of the vehicle flight path to cdesis the
total downrange as a function of time. With theeiit of
keeping the orbiter communications robust but pidén
also using the lander as a backup communicatiotisvag,
it is interesting to observe the varied performaircehe
trajectories.
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Figure 16 Total downrange distance vs altitude
for each MAV option

One can see that except for the TSTO solids, tiaelais not

a viable secondary communications link for the wehtight.

A Figure of Merit scoring approach was also apptedhe
MAV comparisons, but was not presented here. Initia
scoring suggested the hybrid as a substantial teadté the

7.REMAINING WORK

liquids following, then a drop to the solids. Thsn part due
to the mass being a major factor in the scoringgss. In the
future, leading to a MAV concept downselect, thisgess
will be employed with a set of FOM’s concurred by a

stakeholders.

The launch erector and thermal control system desiged
to be matured and reduced where possible. This laaea

grown in mass substantially over previous estimated
would have a noticeable impact on the total MAVtegs

mass that a future lander must accommodate.

Further optimization trades remain for each of MAV
options and will be explored over the next yearodeéh

include:

Solids Spinning 2¢ | Alternative | Core burner|
stage TVC VS passive
viable? options stability

Liquids Combined | RCS
vs separate combined
pumps for| with
Fu/Ox pressurant

system

Hybrids Hypergolic | Trapped RCS
fuel additive | ball vs | combined
S LITVC with

11

pyrogenic
ignitor

pressurant
system

In addition, work will continue to evaluate deliyesystems
and the establishment of hard constraints and rexpgints
that a MAV must satisfy. Work has just started e t
development of a 4.7 m aeroshell concept and ritquis
descent system, and packaging and mass delivenessal
should be obtained. Work with sponsors will helgstablish
the need for MAV to have redundant avionics anepiially
other redundant features not currently included.

Lastly, continued technology development investmdnt
some of the key hybrid and liquid pump systems Wwél
pursued. The objective of the current Mars Program
technology focus for MAV is to bring the liquid ahgbrid
systems to a comparable level of maturity as thHelsoo
enable a more well-informed downselect at a futlate.
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