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Cost—-Benefit Analysis of the Aerocapture Mission Set
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Calculations have been performed to quantify the cost and delivered mass advantages of aerocapture at all
destinations in the solar system with significant atmospheres. A total of 11 representative missions were defined for
the eight possible destinations and complete launch-to-orbit insertion architectures constructed based on available
U.S. launch vehicles. Direct comparisons were made between aerocapture and competing orbit insertion techniques
based on state-of-the-art and advanced chemical propulsion, solar electric propulsion, and aerobraking. The results
show that three of the missions cannot be done without aerocapture: delivery of spacecraft into elliptical orbits
at Neptune and circular orbits at Jupiter or Saturn. Aerocapture was found to significantly enhance five other
missions by putting larger, and usually very much larger, spacecraft into the target orbit for approximately the
same overall delivery cost as the best nonaerocapture alternative: delivery of spacecraft into Venus circular orbits
(79% more mass), Venus elliptical orbits (43%), Mars circular orbits (15%), Titan circular orbits (280%), and
Uranus elliptical orbits (218 %). These results, and other delivery cost per unit delivered mass metrics, were found to
be not very sensitive to 30% increases in both the estimated aerocapture system mass and system cost, suggesting
that even modestly performing aerocapture systems will yield substantial mission benefits. Two other missions
consisting of spacecraft inserted into high-eccentricity elliptical orbits at Mars and Jupiter were shown to be not
improved by aerocapture. The last mission in the set consisting of an aeroassisted orbit transfer at Earth showed
that aerocapture technology offered a 32% $/kg reduction compared to chemical propulsion, but that aerobraking
offered even better performance. Nevertheless, the problems of repeated passes through the Van Allen radiation
belts are likely to preclude Earth aerobraking for most applications.

Nomenclature
C; = square of the hyperbolic excess velocity, km?/s?
go = gravitational constant, 9.81 m/s?
I, = propulsion system specific impulse, s
my = final (postmaneuver) spacecraft mass, kg
m; = Iinitial (premaneuver) spacecraft mass, kg
AV = maneuver velocity change, km/s
X = aeroshell mass fraction (acroshell mass/total mass)

Introduction

EROCAPTURE is an orbit insertion maneuver in which a
spacecraft flies through a planetary atmosphere and uses drag
force to decelerate and effect a hyperbolic to elliptical orbit change.
Although this kind of guided hypersonic flight is more complicated
to execute than conventional chemical propulsion orbit insertion,
the prospect of large propellant mass savings has served to mo-
tivate development of aerocapture technology over the past four
decades.!~!! Sufficient technical maturity has been obtained to sup-
port a flight-test experiment in Earth orbit,® with a clear infusion
path for subsequent robotic missions to Mars®”- and Titan'® and
manned missions to Mars.® It is expected that ongoing studies and
research will produce similar technical maturity for aerocapture use
at all other atmospheric worlds in the solar system.'!
The net mass advantage of aerocapture equals the difference be-
tween propulsion system mass and aerocapture system mass for
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injecting the same payload into orbit. The essential character of this
comparison is best illustrated with a first-order analysis in which the
propulsion system mass is represented solely by the chemical pro-
pellant needed to effect the nominal orbit insertion velocity change
AV, and the aerocapture system mass is represented solely by the
mass of the aeroshell required to protect the spacecraft and pro-
vide the required aerodynamic characteristics. The result is shown
in Fig. 1, where the before-to-after orbit insertion mass ratio of the
spacecraft is plotted against the orbit insertion AV for the two ap-
proaches. The exponential curve for propulsion results directly from
the rocket equation,

mi/mf =exp(Av/Ispg0) (D

The quasi-linear aerocapture curve in Fig. 1 is an estimate in which
aeroshell mass fractions from past and present atmospheric entry
missions are used as a proxy for aerocapture aeroshells at those plan-
ets. Table 1 summarizes the quantitative data used in this approach,
where the aeroshell mass fraction is the ratio of the aeroshell mass to
the total vehicle mass, and the nominal aerocapture AV corresponds
to insertion into a low circular orbit at the planet. If x represents the
aeroshell mass fraction in Table 1, then the conversion to mass ratio
in Fig. 1 follows from the simple algebraic equation

mi/my =1/(1—=x) 2

Figure 1 clearly demonstrates the overwhelming mass advantage
of aerocapture seen in the difference between the exponential curve
and the quasi-linear curve. Even at the lowest AV of 2.4 km/s for
Mars, aerocapture offers an advantage of M; /My =2.2—1.3=0.9,
which represents almost a doubling of the orbiting spacecraft mass
(and presumably a doubling of the science value) or almost a halving
of the launch vehicle requirement. Either result is of enormous value
in a field where significant technology improvements often provide
a mass benefit of just a few kilograms.

Although the results in Fig. 1 are instructive, it is desirable to both
increase the fidelity of the mass benefit analysis and to complement it
by adding financial cost considerations. It is important to realize that
aerocapture is just one of several steps required to place a spacecraft
into orbit around a planet, and those other steps can have a significant
impact on the mass and cost advantages afforded by aerocapture.
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To cite one example, the use of a slower transfer ellipse to the
outer solar system will reduce the orbit insertion AV, and hence
the aeroshell mass, at the cost of a longer trip time. The challenge
of evaluating the tradeoft between dissimilar attributes like smaller
aeroshells vs longer trip times is one of the key motivators for adding
monetary cost to the analysis. Although it is not the only metric
for comparison, monetary cost does provide a quantitative measure
that can be inclusive of the disparate elements required to place a
spacecraft into a planetary orbit. One drawback to this approach
is that monetary cost is an elusive variable. Historical and current
costs are often viewed as proprietary information, and even when
made available they are subject to questions about completeness
and the existence of unusual circumstances that either inflated or
decreased the actual cost. It is the premise of this study that, despite
the inherent uncertainty in dealing with monetary costs, justifiable
conclusions can be drawn about the benefits and cost effectiveness
of aerocapture. As will be shown next, the quantitative results are not
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Table 1 Historical database for aeroshell mass ratios

Aeroshell  Nominal aerocapture

Entry Planet/ Entry mass AV for alow
mission moon date  fraction, %  circular orbit, km/s
Pioneer-Venus (L) Venus 1978 31 4.6

Viking Mars 1976 23 2.4
Pathfinder Mars 1997 21 2.4

Galileo Probe Jupiter 1995 60 17.0
Huygens Titan 2005 27 4.4

very sensitive to changes in the assumed cost and mass metrics for
aerocapture, thus supporting the premise of being able to generate
useful conclusions.

The inclusion of monetary cost is one of four key differences
between this study and prior efforts that quantified the benefits of
aerocapture technology. The second difference is that the current
study is focused on robotic missions to all possible aerocapture des-
tinations in the solar system using a common methodology, thereby
providing completeness and mission-to-mission consistency. In con-
trast, one prior study considered only manned missions to Mars,?
another only manned missions to Mars and Venus,' whereas the
third considered robotic missions only to Venus, Mars, and Saturn
(although the aerodynamic deceleration was performed at Titan).}
The third difference is that orbit insertion alternatives based on aer-
obraking, advanced chemical propulsion, and solar electric propul-
sion have been included in this study and quantitatively compared
to aerocapture to more fairly represent the nonaerocapture options
for future planetary missions. Finally, because the previous robotic
aerocapture study occurred over two decades ago® updated values
for aeroshell mass fractions, interplanetary trajectories, and launch-
vehicle capabilities have been incorporated.

The net result of this study is a spacecraft mass delivered into
orbit combined with a monetary cost for doing so in each mission
scenario. With multiple aerocapture and nonaerocapture scenarios
at all feasible destinations, it becomes possible to quantify the ben-
efits of aerocapture across the solar system on both a mass and
cost basis. The process also yields a dollar per kilogram delivery
cost metric that facilitates planet-to-planet comparisons and future
mission planning.

Aerocapture Mission Set

Aerocapture can, in principle, be used at any of the eight worlds
in the solar system that have significant atmospheres. For each des-
tination, there are an infinity of missions that can be performed
corresponding to the infinity of possible orbits. Generally speaking,
however, desirable spacecraft orbits for robotic missions tend to be
of two kinds: low circular orbits suitable for planetary mapping and
sample return missions and high eccentricity elliptical orbits suitable
for combined planet and natural satellite observations. Mars Global
Surveyor is an example of the former, while Galileo is an example
of the latter. For the purpose of representing the spectrum of aero-
capture missions in this study, we have defined a set of 11 missions
across the eight destinations consisting of a circular orbit and/or
an elliptical orbit at each world (Table 2). Note that some of these
missions are taken directly from recent NASA strategic planning

Table 2 Aerocapture mission set

Nominal inertial Nominal orbit

Label Destination Mission description entry speed, km/s insertion AV, km/s

Vi Venus Low circular orbit (300 km) for mapping 11.7 4.6
and sample return

V2 Venus 8,500 x 300-km elliptical orbit (e.g., 11.7 33
Magellan)

El Earth GTO to low-Earth-orbit aeroassisted transfer 10.3 23

Ml Mars Low circular orbit (300 km) for mapping 59 24
and sample return

M2 Mars 300 x 37,000-km elliptical orbit (e.g., Mars 5.9 1.2
Odyssey preaerobraking)

J1 Jupiter Low circular orbit (2000 km) inside the 59.0 17.0
rings and radiation belt

J2 Jupiter 1,000 x 1,880,000-km elliptical orbit 59.0 1.4
(apoapsis at Callisto)

S1 Saturn 120,000-km circular orbit for ring 35.0 8.0
observations in the Cassini gap

T1 Titan 1,700-km circular orbit for mapping and 59 44
aerobot/lander telecom relay

Ul Uranus 4,000 x 450,000-km elliptical orbit 24.0 4.5
(apoapsis just beyond Titania)

N1 Neptune 4,000 x 430,000-km elliptical orbit 29.0 6.0

(apoapsis just beyond Triton)
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Table 3 Computation methodology for mass and cost

Element description

Mass calculation

Cost calculation

1) Launch from Earth at a
specified C3

Use NASA data for injected mass capability
at specified C3?; choose between small
(Delta 2925), medium (Delta 4450, Atlas 5),

Use NASA provided data on
estimated cost of the specified
launch vehicle

and large (Delta 4050H) launchers

2) Use of in-space
propulsion

Rocket equation to compute propellant usage
based on required AV; rules of thumb to

Parametric cost curves based on
propulsion system dry mass

estimate propulsion system dry mass and

mass of supporting structure
Propellant mass for targeting maneuvers

3) Gravity assist
maneuver(s)
4) In-space cruise

accounted for in step 2
No mass allocated

5) Orbit insertion with

Rocket equation to compute propellant

No cost allocated, but trip time is
accounted in step 4

Estimated cost per month for
operations and ground support

Parametric cost curves based on
propulsion system dry mass

Aerobraking: parametric cost

propulsion usage; rules of thumb to estimate propulsion
system dry mass and mass of supporting
structure
6) Aerobraking or No mass required for aerobraking;
aerocapture aerocapture mass fraction estimated from

historical entry vehicle aeroshells (Fig. 1,

Table 4)

7) Postaerocapture
periapse raise maneuver

Rocket equation to compute propellant
usage; rules of thumb to estimate propulsion

curve for engineering and operations
based on vehicle mass and AV

Aerocapture: parametric cost
curve based on vehicle mass

Parametric cost curves based on
propulsion system dry mass

system dry mass and support structure

“Data available online at http://elvperf .ksc.nasa.gov/elvMap/staticPages/launch_vehicle_info.1.html.

documents,'?!3 whereas others represent less publicized missions or

potentially unrecognized opportunities. It seems likely that some of
these planetary missions will be NASA flagship missions, whereas
others will be implemented through the smaller competitive pro-
grams like NASA Discovery, Mars Scout, and New Frontiers. The
Earth mission listed is a special case of an aeroassisted orbit trans-
fer from geosynchronous transfer orbit to low Earth orbit. Although
not strictly an aerocapture maneuver, this mission involves the same
flight characteristics and is expected to be the basis of an Earth orbit
flight test experiment of aerocapture technology.® Potential appli-
cations include orbit transfer of secondary payloads launched to
geosynchronous transfer orbit (GTO) and, in a small extrapolation,
spacecraft returning from Lagrange points 4 and 5, the likely loca-
tions of future telescopes and space stations.

It has long been recognized that aerocapture can greatly reduce
the launch mass required for the human exploration of Mars."?
However, a manned mission to Mars is not included in this study
primarily because the lack of existing very heavy lift launch vehicles
precludes the mass and monetary cost analysis that was done for all
of the robotic missions in the set.

Study Methodology

Mass and cost calculations for the missions in Table 2 were per-
formed on spreadsheets using a host of input data, equations, and
simplifying assumptions. Many cases were computed for each of
the 11 missions consisting of a mixture of aerocapture and nonae-
rocapture scenarios so that direct comparisons could be made. The
basic approach was to break down the mission architecture into a
sequence of steps such that, given an injected mass capability of a
particular launch vehicle, one could compute a delivered mass into
the final working orbit at the destination. In this study, delivered
mass is the useful spacecraft mass remaining after the aeroshell and
other associated aerocapture elements have been discarded. This
process is roughly akin to a staging calculation in that vehicle mass
is consumed or discarded at each step of the way. The cost of the
various elements was also computed based on simplified parametric
models so that an overall total delivery cost could be determined.
Table 3 lists the steps in the calculation for both mass and cost.
Implicit in each mission calculation is a separate interplanetary tra-
jectory analysis that provided the required Cj, trip time, and arrival
velocity at the destination. Given that there are an infinity of possible
trajectories for each mission, a single representative example was

Table4 Propulsion values used in mass computations

Element Value

Chemical propulsion module: dry mass/ 0.2
propellant mass

Solar-electric-propulsion module: dry 1.55
mass/propellant mass

Stack support structural mass/ 0.05
propulsion module mass

State-of-the-art storable chemical 325s
propellant /g

Future advance storable chemical 370s
propellant /g,

Solar-electric-propulsion specific 4000 s
impulse

2Author’s estimate. This value of 370 s is somewhat higher than
currently identified systems but is intended to represent a best-case
long-term performance goal.

Table 5 Aerocapture system mass
fractions used in mass computations

Destination Value
Venus 0.30
Earth 0.30
Mars 0.25
Jupiter 0.65
Saturn 0.55
Titan 0.35
Uranus 0.45
Neptune 0.45

chosen after conducting a parametric study based on the common
architectures.

The numerical data used in the mass calculations are given in
Tables 4-6. Constant values with size are used for the chemical-
and solar-electric-propulsion (SEP) system dry mass-to-propellant
mass ratios with the understanding the ratios will be aggressive
for very small systems and conservative for very large systems.
The chemical-propulsion system specifications are derived from
historical data. The SEP system specifications are derived from a
mixture of historical and projected systems. Specifically, the DS-1
NSTAR engine'#~!¢ was used for the low-power Venus and Mars
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scenarios, whereas all other trajectories used the next generation of
ion thrusters, called NEXT.'7'® The NSTAR engine is a 2.3-kW,
30-cm-diam engine with a maximum specific impulse Iy, of 3100 s
and 130 kg of throughput per engine, whereas the NEXT engine is
a 6.2-kW, 40-cm-diam engine with a maximum /g, of 4000 s and
250 kg of throughput per engine. The solar array for the SEP system
assumed a specific mass of 130 kg/kW for the 5-10-kW class tra-
jectories and 150 kg/kW for the 25-kW class trajectories. The SEP
system dry mass fraction also assumes 30% contingency on the dry
mass and 10% contingency on the propellant mass. It is represen-
tative of a complete SEP module design and thus includes all of
the structure, cabling, thermal, power, attitude control, feed system,
tanks, thrusters, driving electronics, and redundancy that goes along
with it.

To accommodate the very large number of cases in this study,
it was necessary to use a simplified approach of specifying a sin-
gle aerocapture system mass fraction for each planet as listed in
Table 5. The values are estimates derived from the simple histori-
cal entry vehicle performance curve in Fig. 1 with approximately
0.05 added in each case to account for uncertainties and extra non-
aeroshell components required for aerocapture. Examples of extra
nonaeroshell components include telecommunications antennas that
are discarded prior to atmospheric entry and heat-transfer equipment
for thermal control of potential radioisotope power sources inside
the aeroshell. Detailed designs and systems analyses have provided

Table 6 Launch-vehicle injected mass vs C3*

Injected mass, kg

C3 = 10 km?/s? C3 = 30 km?/s?

Launch-vehicle

Delta 2925H 1200 N/A
Delta 4450 3690 2200
Atlas 531 4340 2970

Delta 4050-H 7810 5220

“Data available online at http://elvperf.ksc.nasa.gov/elvMap/static
Pages/launch_vehicle_info.1.html.

aerocapture mass fraction values for Earth® and Titan,'® which are
consistent with this simplified approach. However, those designs
are based on blunt-body aeroshells of the type used in the historical
entry database, and it must be stressed that at least the gas giant
planet aerocapture missions will require more slender, higher lift-
to-drag ratio shapes that can incur additional mass beyond what
is estimated here. Conversely, the mass fraction values in Table 5
are conservative in the sense that they generally do not reflect the
possible infusion of new aeroshell structural and thermal protec-
tion material technologies. Future detailed designs are required to
determine which effects will prevail, designs that must factor in
all of the details of mechanical layout, aerothermodynamics, flight
mechanics, and the other pertinent disciplines that are ignored in
this simplified methodology. Nevertheless, it will be shown that the
advantages of aerocapture are not very sensitive to increases in the
specific aerocapture mass fraction values used here, thereby indicat-
ing that upward revisions are not likely to invalidate the aerocapture
mass advantage metrics computed in the following section.
Selected launch-vehicle injected (Earth departure) mass and
C; data from the website http://elvperf.ksc.nasa.gov/elvMap/
static Pages/launch_vehicle_infol.html are presented in Table 6.
The cost input data summarized in Table 7 are comprised of a
mixture of well-defined publicized costs, published and unpublished
studies, anecdotal evidence, and educated guesses. No attempt has
been made to include the effects of monetary inflation in this anal-
ysis, and so the costs in Table 7 are essentially current year (2004)
costs. Fixed values are used for the launch vehicles, a per-month
cost for operations and ground support during in-space cruise, and
square-root parametric costs as a function of mass for the other ele-
ments, that is, in-space propulsion, propulsion module-to-aeroshell
interface structure, aerobraking, and aerocapture. Aerobraking costs
are also linearly scaled with the AV required for orbit circulariza-
tion. The use of a square-root function to represent the cost vs mass
relationship is a simplification that is intended to capture the essen-
tial feature that larger systems cost more but that economies of scale
limit that growth to a less-than-linear dependence. Where possible,
these square-root cost curves have been anchored to at least one

Table 7 Numerical values used in cost computations

Cost = a + bx%3

Element a b X Unit Source/justification

Delta 2925H 88 N/A N/A M Data available online®

Delta 4450/Atlas V 140 N/A N/A $M Data available online®

Delta 4050H 232 N/A N/A $M Data available online®

Cruise operations 18 N/A N/A $M/ Author’s estimate (includes low-level
cost year science team support)

SOA chemical 2 1.7 Dry mass of prop. $M Unpublished estimate®
propulsion system, kg

Advanced chemical 3 2.55 Dry mass of prop. $M Author’s estimate that advanced
propulsion system, kg chemical will be 50% more costly

than SOA chemical

Solar electric 40 0.8 Dry mass of prop. $M Private communication®
propulsion system, kg

Aeroshell: prop. 2 0.5 Interface structure M Author’s estimate
module interface mass, kg
structure

Aerobraking mass 5 0.2 Mass of delivered $M Private communication®
function spacecraft, kg

Aerobraking AV AV /1.2 N/A Mass of delivered N/A Assumes cost linearly scales with AV
coefficient spacecraft, kg

Aerocapture 7 0.8 Aeroshell mass, kg $M Unpublished data®

“http://newfrontiers.larc.nasa.gov/newfrontiers/Ao-New _Frontiers-ELV_Summ_3a.pdf. The cost data in this document are the best currently
available for launch vehicles used in planetary exploration missions.
®Jet Propulsion Laboratory, Feb. 2003. Unpublished estimate that a Cassini bipropellant system rebuild (500-kg dry mass) would cost $40m.
The cost model gives 2 + 1.7 x 500% = $40m.
¢J. R. Brophy, private communication, Feb. 2003. He estimated that a 25-kw, 800-kg dry mass SEP system based on advanced NSTAR

technology from DS-1 would cost $63M. The cost model gives 40 4-0.8 x 800% = $63M.

dR. A. Mase, private communication. Mars Odyssey data indicate that aerobraking for the 600-kg spacecraft had a cost of $9.3M in-
cluding planning, development, operations and science team during the three-month aerobraking period. The cost model gives 5+ 0.2 x

600%3 = $9.9M.

¢J. L. Hall, unpublished data from the design described in Ref. 7. The estimated cost of the AFTE aerocapture system was $12.8M including
the design, analysis, simulation, aeroshell fabrication, system integration, and testing. Because the AFTE aeroshell was approximately 50 kg,

the model gives 7+ 0.8 x 5005 = $12.7M.
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data point from either a historical mission or recent detailed studies
(see footnotes to Table 7). These square-root cost functions are plot-
ted in Fig. 2.

The cost estimates in this study do not include technology de-
velopment costs for elements not yet ready for flight, namely, ae-
rocapture, advanced chemical, and advanced SEP. Furthermore, in
the case of aerocapture, no attempt is made to distinguish the cost
differences between different acroshell shapes or different thermal
protection materials of the same overall aeroshell mass. The impact
of these simplifications will be discussed in the next section.

Results and Discussion

This study generated a very large amount of data, the essential ele-
ments of which are presented in this paper. Figures 3a—3j show plots
of delivered mass versus delivery cost for all 10 non-Earth missions
listed in Table 2. The 11th mission, aeroassisted orbit transfer at
Earth, will be treated separately at the end of the section. Each figure
is a scatter plot comprised of multiple scenarios where the symbols
are used to denote the method of orbit insertion: 1) filled diamonds
for state-of-the-art chemical propulsion with an Iy, = 325 s, 2) open
diamonds for advanced chemical propulsion with an Iy, =370 s, 3)

60

313

D
o
L

Cost ($M)
8

0 T T T T

stars for aerobraking, 4.1) filled c1.rcles for aerocapture, and 5) filled 0 100 200 300 400 500

squares for solar electric propulsion. Note that negative mass values

in the plots denote non-feasible scenarios.

Tables 8-10 provide the raw data for each computed scenario, Reference Mass (k)
listing the trip time, delivered mass and delivered cost, respectively. Fig. 2 Square-root cost functions.
Table 8 Trip times for all mission scenarios
. . . Mission and trip time, years
Launch Transit Gravity Orbit

No. vehicle propulsion assist insertion V1 \ Ml M2 1) 12 S1 T1 Ul N1
1 Delta 2925 None None chem325 0.5 0.5 0.8 8 — — - — — —
2 Delta 2925 None None chem370 0.5 0.5 0.8 0.8 e ——
3 Delta 2925 None None A/B 0.5 0.5 0.8 8 — — — —F — —
4 Delta 2925 None None A/C 0.5 0.5 0.8 8 — — - — — —
5 Delta 4450 None None chem325 0.5 0.5 0.8 0.8
6 Delta 4450 None None chem370 0.5 0.5 0.8 8 — — - — — —
7 Delta 4450 None None A/B 0.5 0.5 0.8 0.8 _—— — — — —
8 Delta 4450 None None A/C 0.5 0.5 0.8 8 -— — — —F — —
9 Delta 4450 chem325 V/IE chem325 — — —— —— 61 6.1 75 75 @ — —
10 Delta 4450 chem370 V/E chem370 — — —— —— 6.1 6.1 7.5 7.5 _—
11 Delta 4450 chem325 V/E A/C _ —— — — 6l 6.1 7.5 75 @ — —
12 Delta 4450 chem325 VE+1J chem325 — — — — —— —— —— —— 90 10.7
13 Delta 4450 chem325 VE+J chem3?0 — — — —— —— — @ — @ — 9.0 10.7
14 Delta 4450 chem325 VIE+J A/C _ - — — — — — — 90 10.7
15  Delta 4450 SEP V/IE chem325 — —— —— —— 35 35 6.0 6.0 8.0 10.5
16  Delta 4450 SEP V/E chem30 — —— —— —— 35 35 6.0 6.0 8.0 10.5
17 Delta 4450 SEP V/IE A/C - — — — 35 35 6.0 6.0 8.0 10.5
18  Delta 4450 SEP V/IE+J c¢hem325 — —— —— —— —— —— 67 6.7 84 —
19  Delta 4450 SEP VIE+J c¢hem370 — — —— —— —— —— 6.7 6.7 84 —
20  Delta 4450 SEP VIE+] A/C _ V- — — — — 617 6.7 84 —
21 Atlas 551 SEP VE+J chem325 — — — — —— —— —— —— —— 105
22 Atlas 551 SEP VE+J c¢hem370 — — — — —— —— — —— —— 105
23 Atlas 551 SEP VIE+1] A/C _ YV — — — — — — — 105
24 Delta 4050H None None chem325 0.5 0.5 0.8 0.8 2.2 22— —— 90 —
25  Delta4050H None None chem370 0.5 0.5 0.8 0.8 22 22— —— 90 —
26 Delta 4050H None None A/B 0.5 0.5 0.8 08 — — - — — —
27 Delta 4050H None None A/C 0.5 0.5 0.8 0.8 2.2 22— —— 90 —
28  Delta4050H chem325 V/E chem325 — —— —— —— 6.1 6.1 7.5 71 — —
29 Delta 4050H chem370 V/E chem370 — —— —— —— 6.1 6.1 7.5 7.1 _
30 Delta4050H chem325 V/E A/C _ —— — — 6.1 6.1 7.5 71 — —
31  Delta4050H chem325 VE+J chem325 — —— —— —— —— —— 77 6.7 9.0 10.7
32 Delta 4050H chem370 VE+J chem3’®0 — — —— —— —— —— 77 6.7 9.0 10.7
33 Delta 4050H chem325 VIE+] A/C _  — — — — — 77 6.7 9.0 10.7
34  Delta4050H SEP V/IE chem325 — — —— —— 40 4.0 6.0 6.0 8.0 10.5
35  Delta4050H SEP V/E chem370 —— —— —— —— 40 4.0 6.0 6.0 8.0 10.5
36  Delta4050H SEP V/E A/C _ —— — — 40 4.0 6.0 6.0 8.0 10.5
37  Delta4050H SEP VE+J chem325 — —— —— —— —— —— 67 6.7 8.4 10.5
38  Delta4050H SEP VE+J chem370 — — —— —— —— —— 6.7 6.7 8.4 10.5
39  Delta4050H SEP VIE+J A/C _ - — — — — 6] 6.7 8.4 10.5
40  Delta 4050H SEP None SEP 2.5 2.2 1.4 14 — — — — — — —
41 Delta 4450 SEP None SEP 2.4 2.1 1.5 1.3 e
42 Delta 2925 SEP None SEP 2.5 2.2 1.3 12 — — — — — —
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Table 9 Delivered mass for all mission scenarios

Mission and deliver mass, kg

Launch Transit Gravity Orbit

No. vehicle propulsion assist insertion V1 V2 M1 M2 J1 ]2 S1 T1 Ul N1

1 Delta 2925 None None chem325 105 275 432 7”7 — — — - — —
2 Delta 2925 None None chem370 171 344 495 774 _ — — — — —
3 Delta 2925 None None A/B 265 275 702 7”7 — — — — — —
4 Delta 2925 None None A/C 788 788 807 807 - @ — @ — @ — — —
5 Delta 4450 None None chem325 318 835 1309 2210 _ — — - — —
6 Delta 4450 None None chem370 519 1046 1499 2344 ——v @— —— —— — —
7 Delta 4450 None None A/B 804 835 2128 2210 _ — — — — —
8 Delta 4450 None None A/C 2395 2395 2444 2444 @ —v @—v @ — @ — — —
9 Delta 4450 chem325 V/E chem325 — — —— — —652 2007 —130 208 ——  —
10 Delta 4450 chem370 V/E chem370 — —— —— — —634 2143 -93 304 —— —
11 Delta 4450 chem325 V/E A/C _ —— — — 1048 1048 129 762 —  —
12 Delta 4450 chem325 VIE+1J chem325 — — — —— — @ — @ — — 166 —98
13 Delta 4450 chem325 VE+J chem3’0 — — — —— — @ — — @ — 287 —45
14 Delta 4450 chem325 V/IE +1] A/C _— — — — — - — — 912 681
15 Delta 4450 SEP V/E chem325 — —— —— — —385 1089 —200 231 294 42
16 Delta 4450 SEP V/E chem370 — —— —— — —374 1176 —143 330 378 93
17 Delta 4450 SEP V/E A/C _  — — — 619 619 179 1059 748 481
18 Delta 4450 SEP VE+J chem325 — — — —— —— —— =260 127 239 ——
19 Delta 4450 SEP VIE+J chem3?0 — — —— —— —— —— =192 242 349 ——
20 Delta 4450 SEP VIE +1] A/C e — 222 1315 1005 ——
21 Atlas 551 SEP VIE+1I1 chem325 — —W —— —— @ —— @ — @ — @ — @ — —-52
22 Atlas 551 SEP VE+J chem390 — — — — — — — @ — — 32
23 Atlas 551 SEP V/E +1] A/C _ - — — — — — — 901
24 Delta 4050H None None chem325 675 1770 2802 4693 —454 1339 @ —— —— 103 —_—
25 Delta 4050H None None chem370 1101 2218 3208 4983 —441 1438 @ @—— —— 340 @ ——
26 Delta 4050H None None A/B 1705 1770 4556 4693 —— — —— —— —— —
27 Delta 4050H None None A/C 5078 5078 5232 5232 729 729 @ — — 113 —
28 Delta 4050H chem325 V/E chem325 — —— —— —— —1407 4334 -294 472 — —
29 Delta 4050H chem370 V/E chem370 —— —— —— —— —1369 4628 211 60901 —— @ —
30 Delta4050H chem325 V/E A/C _ —— — — 2262 2262 292 1731 ——  ——
31 Delta 4050H chem325 VE+1J chem325 — — —— —— —— —— 485 253 357 —222
32 Delta 4050H chem370 VE+J chem3’0 — — — —— —— —— =353 502 618 —102
33 Delta 4050H chem325 V/IE+1] A/C _ - — — — 494 2630 1966 1543
34 Delta4050H SEP V/E chem325 — —— —— — =579 1709 311 278 115 113
35 Delta 4050H SEP V/E chem370 — —— —— — —563 1835 —222 429 237 180
36 Delta 4050H SEP V/E A/C _ — — — 930 930 278 1645 1175 601
37 Delta 4050H SEP VIE+1J chem325 — — —— —— —— —— 439 244 179 —78
38 Delta 4050H SEP VE+J chem3?0 — — — —— —— —— 323 441 366 81
39 Delta 4050H SEP V/IE+1] A/C _  — — — — — 375 2218 1819 1680
40  Delta 4050H SEP None SEP 2834 3542 3471 4222 @— @ — —— @ — @ — @ —
41 Delta 4450 SEP None SEP 1412 1760 2168 2607 — —or @—— @ —— @ — @ —
42 Delta 2925 SEP None SEP 221 366 508 660 —m8 @ —F @ — @ — — @ —

In these tables, V/E denotes one or more Venus and/or Earth gravity
assists, J denotes a Jupiter gravity assist, chem325 and chem370
denote chemical propulsion with a 325- or 370-s specific impulse,
respectively, A/B denotes aerobraking, A/C denotes aerocapture,
and SEP denotes solar electric propulsion. Note that aerobraking
results are not provided for outer planet missions because they do
not offer an advantage: either the target orbit is highly elliptical (J2,
U1, N1), or most of the orbit insertion AV corresponds to the orbit
capture itself and not the orbit circularization.

There are several noteworthy results illustrated in Fig. 3. Perhaps
the most important is that the aerocapture data points (filled circles)
generally lie to the right of the nonaerocapture points, thus con-
firming the expectation (Fig. 1) that aerocapture possesses a mass
advantage over other orbit insertion techniques. This advantage is
small when the orbit insertion velocity change is small (e.g., Mis-
sion M1, AV = 2.4 km/s), and it is large when the orbit insertion
velocity change is large (e.g., Mission N1, AV = 5-7 km/s). Note
that the Jupiter low-circular-orbit mission (J1) and the Saturn ring-
observer mission (S1) are so challenging that they do not show any
nonaerocapture scenarios with a positive delivered mass. For these
missions aerocapture is truly enabling, a description that can also
be applied to the Neptune orbiter mission (N1) because the maxi-
mum nonaerocapture delivered mass of 180 kg (scenario 35) is too
small for a practical deep space orbiter. In contrast, the Mars high-
eccentricity mission (M2) shows essentially no benefit with aerocap-
ture, and the Jupiter high-eccentricity orbit mission (J2) shows that
aerocapture actually delivers less mass than some nonaerocapture

architectures. The explanation for Jupiter is that the high-entry ve-
locities require large aeroshell mass fractions (~65%) to protect the
spacecraft, but this mass cannot be recouped in propellant savings
because the orbit insertion AV is only ~1.4 km/s. The same logic
applies to mission M2 although in this case the propellant savings
are equal to the aerocapture system mass so that no advantage or
disadvantage results. For all other missions aerocapture improves,
and often substantially improves, the ability to deliver mass into
the desired orbit. Results for all missions are presented in Table 11,
where the best aerocapture and nonaerocapture options are directly
compared for the same heavy lift-launch vehicle. To highlight just
one example, the Titan orbiter scenario 33 provides a factor of 3.8
improvement in delivered mass vs the best alternative, scenario 29
(2630 vs 691 kg). Note that if the delivered mass requirements for
Titan and Uranus are sufficiently large (approximately greater than
600-700 kg), then aerocapture becomes an enabling, and not just
enhancing, technology for them based on the mass limit of the Delta
IV heavy launch vehicle. Another notable result is that the use of
solar electric propulsion to achieve orbit at Venus and Mars shows
worse performance than aerocapture, despite the relatively high so-
lar flux and extraordinary specific impulse of SEP. This is because
of a combination of the high dry mass inherent to SEP designs and
the significant gravity losses associated with long-duration spiral
trajectories into orbit.

The mass advantage of aerocapture vs chemical propulsion
(Isp =325 s) orbit insertion computed in this study generally agrees
with the prior work for robotic missions reported in Ref. 3. For Mars,
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Table 10 Total delivery cost for all mission scenarios

Mission and delivery cost SM
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Launch Transit Gravity Orbit
No. vehicle propulsion assist insertion V1 V2 M1 M2 J1 12 S1 Tl Ul NI
1 Delta 2925 None None chem325 122 120 123 119 — — — — — —
2 Delta 2925 None None chem370 133 129 133 2 @ — — — — — —
3 Delta 2925 None None A/B 128 120 129 m - -k — — — —
4 Delta 2925 None None A/C 126 126 131 3 — — — — — —
5 Delta 4450 None None chem325 191 188 189 2 — — — — — —
6 Delta 4450 None None chem370 210 205 205 3 — — — — — —
7 Delta 4450 None None A/B 198 188 196 %L - — — — —— —
8 Delta 4450 None None A/C 194 194 197 203 — — — — — —
9 Delta 4450 chem325 V/E chem325 — —— —— —— 298 279 317 315 — —
10 Delta 4450 chem370 V/E chem370 — —— —— —— 321 291 335 331 — —
11 Delta 4450 chem325 V/E A/C _ — — — 306 306 338 30 — —
12 Delta 4450 chem325 VE+J chem325 — — — — —— —— — —— 349 374
13 Delta 4450 chem325 VE+J chem3?0 — — — —— —— —— —— —— 369 392
14 Delta 4450 chem325 V/E+] A/C _  — — — — — — —— 368 390
15 Delta 4450 SEP V/E chem325 — —— —— —— 314 301 353 350 383 428
16 Delta 4450 SEP V/E chem370 — —— —— —— 332 311 369 363 394 439
17 Delta 4450 SEP V/E A/C _ — — — 322 322 372 356 392 436
18 Delta 4450 SEP VE+J chem325 — — — —— —— —— 368 366 393 ——
19 Delta 4450 SEP VE+J chem30 — — —— —— —— —— 386 381 407 —
20 Delta 4450 SEP V/E +1] A/C - — — — — —— 388 370 401 —
21 Atlas 551 SEP VE+1J chem325 — — — —— —— — — —— —— 43]
22 Atlas 551 SEP VE+J chem3’0 — — — —— —— —— —— —— —— 446
23 Atlas 551 SEP V/E +1] A/C _  — — — — — — —— —— 438
24 Delta 405S0H None None chem325 301 297 296 286 312 298 —— —— 467 ——
25 Delta 4050H None None chem370 329 322 318 302 331 308 —— —— 496 ——
26 Delta 4050H None None A/B 310 297 303 286 @ — — @ — @ — — —
27 Delta 405S0H None None A/C 302 302 305 305 320 320 —— —— 482 @ ——
28 Delta 4050H chem325 V/E chem325 — — —— —— 410 383 429 418 @ — —
29 Delta 4050H chem370 V/IE chem370 — —— —— —— 443 400 455 41 — —
30 Delta 4050H chem325 V/E A/C _ — — —— 419 419 456 437 — —
31 Delta 4050H chem325 VE+J chem325 — — —— —— —— —— 433 412 462 486
32 Delta 4050H chem370 VE+J chem3’” — — —— —— —— —— 460 436 489 511
33 Delta 4050H chem325 V/E +17 A/C _ V- — —— —— 461 426 486 505
34 Delta 4050H SEP V/E chem325 —— —— —— —— 425 408 457 453 489 532
35 Delta 4050H SEP V/IE chem370 —— —— —— —— 446 420 476 469 505 543
36 Delta 4050H SEP V/E A/C _ — —— —— 433 433 478 458 496 540
37 Delta 4050H SEP VIE+J chem325 — — —— —— —— —— 476 472 503 542
38 Delta 4050H SEP VE+J chem30 — — —— —— —— —— 498 491 522 562
39 Delta 4050H SEP V/E+]J A/C _ — — — — —— 499 476 510 549
40 Delta 4050H SEP None SEP 367 360 334 3 — — — — — —
41 Delta 4450 SEP None SEP 258 252 235 228 — @ — — — — —
42 Delta 2925 SEP None SEP 196 190 169 6 — @— — — — —
Table 11 Delivered mass summary for heavy launch vehicle and propulsion baselines (nuclear thermal and I, =480 s storable
i cryogenic chemical propulsion).
. Best A/C  Best non-A/C What is Unlike the mass data for many missions, the cost data do not
Mission mass, kg mass, kg % Increase  best non-A/C? R .
show dramatic many-fold improvements as a result of the use of
Venus V1 5078 2834 79 all-SEP aerocapture. The reason is that the orbit insertion costs are just a
Venus V2 5078 3542 43 all-SEP small fraction (10-20%) of the overall delivery costs because of
Mars M1 5232 4556 15 A/B the dominating effect of launch vehicle, multiyear operations, and,
Mars M2 3232 4983 3 chem370 where applicable, in-space chemical- or solar-electric-propulsion
Jupiter J1 2262 <0 Infinite N/A .
Tubiter 12 2262 4628 _s1 chem370 module costs. Moreover, the projected cost of aerocapture systems
p! . .
Saturn S1 494 <0 Infinite N/A are comparable to the cost of chemical-propulsion systems for or-
Titan T1 2630 691 280 chem370 bit insertion, so that any aerocapture advantage generally results
Uranus Ul 1966 618 218 chem370 from shorter trip times or smaller launch vehicles, advantages that
Neptune N1 1680 180 832 chem370 cannot produce large cost reductions on a percentage basis. Never-

the current study shows a factor of 1.87 (mission M1, scenario 8 vs
scenario 5) compared to the Ref. 3 values, which range from 1.8 to
1.9. For Venus, the current study shows a factor of 2.86 (mission
V2, scenario 8 vs scenario 5) compared to the Ref. 3 values, which
range from 2.4 to 5.8. Although Ref. 3 also analyzed a Saturn/Titan
mission, it consisted of high-speed aerodynamic deceleration at Ti-
tan for the purpose of achieving orbit at Saturn, an architecture not
considered in the current study and therefore not one for which di-
rect comparisons can be made. Direct comparisons to the manned
Mars results of Ref. 5 and the manned Mars and Venus results in
Ref. 1 also cannot be made because of the differences in mission
architecture (the return to Earth element), vehicle size (up to 200 t),

theless, in absolute terms the savings of tens of millions of dollars
or more can be critical to the success of competed missions in a
cost-constrained environment. For example, a ~700-kg Titan or-
biter can be delivered for $441M without aerocapture (scenario 29)
or $330M with aerocapture (scenario 11), where the higher cost is
due to a larger launch vehicle and substantial in-space propulsion.
The savings of $111M is significant in absolute terms, but on a
percentage basis is only 25% of the total delivery cost for the mis-
sion. Another notable result seen in the data is that each mission has
a minimum delivery cost corresponding to the smallest available
launch vehicle, one that is mostly independent of the orbit insertion
technique. These minimum costs range from approximately $120M
for Venus and Mars, to $320M for Saturn and Titan, to $390M for
Neptune.
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Fig. 3 Delivered mass vs delivery cost for all non-Earth missions.

Table 12 presents a dollar/kilogram metric for each mission us-
ing the best aerocapture and best nonaerocapture scenarios in both
the medium- and heavy-launch vehicle categories. The data for the
medium launch vehicle are also plotted in Fig. 4. It can be seen in
Table 12 that although the economy of scale produces lower dol-
lar/kilogram costs for the heavy-launch vehicle, the percentage re-
duction offered by aerocapture technology is largely independent of
the launch vehicle size. This percentage reduction in delivery cost is

substantial for the seven missions (V1, V2,J1, S1, T1, U1, and N1)
with a large orbit insertion AV requirement, ranging from a 41 to
100% on a dollar per unit mass basis. In this context, a 100% reduc-
tion corresponds to a mission that cannot be done without aerocap-
ture. The high-eccentricity Mars (M2) and Jupiter (J2) missions are
not helped by aerocapture, as just discussed, while the low-circular-
orbit M1 mission shows a modest delivery cost reduction of 12 or
13% for the medium- and heavy-launch vehicles, respectively.
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Fig. 3 Delivered mass vs delivery cost for all non-Earth missions (continued).

One way to put the magnitude of the aerocapture performance im-
provements into perspective is to compute the equivalent propulsion
system specific impulse that would be required to match the aero-
capture delivered mass with anon-aerocapture approach. The results
are shown in Table 13, where, except for M2 and J2 missions that
are not helped by aerocapture, the required specific impulse exceeds
any available or planned storable chemical propulsion system. Note
that the relatively low required specific impulse for the Saturn ring-

observer mission reflects the fact that it requires a large 3.3-km/s
periapse raise maneuver to circularize the orbit in the Cassini gap
of the rings, and therefore direct propulsive orbit insertion with a
much improved specific impulse will also save all of the propellant
associated with this large maneuver.

The performance advantages of aerocapture for most of the mis-
sions in this set are so large that they are not significantly compro-
mised by signficant increases in the predicted aerocapture system
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Table 12 Summary of $M/kg metrics for all missions

Medium-launch vehicle Heavy-launch vehicle

Mission Best A/C Bestnon-A/C % Reduction  What is best non-A/C? Best A/C  Bestnon-A/C % Reduction = What is best non-A/C?
Venus V1 0.08 0.18 56 all-SEP 0.06 0.13 54 all-SEP
Venus V2 0.08 0.14 44 all-SEP 0.06 0.10 41 all-SEP
Mars M1 0.08 0.09 12 A/B 0.06 0.07 13 A/B
Mars M2 0.08 0.08 —1 chem325 0.06 0.06 4 chem325
Jupiter J1 0.29 N/A 100 N/A 0.19 N/A 100 N/A
Jupiter J2 0.29 0.14 —115 chem370 0.19 0.09 —115 chem370
Saturn S1 1.75 N/A 100 N/A 0.93 N/A 100 N/A
Titan T1 0.28 1.09 74 chem370 0.16 0.64 75 chem370
Uranus Ul 0.40 1.04 62 chem370 0.25 0.79 69 chem370
Neptune N1 0.49 4.74 90 chem370 0.33 3.01 89 chem370
Table 13 Required specific impulse Table 14 Sensitivity of the aerocapture advantage
to match aerocapture performance (medium-launch vehicle scenarios)
Mission Equivalent /gp, s Aerocapture delivery cost reduction
Venus V1 1060 Nominal +30% A/C +30% A/C
Venus V2 970 Mission case, % mass, % cost, %
ﬁzﬁ Mé s Venus V1 56 49 53
Jupiter J1 2040 Venus V2 44 36 41
. Mars M1 12 1 8
Jupiter J2 R
Saturn S1 640 Mars M2 — — —
Titan T1 1240 Jup¥ter J1 100 100 100
Uranus Ul 815 Jupiter 12 — — —
Neptune N1 1140 Sgturn S1 100 100 100
Titan T1 74 69 74
Uranus Ul 62 49 61
Neptune N1 90 86 90
Neptune N1 [ : : : : : : =47
Uranus U1 — E E i
Titan T1 - Lo Table 15 Projected spacecraft mass increases for
F [ T B D B aerocapture-enhanced missions
Saturn S1 N/A
. | | | | | 1 | 1 NOH—A/C A/C $M/kg Mass
Jupiter J2 ;. I R R $M/kg for forheavy  Delivery increase per
Jupiter J1 e N/A Mission heavy launcher ~ launcher  cost, $M spacecraft, kg
MarsM2 |+ Vi 0.13 0.06 300 2722
Mars M1 N S N N V2 0.10 0.06 300 2086
Venus V2 ' ' | DOnon-Aerocapture M1 0.07 0.06 300 648
! || mAerocapture T1 0.64 0.16 440 2028
Venus V1 e Ul 0.69 0.25 500 1298

000204060810121416 138
Delivery Cost ($M/kg)

Fig. 4 Best scenario delivery costs per unit mass for a medium-launch
vehicle.

mass fraction or cost. Table 14 shows the results of a sensitivity
study based on medium-launch vehicles in which either the aero-
capture system mass or the aerocapture system cost was increased
by 30% while holding all other parameters constant. The change
in percentage cost reduction using aerocapture on a dollar/kilogram
delivery basis is small in all cases except for the M1 mission where a
mass increase of this size eliminates the modest aerocapture advan-
tage. Note also that the increased mass effect always causes a greater
change than increased cost, which is just a reflection of the fact that
aerocapture costs are only a small fraction of the overall delivery
cost. The conclusion is that most of the projected aerocapture advan-
tage on a dollar/kilogram delivery basis will be retained even in the
event that the mass or cost of aerocapture technology is 30% greater
than estimated in this study. This sensitivity result helps to justify
the use of highly simplified mass and cost models for aerocapture
as described in the preceding section in that errors of up to +30%
(and more) will not alter the conclusion that aerocapture provides
a substantial advantage for many missions. Conversely, improve-
ments resulting from superior-than-expected aerocapture mass or
cost performance will also be small on a percentage basis; how-
ever, on a net basis the potential savings of many millions of dollars

should still serve as a powerful motivator for producing efficient
aerocapture systems.

Based on the planetary results just presented, it is possible to
categorize the aerocapture missions into three groups: enabled (J1,
S1,N1), enhanced (V1, V2, M1, T1, Ul), and not helped (M2, J2).
For the enhanced category, the aerocapture benefit can manifest it-
self in a reduced delivery cost, an increased spacecraft mass, or a
combination of the two. The preferred optimization will necessarily
depend on the details of any given mission, but results for the two
limits are presented in Tables 15 and 16. For the fixed cost limit in
Table 15, the heavy-launch vehicle mass and cost data are used for
each of the five missions to produce a net delivered mass increase.
This mass increase is equivalent to the horizontal distance between
the aerocapture and nonaerocapture data points on the appropriate
mission plots in Fig. 3. Similarly, the fixed mass limit can be ob-
tained by measuring the vertical distance between the aerocapture
and nonaerocapture data points in Fig. 3, which for the Venus and
Mars missions happens to correspond to the difference between the
million-dollar/kilogram cost of aerocapture with a medium-launch
vehicle and the best nonaerocapture cost on a heavy launch ve-
hicle (Table 16). However, this method breaks down with the Ti-
tan and Uranus missions because there are not any nonaerocapture
scenarios that can deliver as much mass as the most efficient ae-
rocapture scenarios based on a medium-launch vehicle. Therefore,
we have estimated a million-dollar/kilogram cost of a hypothetical
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Table 16 Projected cost savings for aerocapture-enhanced missions

Non-A/C A/C $M/kg Cost savings
$M/kg for heavy for medium Spacecraft per spacecraft,

Mission launcher launcher mass, kg $M
Vi 0.13 0.08 2400 116
V2 0.10 0.08 2400 50

Ml 0.07 0.08 2400 —-34
T1? 0.36 0.28 1300 102
u1? 0.49 0.40 1000 91

2Estimated $M/kg value for an hypothetical ultraheavy-launch vehicle that can deliver
the listed spacecraft mass.

ultraheavy-launch vehicle that could deliver sufficient mass in the
T1 and U1 nonaerocapture scenarios. Note that these delivery costs
must reflect economies of scale and therefore are significantly better
than those based on existing heavy vehicles; however, they do not
include the sizable research and development costs associated with
any new launch vehicle. With these caveats, it can be seen that four
of the five missions show a cost savings, with values ranging from
$50M for the Venus V2 mission to $116M for the Venus V1 mission.
The Mars M1 mission does not show a cost savings because the size
scaling dilution effect is larger than the aerocapture performance
benefit. This suggests that the primary use of aerocapture at Mars
will be to increase the spacecraft mass for a fixed delivery system
as shown in Table 15.

One caveat to this conclusion is that Mars missions are amenable
to comanifesting, that is, sending two spacecraft using a single large
launch vehicle rather than two smaller launch vehicles. For exam-
ple, aerocapture would allow a single Delta IV heavy to send a pair
of 2500 kg spacecraft to Mars (mission M1, scenario 27, capabil-
ity = 5232 kg), but aerobraking would not (mission M1, scenario
26, capability = 4556 kg). The use of one Delta IV heavy vs two
Delta IV mediums would result in a launch-vehicle cost savings of
$48M, a result not represented in the methodology of Table 15. The
original Centre National d’Etudes Spatiales plan for the 2005/2007
Mars sample return mission in fact proposed exactly this approach
with the lander and the sample return orbiter launched on a single
Ariane-5. A second important caveat for Mars is that if the time
delay of multimonth aerobraking into orbit is not acceptable (e.g.,
if the orbiter must support landed assets immediately or if astro-
nauts are onboard), then the aerocapture performance advantage in
dollars/kilogram for the Mars M1 mission becomes much larger,
increasing from 12 to 41% vs the next best option of advanced
chemical (chem370) propulsive orbit insertion.

From a technology development point of view, it is desirable to
estimate the total return on investment. Although aerocapture tech-
nology has considerable maturity, it is generally accepted that a
flight-test experiment will be required before aerocapture will be
used on any NASA science mission. Additionally, some level of
modeling and ground-based experimentation will be required for
the more challenging gas giant planet missions, particularly in the
areas of aerothermodynamics and thermal protection systems. Based
on the work in Refs. 8 and 11, it is estimated that the combination of
flight test and gas giant planet development will require an invest-
ment on the order of $100M. According to the methodology used
to generate Table 16, an investment of this magnitude will be re-
turned in a single large V1, T1, or U1 mission, or two V2 missions.
Alternatively, because aerocapture provides a factor of two or three
increase in delivered mass for these missions at the same it can be
argued that the science return is likewise doubled or tripled, thereby
providing a two- or three-mission benefit for the price of one. At
$300-$500M per mission, this equates to a manyfold return on the
original $100M investment. Conversely, the investment return for
M1 missions is not significant from the single-use-cost savings per-
spective, although the mass improvement shown in Table 15, and its
associated increased science return, will eventually justify a $100M
investment over the course of multiple missions.

By strict definition, aerocapture provides an infinite return on
investment for the enabled missions to Jupiter, Saturn, and Neptune
because there are no existing nonaerocapture alternatives that can
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Fig. 5 Results from Earth mission E1

be used as reference points. However, it is important to note that an
alternative enabling approach is being developed by NASA using
nuclear electric propulsion (NEP) based on 100-kW-class fission
reactors. In principle, this technology will be able to do the J1,
S1, and N1 missions with the added benefits of abundant electrical
power and propulsive capability once in orbit. However, there are
no definitive estimates for the per unit cost of future NEP systems
and so quantitative cost comparisons to aerocapture cannot be done
at this time.

The last mission in the set is an aeroassisted orbit transfer from
GTO to LEO at Earth (E1). As described earlier, this mission is
of interest for three reasons: first, this is the likely implementation
scenario for an Earth-orbit flight-test experiment of aerocapture; sec-
ond, there are potential small spacecraft applications which require
low Earth orbits even though secondary payload rides might only
be available to GTO; and third, it is a reasonable proxy for future
missions involving aeroassisted return of assets from the Lagrange
points to low Earth orbit.

The methodology for analyzing mission E1 was different than
the others because the assumed initial condition of a GTO orbit
precludes consideration of the launch vehicle and in-space trajec-
tory. Therefore, only steps 6 and 7 in Table 3 were involved in the
computation. The results are shown in Fig. 5, where the size scaling
is illustrated by simply computing arbitrary initial masses of 300,
1000, and 3000 kg. Not surprisingly, the aerobraking scenarios show
aclear performance advantage at all scales. This results from the fact
that aerobraking requires essentially no mass and, in this case, the
usual precursor step of propulsive insertion into a high eccentricity
orbit is not involved. The data also show that the operations cost
of aerobraking is approximately the same as an aerocapture system,
and so there is no net cost advantage either way. On a dollar/kilogram
basis, aerocapture offers a 32% advantage vs conventional chemi-
cal (Is, =325 s) orbit insertion, whereas aerobraking offers a 54%
advantage. However, although aerobraking is a clear winner on this
basis, the need to make a large number of passes through the Van
Allen radiation belts is likely to place unacceptable demands for
radiation tolerance of the spacecraft and its cargo for most appli-
cations. For this reason, therefore, aerobraking at Earth will mostly
be not attempted, leaving aerocapture as the preferred alternative to
propulsive orbit transfer.

Conclusions

Aerocapture has been shown to provide enabling or substantially
enhancing benefits to a large number of potential missions across
the solar system compared to alternative orbit insertion techniques
based on chemical propulsion, solar electric propulsion, and aero-
braking. Delivery cost per unit delivered mass ($M/kg) has been
the primary metric used to quantify aerocapture benefits, where the
delivery cost includes all elements of the architecture from launch
to orbit insertion. Of the 10 planetary missions in the defined set,
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3 were found to be enabled by aerocapture (J1, S1, and N1), 5
were found to be enhanced (V1, V2, M1, T1, and Ul), and 2 were
not found to be helped (M2, J2). The normalized delivery costs
based on a heavy-launch vehicle for the aerocapture-enabled or
aerocapture-enhanced missions range from $0.06M/kg for Mars or-
biters (M1) to $0.93M/kg for Saturn orbiters (S1). On a percentage
basis, the $M/kg cost reduction due to aerocapture ranges from
12% for the M1 mission to 100% reductions for the three enabled
missions. The analysis shows that these results are not very sen-
sitive to 30% increases in both the estimated aerocapture system
mass and system cost. This suggests that even modestly perform-
ing aerocapture systems will yield substantial mission benefits. The
detailed calculations show that aerocapture tends to increase the
delivered spacecraft mass for approximately the same overall de-
livery cost on a given mission and launch vehicle. Substantial cost
savings can nevertheless be achieved through use of aerocapture
by switching to a smaller launch vehicle or by conducting greatly
expanded science on a single mission vs two or more smaller and
less capable nonaerocaptured missions. In particular, the projected
cost savings on aerocapture-enhanced missions to Venus, Titan, and
Uranus are sufficient to more than recoup the estimated $100M cost
for an Earth flight-test experiment. Aerocapture-enabled missions
to Neptune, Saturn, and Jupiter are estimated to provide an infi-
nite return on that investment, although the emergence of nuclear
electric propulsion can serve as a finite comparative benchmark
once definitive cost estimates for it become available. Finally, an
Earth mission consisting of an aeroassisted orbit transfer vehicle
going from geosynchronous transfer orbit to low Earth orbit showed
that aerocapture offers a 32% $/kg reduction compared to chemical
propulsion. Aerobraking for this mission offers even better perfor-
mance, but the problem of repeated passes through the Van Allen
radiation belts are likely to preclude Earth aerobraking for most
applications.
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