
Jet Propulsion Laboratory
California Institute of Technology

Mars Ascent Vehicle
Historical Context

Robert Shotwell
Chief Engineer 

Astronomy, Physics and Space 
Technology Directorate

2/29/2016 1

Jet Propulsion Laboratory 
California Institute of Technology



Mars Formulation

Jet Propulsion Laboratory
California Institute of TechnologyVehicle Concepts Summary

February 29, 2016 For Planning and Discussion Purposes Only 2

1996 2000 2001 2002 2010 20122011 20152014

JPL 2-stage 
liquid

JPL 3-
stage 
solid

Vendors 
2-stage 
solid

L
o

ss
 o

f 
M

P
L

B
oe

in
g 

B
ip

ro
p

T
R

W
 G

el

LM
 

S
ol

id
s

NGAS LMA/ 
ATK

ATK

JPL
PL =3.6 kg
Min Periapse 
300 km 
(300x750)
Single String
No CE Comm
~150 kg

Vendors
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520 km
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• Concerted effort started late 1990’s
– 1996-1998 2 stage (467 kg) Low temp Liquid Propulsion 

approach(30 kg active payload)
• Required new engine development
• Mission could no longer fit on Delta III

– 1998 JPL/ Ames team looked at reducing MAV mass
• Enabled by assuming a passive OS/Payload 
• Spinning solid selected ( Single string, no data 

transmission during ascent -150kg)
– Vendor studies initiated, held 3 major workshops

• Vendors worked together
• Vendors recommended 2 stage design vs JPL 3 stage for 

improved simplicity, reduced cost and potentially less injection 
error

• Baseline trended toward TVC controlled 1st stage and spinning 
2nd stage

Period 1 - MSR ‘03/’05
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Vendor Type GLOM Packaging ACS Approach Notes
Lockheed 
Martin

Two
stage 
liquid 
system

20 kg 
lighter 
than 
solids 
(134 kg 
2SS)

Required more 
packaging 
volume and 
power than 
lander could 
accept

3- axis 
controlled

Presented during 
“collaborative” 
phase, ruled out 
for packaging, 
expressed concern 
about post MECO

Orbital 
Sciences

Two 
stage
solid

123.7 kg ~1.65m x 0.35m Flex seal TVC on 
S1, Cold gas RCS 
on stage 1, 
spinning stage 2

Design did not 
close after MECO 1

Thiokol Two 
stage
solid

119 kg ~1.73m x 0.34m Flex seal TVC on 
S1, spinning
stage 2

Wanted temps 
maintained above 
-30C, needed tight 
S2 CG/ MOI

‘03/’05 Vendor Results

February 29, 2016 4

Targeted 600 km +/- 100 km @ 45 deg, PL = 3.65 kg

All vendors expressed concern about stability post MECO
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• The period of activity
– 2001 - 2002

• The Context
– Post loss of MPL (lost in Dec 1999), targeting a possible 2011 launch
– Study contracts initiated
– High level of redundancy and robustness requested (SFT)
– 5 kg PL, 20 cm, 500 km +/-100 km @ 45 deg, critical event comms

• The Players
– Led by JPL (MPSET)
– 3 Industry study contracts released

• Boeing, Lockheed Martin, Northrup Grumman

Period 2 – MPSET Era
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Three industry MAV studies performed in 2001-2002
• Considered solid, liquid, and gel propulsion systems. 
• Identified technology gaps, assessed risk, and provided estimates for 

mass, volume, and cost.
• Payload was 5 kg @20 cm, vehicles needed Critical Event Comms and 

be SFT
• Several follow-up reviews and RFIs were conducted prior to ISTP phase

Summary study results
• Solid propulsion was judged to be most mature (closer to “off the shelf” 
• MAV components are available, but are not developed for long-term 

storage in relevant environments (including thermal cycling) or for EDL 
g-loads.

– Long term martian surface storage more demanding than typical 
storage in space

• Mass estimate assessment for Solid/Gel  ~250 kg 
– LM liquid estimated at 191 kg, and TRW gel at 250 kg

• Preliminary cost assessment for TRL 6 development
– Design/development including environmental qualification, ground 

and high-altitude flight tests ~$250M (adjusted to $FY15 with 50% 
reserves)

For Planning and Discussion Purposes Only 
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Vendor Type Dimensi
ons (m)

GLOM 
(kg)

Suppo
rt 
Syste
ms Est

Total
MAV 
system 
Mass

Boeing Liquid-Liquid (biprop), 
hydrazine RCS and stage 3 burn 
(considered Mon25 for temps)

3.2L x .84 
x .84

401 kg 164 kg 565 kg

Lockheed 
Martin

Solid-Solid, fully guided, 
hydrazine RCS

Not 
reported

242 kg Did 
not est

242 +?

TRW Gel-Gel 2.42L x 
.34

249 kg 40 kg 289 kg

MPSET Era Summary

February 29, 2016 7

Assumptions:
500 km +/-100 km target orbit @45 deg
5 kg x 20 cm payload
Block redundant avionics
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• Two of 3 vendors showed that liquid systems actually lighter than solids 
(assuming 2 stage design)
– And 3rd vendor selected liquids as baseline, although mass estimates for 

ALL vendor 3 concepts were substantially more than other two

• Two of 3 vendors considered SSTO options and concluded they were 
viable
– Mass estimate was slightly higher though

• All vendors expressed concern about solids and survivability on Mars 
surface
– Power required to keep temps above AFT

• Solids were targeting CTPB propellant instead of HTPB for lower temp 
survivability
– Incurs a performance penalty

• Each vendor used different FOM’s
• Hybrids only looked at HTPB and PMMA fuels at that time

– Regression rate limited (not a prob for MAV) and long L/D for mixing

MPSET Era Summary
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• The period of activity
– 2011 - 2012

• The Context
– Targeting a possible 2022 launch

• Propulsion system TRL 6 by 2013, MAV system TRL 6 by 2018

– MAV interest picked up again by John Dankanich
– Did initial studies at GRC
– Competed In-Space Propulsion study contracts initiated
– 5 kg payload, 520 km +/- 60 km @45 deg, SFT, Critical event comms

• The Players
– Led by GRC (Dankanich) under ISP tech $
– 3 Industry study contracts released

• Lockheed Martin, ATK, Northrup Grumman

Period 3 – In Space propulsion
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2011-3 MAV NRA Concepts Studied

� All-Liquid Bipropellant 
(MMH/MON-25)

� S1: SPGG coaxial piston tank, 1200-lbf 
ME, four 100-lbf TVC engines

� S2: SPGG tank, 600-lbf ME, four 100-
lbf TVC engines, four 1-lbf hot-gas 
ACS spin thrusters

� Strengths: (1) Re-start capability adds 
flexibility, better OS orbit accuracy. (2) 
Both propellants <-50°C freezing 
point, reduced thermal requirements. 
(3) GLOM 262 kg (lowest)

� Technical Issues: (1) Large dry mass
(2) Four significant developments: Bi-
prop tank, ME, TVC engine, hot-gas 
ACS thrusters

� Risks to be retired in propulsion 
system: mass sensitivity to margins

NGAS: Liquid / Liquid Concept

� Solid/Liquid
(Monoprop S2)

� S1: 17GV SRM w/TVC gimbal nozzle. 
Roll control using S2 thrusters.

� S2: Blowdown hydrazine tank with 
surface-tension PMD, four 9-lbf MR-
106L MEs, four 1-lbf MR111 for roll 
control

� Strengths: (1) Moderate GLOM, 360 kg 
(2) Re-start capability of S2 adds 
flexibility, better OS orbit accuracy. (3) 
Moderate development required: 
vacuum-compatible HPTB and lubricant 
for trapped-ball gimbal nozzle, and S2 
tank. (4) Low risk: Feasible technical 
backups available at moderate penalty 
(i.e., CTPB, flexseal/fixed nozzle)

� Technical Issues: (1) Relatively high 
freezing point of hydrazine (1°C), as 
well as cat-bed pre-heating, increases 
power/thermal subsystem requirements

� Risks to be retired in propulsion system: 
lateral g-load, environmental 
compatibility, thermal overhead

LMA: Solid / Liquid Concept ATK: Solid / Solid Concept

� Solid/Solid
� S1: 17GV SRM w/TVC gimbal 

nozzle. Roll control using S2 
thrusters.

� S2: 12G SRM w/fixed nozzle. Six 
cold-gas thrusters for attitude 
control and NCS. Spin stabilized 

� Strengths: (1) GLOM, 300 kg (2) 
Moderate development required: 
vacuum-compatible HPTB and 
lubricant for trapped-ball gimbal 
nozzle, and S2 ACS. (3) Low risk: 
Feasible technical backups 
available at moderate penalty (i.e., 
CTPB, flexseal/fixed nozzle)

� Technical Issues: (1) Inability to 
shut off thrust restricts flexibility. (2) 
Impulse variability yields relatively 
large OS orbit inaccuracy; may 
exceed 60km.

� Risks to be retired in propulsion 
system: lateral g-load, 
environmental compatibility

10

Consolidated Efforts

For Planning and Discussion Purposes Only 



Mars Formulation

Jet Propulsion Laboratory
California Institute of Technology

• LM and ATK pooled resources based on common 1st Stage solid usage
– Both used the same stretched Star 17 with TVC nozzle 
– LM provided SE and overall avionics inputs
– Carried forward to variants, S-S and S-L options
– Did briefly look at a “mini-MAV” option again as well (unguided S2, no 

comms after S2, no SFT ~ 180 kg)

• Liquid 2nd stage option very massive, but improved injection accuracy
– Hydrazine monoprop
– GLOM 358 kg

• Solid upper stage concept just barely came in under 300 kg (299), used 
spin stabilization 
– Required addition of cold gas RCS for ACS and NCS

• Northrup BiProp was lightest GLOM, and best injection accuracy plus 
lowest surface power requirements
– But required new gel engine development for Mars

ISP Study Summary
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Mars Formulation

Jet Propulsion Laboratory
California Institute of Technology

• The period of activity
– 2012

• The Context
– Post MSL Landing
– Post NASA-ESA fallout in combined MSR study efforts (no longer fetch rover 

architecture)
– 2012 Muirhead Study initiated at JPL and looked at how small they could make the 2-

stage solid concept

– Goal to Enable Mobile-MAV concept

• The Players
– Led by Brian Muirhead @JPL
– Combination of Team X and dedicated study team

Period 4 –Muirhead study

February 29, 2016 12For Planning and Discussion Purposes Only 
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• 2012 JPL Internal Solid/Solid MAV: 150 kg (CBE+43%)
– Primary motivation was enabling Mobile-MAV Landed Mission Architecture
– Keep mission simple – minimize accommodation mass/volume requirements 

– 1st stage: Star 15 based, guided using TVC, cold gas RCS provides roll control, 
3-axis coast, 2nd stage spin-up

– 2nd stage: Star 9 based, unguided, spin stabilized at >300 rpm (TBC)
– Avionics (on 1st stage): single string lightweight avionics with integrated 

C&DH/telecom/power electronics (new development) 

• Traded simplicity and packaging for injection error, gave up on 
comms for 2nd stage through OS release
– Trajectory spread was 300 km x 750 km with 500 km target

13
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• Questioned PL masses and drove PL mass down to 3.6kg 
(interestingly the same # as the 1998 3 stage solid days)

– Directed OS study

• Questioned injection accuracy requirements and allowed opening
• Removed requirement for 2nd stage critical event communications and 

final OS state knowledge
• Made assumption about new lightweight avionics design

– Also single string (~ 6 kg vs ~ 16.5 for redundant “classical”)

• Provides “book end” estimate for potential low end proof of concept
– Although subsequent study identified that aero forces and torques post 

first stage cutoff were much more significant than expected (not analyzed 
during this study) which would require substantial increase in RCS and 
moderate increase in GLOM

• Per study: Adding full telemetry back to 2nd stage for critical event 
comm = 200 kg GLOM, adding RCS back to 2nd stage to reduce 
injection error = 215 kg GLOM

Muirhead Study Summary
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• The period of activity
– 2013-Present

• The Context
– M2020 approved and working toward cache acquisition and storage
– Sample Tube design concepts maturing with drill and acquisition 

system (growing over past assumptions)

• The Players
– 2013-2014 led by Dankanich (now at MSFC)
– 2014-Presently led by Shotwell @JPL
– Participants from MSFC and LaRC

Period 5 - Current
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6.65kg Payload, 20cm Reference OS
Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Case 8 Case 9 Case 10

Solid-Solid
G-G

Solid-Solid
G-U

Solid-Liquid
G-G

SSTO
Monoprop

SSTO
Pump 
BiProp

SSTO
Reg. BiProp

SSTO
Hybrid

Hyb-Hyb
G-G

Hyb-Solid
G-G

BiProp-
BiProp

G-G

Max OS OS can grow up to ~ 30 cm diameter without fairing (stay under max case diameter)
GLOM 176 158 237 276 182 187 166 173 157 190

Length 1.88 m 1.98 m 2.09 m 2.76 m 2.04m 2.29 m 2.16 m 2.78 m 2.21 m 2.84 m

AFT -40 C -40 C +17 C +8 C -37 C -37 C -66 C -66 C -40 C -37 C
For Planning and Discussion Purposes Only 
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6.65kg Payload, 20cm Reference OS

Case 1 Case 2 Case 5 Case 6 Case 7

Solid-Solid
G-G

Solid-Solid
G-U

SSTO
Pump 
BiProp

SSTO
Reg. BiProp

SSTO
Hybrid

Max OS
OS can grow up to ~ 30 cm diameter without fairing 

(stay under max case diameter)
GLOM 176 158 182 187 166

Length 1.88 m 1.98 m 2.04m 2.29 m 2.16 m

AFT -40 C -40 C -37 C -37 C -66 C
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• Many of the issues identified almost 20 years ago are the 
same ones we struggle with today
– Cold temps at Mars, and extended thermal cycling
– Vehicle stability after MECO 1 (RCS growth vs passive stability)
– Lander accommodations (mass, packaging volumes, power reqs)

• Liquids, Gels and Hybrids have been competitors all along
– In most cases they were even lower in mass, provide better injection 

accuracy, and are more robust to adverse conditions than solids

• Previous studies have identified SSTO options are also 
competitive in this dV class
– Low Mars atmosphere
– Reduced gravity well, reduced orbital velocity requirements
– Fewer elements, higher reliability

• Also obvious is the pendulum swing regarding risk posture

Summary Conclusions
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