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Introduction:

Atmospheric entry, descent, and landing (EDL) is
an opportunity to make scientific observations of the
in-situ atmospheric conditions on Mars. Density,
pressure, and temperature can be derived from engi-
neering data recorded during flight, along the EDL
trajectory. Benefits of these atmospheric profiles are
their large vertical range and high spatial resolution,
able to capture local atmospheric fluctuations that are
difficult to observe remotely.

Conventionally, atmospheric reconstruction with
flight data is based on measurements of the vehicle
angular rate and aerodynamic acceleration, recorded
by an inertial measurement unit (IMU). The main
drawback of this approach is that density is derived
from acceleration data by assuming an aerodynamic
drag coefficient [1-2]. This propagates uncertainty
on aerodynamics modeling straight to the atmospher-
ic reconstruction, in which pressure and temperature
are also based on this potentially biased density. Ac-
cording to [3], uncertainty on acrodynamics models
can be as high as 14% (3-0).

This issue can be overcome by recording the
pressure on the vehicle heat shield, in addition to
IMU data. Heat shield surface pressures are correlat-
ed with atmospheric density, and can be interpreted
without aerodynamics models. Only a few Mars entry
vehicles have been equipped with heat shield pres-
sure instrumentation so far, of which the 2012 Mars
Science Laboratory (MSL) returned the most com-
plete and accurate pressure flight data.

At this workshop we will present an atmospheric
reconstruction along the MSL entry trajectory, based
strongly on heat shield pressure data. Studies of MSL
pressure data in literature [4—6] have reconstructed
atmospheric conditions, wind-relative attitude, and
aerodynamic performance using pressure data from
seven locations on the heat shield, see Fig. 1, and
pressure models of corresponding complexity. We
will consider pressure measurements from a single
pressure sensor to obtain atmospheric conditions
directly. This reduces demands on the pressure mod-
el used to convert pressures to atmospheric density,
where we employed a 1-D equilibrium flow model.
Because the model is 1-D and does not consider non-
equilibrium chemistry, it is valid for any blunted heat
shield geometry, and a large range of Mars trajectory
conditions. We demonstrate this by comparison with
atmospheric conditions obtained in the multiple sen-
sor reconstruction in [4], and show that the present
method is accurate and could be applied to a wide

range of Mars EDL trajectory conditions. We also
compare the present atmospheric reconstruction to
predictions from a global circulation model for Mars,
from the Mars Climate Database (MCD).

Background:

Initial attempts to measure heat shield pressures
during Mars entry with the Viking landers in 1967,
were only partly successful [7-8]. Pressure data from
Viking 1 were used for atmospheric reconstruction
[9-10], but not sufficiently accurate to separate aero-
dynamic and atmospheric uncertainties [11-12].
Subsequent pressure data were obtained only much
later by the MSL entry vehicle, which successfully
landed the Curiosity rover in August 2012 [5]. The
Schiaparelli lander of the 2016 ExoMars mission
also recorded heat shield pressure data, but at the
time of writing these measurements are still pending
validation. Based on MSL post-flight analysis and
hardware calibrations [13], the MSL pressure data
will likely remain the most accurate such measure-
ments for Mars so far. MSL pressure data were con-
verted to engineering units and tabulated in [14].
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Fig. 1 MSL pressure sensors looking at the heat shield,
streamlines show an example flowfield predicted by CFD,
extracted from [13].

The pressure distribution on a blunt entry vehicle
reaches a local maximum, referred to as stagnation
pressure. Fig. 1 shows an example pressure distribu-
tion on the MSL heat shield. Seven MSL pressure
sensors are shown, and sensor P2 is closest to the
stagnation point where several streamlines converge.
Remaining pressure sensors farther away from the



stagnation point are more sensitive to vehicle atti-
tude, and intended to observe aerodynamic perfor-
mance. This requires models of the entire pressure
distribution, obtained by wind tunnel testing or 3-D
Navier-Stokes computational fluid dynamics (CFD).
For MSL, CFD modeling included complex physics
such as non-equilibrium gas chemistry, convective
and radiative heat transfer, viscosity, boundary layer
behavior... which are specific to MSL geometry and
trajectory conditions.

While the entire and detailed heat shield pressure
distribution depends on many parameters (attitude,
geometry...) the stagnation pressure is expected to
be much less sensitive to these factors [15]. In the
present work, we demonstrate a method that employs
a 1-D flow model with equilibrium gas chemistry,
based on classical normal shock wave relations but
considering high-temperature effects. The model is
used to convert MSL pressure data from near the
stagnation point to atmospheric density, from which
pressure and temperature are derived in an iterative
process. Results will be evaluated by comparison
with the ‘MEADS reconstruction’ from [4], where
data from all seven sensors was fitted to 3-D
flowfield solutions from CFD, described above. At-
mospheric reconstruction results will be analyzed
further by comparison with the MCD atmospheric
model.

Method:
The normalized stagnation pressure coefficient is
defined as
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with stagnation pressure p,,, atmospheric pressure
D=, density p,,,, and atmosphere relative velocity V...
The magnitude of C,, is required to use Eq. (1) for
density reconstruction from p,, flight data. Dynamic
pressure in the denominator of Eq. (1) combines p.,
and V., hence velocity must be known independently
for atmospheric reconstruction. In the case of MSL,
V., was provided by IMU as described in [4].
Given values for C,, V.., and p., density can be
reconstructed with Eq. (1). Atmospheric pressure and
temperature may be derived from this density using
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which express hydrostatic equilibrium and the
ideal gas law, respectively. Eq. (2a) numerically in-
tegrates density over radial distance  from the center
of Mars, using a spherical gravity model defined as
g(r) = go(ry/r’. The ideal gas law in Eq. (2b) contains

the universal gas constant R and mean molecular
weight m of the atmosphere, here taken constant at
0.044 kg/mol. Note atmospheric density and pressure
are both included in Eq. (1) used to reconstruct p,,
while p., is derived from p,, with Eq. (2a).This was
resolved with an iterative method that converges on
when relative changes in reconstructed density are
negligible. Most importantly, an equilibrium flow
model is used to compute C,; in Eq. (1) as a function
of velocity, atmospheric pressure, and temperature.
This computation is repeated during every execution
of the iterative loop containing Eq. (1-2), illustrated
in Fig. 2.
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Fig. 2 Atmospheric reconstruction method with stag-
nation pressure, velocity, and altitude flight data (initial
atmospheric values are underlined).

Conclusion:

This atmospheric reconstruction using stagnation
pressure measurements of MSL, interpreted with a
1-D equilibrium flow model, closely agrees with
results in literature that used pressure measurements
from multiple heat shield pressure sensors, and using
3-D non-equilibrium Navier Stokes modeling. The
present method is accurate to 1% in the hypersonic
flight regime, and to at least 2% in the supersonic
regime. The method can be applied to blunt vehicles
of arbitrary geometry, and the pressure coefficients
computed along the MSL trajectory are shown to be
valid for a wide range of Mars entry missions. Appli-
cation to ExoMars Schiaparelli data is in progress.
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