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� GNC and propulsion teams each performed trade studies on second stage 
performance and found that impulse-conserving burn time variation, due to 
propellant burn rate, caused very little variation in orbit. 

� However, Isp variation of the upper stage led to a variation of tens of km in 
apoapsis or periapsis altitude. 

� This led to an increase in the target orbit in order to keep any lower-performing 
vehicles above 300 km periapsis.

Second Stage Sensitivities
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� A previous study1 on this MAV concept 
showed correlations of propellant mass 
fraction to predict motor masses at the 
concept phase
�s Preliminary estimates were optimistic prior 

to considering the issues and trades 
discussed here

�s Nevertheless, maturing CAD models have 
allowed motor masses to recover closer to 
model estimates.

Motor Mass Fractions

1) Prince, A.; McCauley, R.; Kibbey, T.; McCollum, L.; Oglesby, B.; Stefanski, P.; “Mars Ascent Vehicle Propulsion System Solid Motor Technology 
Plans,” Conference Paper, IEEE Aerospace Conference (AeroConf 2019); Mar. 2019; Big Sky, MT; United States.
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� The second-stage nozzle led to increased performance by 
trading Isp for nozzle length. 

�s The reference motor assumed a nozzle expansion ratio of 81 
and an Isp of 293 s 

�s The initial CAD showed that truncating the nozzle would save 
about 7 kg per meter (or 0.4 lbm per inch)

�s inter-stage mass traded at 13 kg per meter (or 0.7 lbm per 
inch)

� Partial derivatives from trajectory analysis were used to estimate 
a series of vehicle performance values as a function of nozzle 
and inter-stage length

� This led to a convergence point that provided a significantly 
shorter inter-stage and nozzle with predicted mass savings, 
despite an Isp reduction of approximately 10 seconds

� An opportunity to move the plane of separation was also 
employed

Optimization Trades
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� Guided System vs. Unguided

�s An unguided system would reduce the mass of the RCS and accompanying structure

�s In this case a spin-stabilized, unguided upper stage increased orbital variations to about 300 km. 

� Metallic Stage 1 vs. Composite Case
�s Savings of 5+ kg (11 lbs)

� 1500 psi vs. 1000 psi Maximum Operating Pressure (MOP)
�s The lower pressure was realized by increasing the nozzle throat diameter at the same nozzle exit size 

resulting in a minor 4-5 second Isp reduction

�s Case insulation scales with pressure allowing additional mass to be captured for operating at a  lower 
pressure

�s Even with composite, the case mass savings due to lower pressure is significant

Optimization Trades, continued
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� Stage 1 Length, Diameter, and Aero Ramp vs. 
Stability

�s Preliminary 6 Degree of Freedom (DoF) showed 
first stage burn time of 65 s burn time still required a 
significant amount of RCS propellant

�s Two possible solutions

1. Increase the size and effectiveness of the aft 
aerodynamic surface by reducing the first-stage 
motor diameter making it harder to maintain 
thrust levels in sustain phase

2. Further extend the burn time of the first-stage 
motor to reduce burnout dynamic pressure with 
reduced chamber pressure. (Bolstered by 
insulation mass savings discussed previously)

� Updated trajectory analysis showed that 72 s of burn 
time reduced the dynamic pressure to one third of the 
value of the 65 s trajectory reducing RCS propellant 
usage by 32% based on 6 DoF results

Optimization Trades, continued
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