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ABSTRACT

This thesis explores the tradespace of different parameters that affect the capability of aerocapture
by the atmosphere of Mars. Aerocapture is an attractive technique that uses the atmospheric drag of a
planet to reduce velocity and place a spacecraft into a final orbit. In this thesis, periapsis altitude that
captures the spacecraft is examined with variance in parameters. The parameters that are investigated
include hyperbolic excess velocity entering Mars (v∞) and spacecraft ballistic coefficient. The
atmospheric model ‘Mars-GRAM’ was used to calibrate a simple exponential atmospheric density model.
This model was further modified using a linearization with the cubic spline function since the MarsGRAM model has a discontinuity at the altitude of near 112.5 km. Equations of motion due to
gravitational force and atmospheric perturbation were integrated with initial position and velocity defined.
Then, the information of trajectory was used to calculate orbital energy over time. Since the change in
orbital energy represents the variations in characteristics of the orbit, the orbital energy after encountering
the atmospheric drag near periapsis region was examined. Lastly, capture altitude that leads orbital energy
to approach to zero, where the orbit switches from hyperbolic to elliptical, were extracted for a given
range of v∞ with different ballistic coefficients. In addition, heat transfer rate and loading were calculated
to explore the general trend of the physical effect on the spacecraft during the aerocapture. The results of
the analysis discuss the sensitivity of capture altitude with variance in v∞ and area-to-mass ratio and the
importance of the accuracy in the flight system of the spacecraft for the aerocapture in Mars exploration.
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Chapter 1
Introduction
Since the discovery of the evidence in existence of liquid water1, Mars has brought the world’s
attention to the next habitable planet for humanity. Human exploration of the red planet is already
planned for early 20302, but the cost-efficient pathway is necessary to sustain such interplanetary trip in
the long term. Aerobraking, which uses atmospheric drag to reduce the speed of the spacecraft, is an
appropriate method to save ΔV required to insert a spacecraft into an orbit around Mars. Mars Global
Surveyor is one of the examples of spacecraft utilized aerobraking for the orbit insertion successfully3,
which showed the practicality of aerobraking at Mars. However, aerobraking still requires about half of
its non-aerobraking propulsive load to insert the spacecraft from the hyperbolic approach to highly
elliptical orbit. Once in orbit, a spacecraft needs multiple (sometimes more than hundreds) passes through
the atmosphere to reach the target orbit, which takes a long time and is not practical for human missions.
As an alternative, aerocapture is a single pass through the atmosphere with autonomous guidance
and control to reach the target orbit; it requires very little propellant and less time, which is suitable for
the human exploration to Mars. However, it has a high risk of failure in the mission since it is a one-shot
maneuver, which requires high confidence in the flight control system at the Mars atmosphere. Previous
orbiters at Mars have collected atmospheric data to develop an atmospheric model, which can be
employed to simulate trajectories and analyze the optimum parameters that enable aerocapture of the
spacecraft at the red planet.
This thesis presents the tradespace exploration of the parameters including altitude, v∞, ballistic
coefficient, kinetic heating and loading that captures the spacecraft on a hyperbolic orbit into an elliptical
orbit around Mars.
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Assumptions
There are several assumptions made for the simplicity of the analysis, but still maintaining the
reliability of the analysis:
1. The trajectory is coplanar with the solar system ecliptic plane; an interplanetary trajectory with
inclination change requires a higher ΔV compared to a coplanar trajectory. This thesis assumes the
trajectory with no inclination, with respect to the solar system ecliptic plane.
2. Mars is the only source of gravitational force affecting the spacecraft. The last phase of orbit
transfer (e.g., from Earth to Mars) is analyzed, which is within the sphere of influence where Mars has the
dominant gravitational force. The analysis neglects the other sources such as moons, asteroids, Sun or
other planets.
3. The drag coefficient is assumed to be 2.2, which is commonly used for satellites in the upper
atmosphere4.
4. The atmospheric density model is effective at altitude from 0 to 600 km; the density of the
atmosphere above 600 km is less than 10-26 kg/m3, where there is a negligible drag force acting on the
spacecraft.
5. The atmospheric density is constant at the same altitude. The analysis uses a simplified version
of the atmospheric density model provided by NASA with the exponential decay of the density with
increase in altitude5.

Mars-GRAM
Mars Global Reference Atmospheric Model (GRAM) is an atmospheric model designed by
NASA Glenn Research Center, and it is used for engineering-level analysis in aerobraking, entry
descending and landing, and aerocapture6. This model includes three-dimensional information of density,
temperature, pressure, and winds, and is written in Fortran. In this thesis, it is used to determine the
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instantaneous atmospheric density and calculate the drag acceleration when equations of motion (EOM)
are integrated, and as reference points for the exponential atmosphere used in this analysis.
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Chapter 2
B-Plane Targeting and Integration of Motion
Initial conditions of position and velocity are necessary to execute the integration of motion,
which then determines classical orbital elements to analyze the trajectory of a spacecraft. This thesis
focuses on the entry phase of the two-dimensional trajectory to Mars along the solar system ecliptic plane.

B-plane Targeting
B-plane targeting is the metric used to target and send a spacecraft to an extraterrestrial body7.
The B-plane is a plane normal to the approaching asymptote of the hyperbolic spacecraft trajectory as
portrayed in Figure 1. The velocity at infinity (v∞) is the velocity vector (with respect to the target planet)
at an infinite distance such that the trajectory lies on the asymptote. The S-vector is parallel to the
hyperbolic approach asymptote, and the B-vector is the vector from the origin of the planet to the point
where the asymptote intersects the B-plane. The T-vector is normal to the S-vector on the reference plane,
which is typically the body’s equatorial plane or parallel to the ecliptic plane.
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Figure 1. B-plane targeting7

As mentioned from the assumptions, the trajectory of the spacecraft is assumed to be coplanar to
the solar system ecliptic plane. Hence, the B-vector is assumed to be parallel to the T-axis where the Rvector is considered as zero. This assumption denotes that the inclination of the trajectory with respect to
the planet is zero as well. Such a trajectory simplifies the analysis so that the relationship between the v∞
(velocity at infinity with respect to Mars) and the capability of aerocapture can be observed.
Trajectories can be developed by integrating the gravitational acceleration acting on the
spacecraft assuming two-body problem; it is assumed that the planet is the only source of gravitational
force, where the planet is Mars in this case. For the integration, the initial position and velocity of the
spacecraft with respect to the B-S plane are needed.
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Determination of Initial Position and Velocity
The analysis is based on the last phase of the orbit transfer from the other planet (e.g., Earth) to
Mars, in which the spacecraft is assumed to be initially at the boundary of the sphere of influence and
approaching Mars. The trajectory of the spacecraft within the sphere of influence of Mars is portrayed in
Figure 2.

Figure 2. Trajectory of the spacecraft within the sphere of influence

Here, Δ is the distance between the parallel line intersecting the center of a planet and the
asymptote of the spacecraft’s motion approaching to the planet from the far enough distance. In this case,
this asymptote is the same as the one that intersects the B-plane. The formula of Δ is given by:
𝛥=𝑣

𝜇

∞

2

√𝑒 2 − 1

where μ is the gravitational parameter of Mars8, and it is approximately 4.305 × 104 km3/s2. The
eccentricity of the hyperbolic spacecraft trajectory, e, is:

(1)
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ℎ2

𝑒 = √1 − 𝜇𝑎

(2)

ℎ = 𝑟𝑝 𝑣𝑝

(3)

Here, 𝑟𝑝 is the radius of periapsis that sums the arbitrary altitude and the radius of Mars8, which is
approximately 3396.2 km, 𝑎 is the semimajor axis of the spacecraft’s orbit around Mars, h is the
magnitude of angular momentum and it is the product of 𝑟𝑝 and velocity at periapsis, 𝑣𝑝 . The initial
position of the spacecraft at the boundary of the sphere of influence can be illustrated as Figure 3, where
the formula for the radius of the sphere of influence (𝑟𝑆𝑂𝐼 ) is given by:
𝑟𝑆𝑂𝐼 = 𝑎𝑀𝑎𝑟𝑠 (𝜇

𝜇

𝑆𝑢𝑛

2⁄
5

)

where 𝑎𝑀𝑎𝑟𝑠 is the semimajor axis of the Mars’ orbit around the Sun8 with the value of approximately
2.27 × 108 km, 𝜇𝑆𝑢𝑛 is the gravitational parameter of Sun.

Figure 3. Initial position of the spacecraft at the boundary of the sphere of influence in B-S plane

(4)
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Using trigonometry, the initial position can be defined in terms of B-S coordinate as:
𝐵0 = 𝛥
𝑆0 = −√𝑟𝑆𝑂𝐼 2 − 𝛥2

(5)

For the initial velocity, it is assumed that the spacecraft is moving parallel to the asymptote
depicted in Figure 3, in which the velocity is zero in the B-direction. Furthermore, the S-direction velocity
is v∞ and is arbitrarily chosen as it depends on the type of trajectory the spacecraft has been following.
Thereby, the initial velocity of the spacecraft at the boundary is defined by:
𝐵0̇ = 0
𝑆0̇ = 𝑣∞

(6)

Integration of Motion

Using the initial position and velocity, the EOM in a two-body problem with perturbing
acceleration can be integrated to draw the trajectory with given time span. The formula of the EOM with
perturbing acceleration9 is given by:
𝜇𝑟⃗
𝑟⃗̈ + 𝑟3 = 𝑎⃗𝑝

(7)

where 𝑎⃗𝑝 is the perturbing acceleration, which is the acceleration due to the atmospheric drag force in the
Mars atmosphere in this case. The formula9 for 𝑎⃗𝑝 is given by:
1

𝑎⃗𝑝 = − 2 𝜌 (

𝐶𝐷 𝐴
) 𝑣𝑣⃗
𝑚

(8)

where 𝜌 is the instantaneous density of the atmosphere, 𝐶𝐷 is the drag coefficient, 𝐴 is the projected
surface area, 𝑚 the total dry mass, and 𝑣 is the magnitude of the velocity of the spacecraft, 𝑣⃗.
For this analysis, the physical size and shape of MAVEN spacecraft are used for the values of 𝐴
and 𝑚. With Eq. (7), the state vector of the EOM is thereby:
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𝐵
𝐵̇
𝑋={ }
𝑆
𝑆̇
𝐵̇
̈
𝑋̇ = {𝐵}
𝑆̇
𝑆̈
𝐵̈ = −

𝜇𝐵 1 𝐶𝐷 𝐴
− 𝜌(
) √𝐵̇2 + 𝑆̇ 2 𝐵̇
𝑟3 2
𝑚

𝑆̈ = −

𝜇𝑆 1 𝐶𝐷 𝐴
− 𝜌(
) √𝐵̇2 + 𝑆̇ 2 𝑆̇
𝑟3 2
𝑚

(9)

Here, 𝑋 is the state vectors of the spacecraft dynamics due to gravitational force and atmospheric
drag, and 𝑋̇ is the EOM of the spacecraft with respect to Mars. 𝐵̈ and 𝑆̈ are the acceleration of the
spacecraft with the atmospheric drag in B and S direction respectively. With ode45 function in
MATLAB, the EOMs can be therefore numerically integrated to obtain position vectors at each time
interval. Because ρ is changing with the altitude from the Mars surface, ρ is calculated for each time using
the density model.

10

Chapter 3
Mars-GRAM and Linearization
Although employment of the original Mars-GRAM would be preferred, the focus of the analysis
is based on the altitude from the surface of Mars. Thus, MATLAB is used for the computation instead of
the original model coded in Fortran, and Mars-GRAM involves higher fidelity than is needed for the
analysis. The alternative simplified exponential model provided by NASA10 used to analyze through
MATLAB in two dimensions follows:
−23.4 − 0.00222ℎ,
𝑇(°𝐶) = {
−31 − 0.000998ℎ,

ℎ > 7000 𝑚
ℎ < 7000 𝑚

𝑃(𝑘𝑃𝑎) = 0.699𝑒 −0.00009ℎ
𝜌(𝑘𝑔/𝑚3 ) =

(10)

𝑃
0.1921(𝑇 + 273.1)

where 𝑇 is the atmospheric temperature, and 𝑃 is the atmospheric pressure. The density function from Eq.
(10) has singularity where the denominator of the function approaches zero as the temperature reaches 273.1 C (occurs when altitude is about 112.5 km). Altitude beyond this point leads the temperature to be
lower than the absolute-zero and density becomes negative, which does not make physical sense.
Although the model is still effective for the re-entry missions at the lower altitude, the model was
extended so that the capability of aerocapture can be analyzed at the higher altitude.
An exponential approximation of the original model was initially considered, but it was difficult
to maintain the error below the acceptable level (± 1%) for the lower altitude region. Hence, cubic spline
function from MATLAB was utilized to “remodel” the region where the slope of density starts to have a
sudden increase. With the assumption that the density above 600 km is zero, the cubic spline function was
used such that the density values at 0 ~ 90 km were referenced with the interval of 0.001 km.
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Figure 4. Linearized Mars-GRAM for altitude from 0 to 600 km

The linearized model (Figure 4) extends the discontinuous region smoothly that the percentage
error is below 0.01% until the region that is “remodeled.” This model is used as the substitution of the
original model of the Mars atmosphere for the further analysis. However, the numbers obtained by this
model are not exact since the original model retains more complex data, which could affect the actual
aerocapture capability.
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Chapter 4
Aerocapture Altitude and Parameters
The linearized model of Mars-GRAM can be implemented in the EOM, and numerically
integrated with a change in various parameters of aerocapture to observe the behavior. The main objective
is to determine the altitude of periapsis at Mars that allows aerocapture for the range of parameters.

Orbital Energy and Parameters of Aerocapture
The specific energy of a mass is conserved under the law of conservation of energy, and this
energy is often called orbital energy. This energy4 is an orbital parameter that is dependent on other
parameters, and it is expressed as:
Ɛ=

𝑣2
2

𝜇
𝑟

− =−

𝜇
2𝑎

(11)

Equation (11) is also known as the vis-viva equation. Here, Ɛ is the orbital energy per unit mass.
If there are no external forces acting on a mass, orbital energy on an orbit is constant. This characteristic
is useful for the analysis in aerocapture noticing that orbital energy is dependent on semimajor axis,
which is negative when the orbit is hyperbolic and leads orbital energy to be positive according to Eq.
(11). Hence, orbital energy can be traced using the position and velocity vectors from the numerical
integration and determine whether the orbit has changed from hyperbolic to elliptical after encountering
the atmospheric drag. Specifically, orbital energy must change from positive to negative for the spacecraft
to be “captured.”
There are three cases that could happen after facing the atmospheric drag: orbital energy is
positive, negative, or zero. Positive orbital energy denotes that the orbit is still hyperbolic, so the
spacecraft would fly-by Mars if additional maneuvers are not made. Negative orbital energy after the drag
implies that the spacecraft is captured in orbit, but it would need additional maneuvers to readjust in the
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parking orbit with additional ΔV. If the atmospheric drag is too high, the spacecraft will crash on the
surface without being captured into an orbit. The trajectory of the spacecraft around Mars and the change
in orbital energy of these cases are depicted in Figure 5 through Figure 10. Note that the trajectory inside
the Mars surface and the corresponding orbital energy are plotted to indicate that the spacecraft is crashed
on the surface although it is not physically meaningful.

Figure 5. Trajectory of the spacecraft when the orbital energy remains positive
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Figure 6. Change in orbital energy when the spacecraft is not captured

Figure 7. Trajectory of the spacecraft when the orbital energy becomes negative, but no additional maneuvers are made
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Figure 8. Change in orbital energy that corresponds to Figure 7

Figure 9. Trajectory of the spacecraft when it crashes to the surface directly

16

Figure 10. Change in orbital energy when the spacecraft crashes on the surface directly

The best case of an aerocapture would be when the initial orbital energy is close to zero, which
leaves a spacecraft in orbit either without or minimum ΔV required to stay in a secure orbit. Since there is
a narrow window of making such case possible, orbital parameters must be evaluated iteratively to
determine the range of parameters that execute aerocapture. For the analysis, orbital energy after the drag
was observed with change in some orbital parameters individually. Ranges of periapsis altitude and 𝑣∞
were used to monitor the change in orbital energy after the drag, which is depicted in Figure 11 and
Figure 12. For the periapsis altitude analysis, 𝑣∞ was kept constant as the value of the Hohmann transfer
(minimum energy transfer) from Earth to Mars, while periapsis altitude was arbitrarily kept at 90 km for
the 𝑣∞ analysis.
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Figure 11. Orbital energy after the drag with change in periapsis altitude (constant 𝒗∞ )

Figure 12. Orbital energy after the drag with change in 𝒗∞ (constant periapsis altitude)
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Aerocapture Altitude
Figure 11 shows that orbital energy reaches zero at one periapsis altitude, which is the altitude
that allows a spacecraft to be captured. Such altitude can be traced and plotted with various 𝑣∞ to explore
the trend of capture altitude with a change in 𝑣∞ . Figure 13 shows the declining trend of the capture
altitude of periapsis with an increase in 𝑣∞ with the dimensions of the MAVEN11 spacecraft with a
𝐴

maximum surface area of 26.22 m2 and total dry mass of 874 kg resulting area-to-mass ratio (𝑚) of 0.03.

Figure 13. Aerocapture altitude with change in 𝒗∞ with

𝑨
𝒎

= 0.03

The Area to Mass Ratio and Aerocapture Capability
𝐴
𝑚

is embedded in ballistic coefficient where the drag coefficient (𝐶𝐷 ) is constant, and the ratio

varies by different spacecraft. Since the ballistic coefficient is one of the factors of the acceleration due to
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the atmospheric drag, variance in the ballistic coefficient would eventually alter the capture altitude. To
𝐴

examine the change, same procedure to plot Figure 13 was repeated for different 𝑚 ranging from 0.01 to
1, which is depicted in Figure 14.

Figure 14. Aerocapture altitude with change in 𝒗∞ with

𝑨
𝒎

from 0.01 to 1

From Figure 14, it is noticeable that the capture altitude decreases with increase in 𝑣∞ like Figure
13 showed, but the slope of decrement becomes less steep as

𝐴
𝑚

increases. This means that higher

𝐴
𝑚

makes

the capture altitude less sensitive with the change in 𝑣∞ , which is not preferable in reality; larger range of
𝐴

capture altitude conveys that there is a larger window of aerocapture with a change in 𝑣∞ while 𝑚 cannot
be easily changed during the flight (even if it deploys its structure parts,

𝐴
𝑚

increases and the window
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becomes smaller). Although lower

𝐴
𝑚

seems attractive, the probability of collision must be considered

such that the capture altitude does not cross the probability ellipsoid of collision during the aerocapture.

Other Parameters: Heating Rate and Loading
In reality, other factors of engineering limit the range of parameters in a mission. During an
aerocapture, the desired capture altitude and 𝑣∞ reconcile with aerodynamic heating and loading on the
spacecraft during planetary entry. To analyze the physical effect that aerocapture gives to the spacecraft,
following equations are used to trace the change in heating rate and loading over the time period:
𝜌

𝑞̇ = 𝐾√𝑟 𝑣∞ 3 = 𝐴𝜀𝜎𝑇𝑠 4
𝑐

𝐿=

𝐹𝐷
𝐴

1

= 2 𝐶𝐷 𝜌𝑣∞ 2

(12)
(13)

where 𝑞̇ is the convective heating rate, 𝐾 is the constant related to the gas disassociation in the shock
region, 𝑟𝑐 the characteristic radius of a spacecraft, 𝜀 is the emissivity, 𝜎 is Stefan-Boltzmann constant, 𝑇𝑠
is the instantaneous surface temperature in Kelvin, 𝐿 is the loading, and 𝐹𝐷 is the drag force. From Eq.
(12), 𝐾 is typically 8.52 × 10-5 for metric units12, 𝜎 is constant13 with the value 5.67 × 10−8 W/m2K4, and
𝜀 is assumed to be 0.75 as the approximate value for the insulation blanket14. Equation (13) is a simple
relationship of the loading where the drag force15 is divided with the projected area, A.
To observe the change in heating rate and loading during the aerocapture, they are plotted for a
trajectory that allows aerocapture for MAVEN using the information in Figure 13. 𝑟𝑐 was calculated by
assuming the projected surface area to be circular such that 𝐴 = 𝜋𝑟𝑐 2 , resulting 𝑟𝑐 = 2.89 m. Also, the
instantaneous surface temperature is calculated using the relationship of Eq. (12). Then, the maximum
values for different desired capture altitude and 𝑣∞ were computed as shown in Figure 16, Figure 18, and
Figure 20. Note that the values are not exact but used to observe the trend due to changes in the
parameters.
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Figure 15. Heating rate over time

Figure 16. Maximum heating rate with change in parameters
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Figure 17. Instantaneous surface temperature over time

Figure 18. Maximum surface temperature with change in parameters
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Figure 19. Loading over time

Figure 20. Maximum loading with change in parameters
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The figures depict that the level of heating rate and the corresponding surface temperature, and
the loading spikes at the passage of periapsis point. At this point, the maximum heating rate, surface
temperature, and loading are very high since aerocapture is just like the reentry that causes extreme
heating and loading on the spacecraft. The maximum values are highly affected by the change in 𝑣∞ as
Eq. (12) and Eq. (13) imply the dominance of 𝑣∞ in the relationship while the sole change in capture
altitude do not play a key role. These plots can be used for the analysis of the structural design of the
spacecraft that will encounter an aerocapture for its mission. Ideally, 𝑣∞ should be minimized so that
there is minimum damage to the spacecraft during the capture.
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Conclusion and Future Work
The tradespace exploration in this thesis provides the general trend of the capture altitude with
changes in several parameters that affect the capability of aerocapture. Increase in 𝑣∞ required lower
target capture altitude, while the increase in

𝐶𝐷 𝐴
,
𝑚

or

𝐴
𝑚

with constant 𝐶𝐷 shifted the capture altitude upward

with narrowing the range of altitude available for the aerocapture. Meanwhile, the maximum values of
heating rate, surface temperature, and loading suggest that 𝑣∞ must be minimized in order to lower the
risk of failure of the spacecraft due to the physical impact.
The study of aerocapture can be extended in numerous ways with consideration of the real-life
application. With the expected behavior of aerocapture altitude with the parameters, three-dimensional
analysis including out-of-plane direction can be done since the actual interplanetary trajectories involve
three-dimensional component with inclinations. To reflect more on the reality, the full atmosphere model
of Mars-GRAM can be analyzed to take account of other parameters such as wind. Also, the trajectories
with a combination of atmospheric drag and artificial thrust can be compared since full-dependency of
atmospheric drag for aerocapture results high level of heating rate that a spacecraft might not overcome.
Lastly, analyses of the spacecraft model with different shapes could be done as well. Continuous research
on aerocapture will brighten the prospect for future journeys to the planets with atmospheres by lowering
the cost and travel time.
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Appendix A
Plotting Capture Altitude vs. 𝒗∞ - Flowchart
The flowchart that describes the algorithm to plot capture altitude vs. 𝑣∞ with a selected ballistic
coefficient (Figure 13) follows:

Define the range of altitude and v∞ to be examined
(interval of altitude must be less than 0.01 km),
Define 𝐶𝐷 , 𝐴, 𝑚 of the spacecraft

Let i and j to be the indices of
altitude and v∞ respectively,
set i = 1 and j = 1

A

Compute 𝑟𝑝 , 𝑣𝑝 , 𝑎, e, h, Δ, 𝑟𝑆𝑂𝐼

Compute the initial
position and velocity:
𝐵0 , 𝑆0 , 𝐵0̇ , 𝑆0̇

Integrate EOM to obtain
position and velocity at
each time step
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Compute the magnitude of
position and velocity at
each time step

Compute 𝑎 and Ɛ at each
time step

Obtain Ɛ after the orbit insertion:
1. Let k to be the index of time step
2. Find the tk when | Ɛ(tk) - Ɛ(tk-1) | > 0
(Find the time when orbital energy drops)
3. From tk, find Ɛ when | Ɛ(tk) - Ɛ(tk-1) | < 0.001
(Find the time when orbital energy is constant)

Done with all possible i values?

No
Go to A with i = i + 1
Yes

Determine the index i when | Ɛ | is
minimum (close to zero)

Set capture altitude at index j
as the altitude at index i
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Done with all possible j values?

No
Go to A with j = j + 1
Yes

Plot capture altitude vs. v∞
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