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a b s t r a c t

Aerothermodynamic environment predictions play an important role in the heatshield design of Mars
entry vehicle. This article investigates and presents the influences of geometric parameters of the heat-
shield on its aerothermodynamic performances. The three-dimensional coupled implicit compressible
Reynolds Averaged Navier–Stokes (RANS) equations and perfect gas model with the specified effective
specific heat ratio have been applied to numerically simulate the flow fields around the vehicle.
Menter’s shear stress transport (SST) turbulence model with compressible correction is implemented
to take account of the turbulent effect. The laminar and turbulent heating rates are demonstrated and
analyzed in detail. Furthermore, a non-intrusive polynomial chaos (NIPC) method with Latin hypercube
sampling (LHS) is utilized to establish the functional relationship between the aerothermodynamics and
geometric parameters. In addition, Sobol indices as global sensitivity metrics have been introduced to
investigate the relative contribution of each geometric parameter. The results show that for the maxi-
mum heat flux, the value of the cone angle (ac) with a high index is the top contributor to the both lam-
inar and turbulent flow state, thus the geometric parameter ac should be considered firstly in the material
design process of thermal protection system. Moreover, in the most region of MSL heatshield, cone angle
(ac) also became the major influence factor. However, in a relatively small region, aerothermodynamics
exhibits a great sensitivity to the change of nose radius (Rn). In all regions of heatshield, the parameter of
shoulder radius (Rs) is always at a low level of Sobol index.

� 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Driven by the search for extraterrestrial life and the spirit of
human exploration, Mars has been the most frequently visited pla-
net in the solar system [1,2]. The Viking [3], Pathfinder [4], Mars
Exploration Rover [5], Phoenix missions [6] and Mars Science Lab-
oratory (MSL) [7] were successfully launched on Mars by National
Aeronautics and Space Administration (NASA). In particular, the
second generation landers MSL mission was designed to encounter
more aggressive atmosphere entry due to its larger diameter, flying
with high angle of attack and at higher speed than previous mis-
sions, but the basic configuration of heatshields is similar to those
vehicles launched before [8]. As a key component of entry, descent,
and landing (EDL) systems, heatshields are utilized to protect the
high aerothermodynamic experience during hypersonic decelera-
tion [9].

Various significant researches have been dedicated to the
numerical simulations, design method, and effects of geometric
parameters of the MSL heatshield.

The computational fluid dynamics (CFD) has been widely
employed in the numerical simulations of MSL. The numerical
investigation of the hypersonic flow around the heatshield of
MSL was presented by Wright and Olejniczak et al. [10] using the
CFD code DPLR and LAURA. Both laminar and turbulent simula-
tions were computed and compared with the experimental data
using the Baldwin-Lomax turbulence model and the two-
equation shear stress transport (SST) model. The numerical results
showed that both the laminar and turbulent results were in good
and reasonable agreement with the experimental data. Wang
et al. [11] also performed a series of laminar and turbulent heating
predictions for Mars entry vehicles. Two gas model, including ther-
mochemical non-equilibrium model and perfect gas model with
specified effective specific heat ratio were compared and analyzed
in detail in their study. The numerical results showed that laminar
aerothermodynamics calculated by the two gas model were nearly
the same at heatshield of the vehicle, but, the heating rates
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predicted by thermochemical non-equilibrium model were much
higher than perfect gas model at most area of heatshield.

In order to improve the performance of MSL, optimization, as an
effective design method, has been used to assist in the design of
heatshield. A capability to perform heatshield shape optimization
has been developed by Neville and Candler [12]. Minimizing the
peak heat flux and maximizing the drag coefficient are the two
objectives considered in the optimization.

Brown [13] numerically estimated the influences of geometric
parameters on MSL heatshield aerodynamic performances. The
boundary layer thickness, lift-drag ratio, wall pressure and convec-
tive heat transfer of the ellipsoidal heatshield shape and 70�
sphere-cone were compared in detail. Compared to the 70� sphere
cone, the peak heat flux of ellipsoidal heatshield is reduced by
approximately 50%. In addition, transition and aerothermodynam-
ics analyses for three typical configurations of MSL vehicles with
50�, 60�, and 70� cone angle were performed by Hollis and Chang
et al. [14,15]. The results demonstrated that the change of cone
angles induced significant differences on the turbulence transition
onset location and surface heat flux distributions.

Based on the research work mentioned above, in the opinion of
the authors, the effects of the geometric parameters of MSL heat-
shield on its aerothermodynamic performances in hypersonic
flows have been rarely investigated. Moreover, although laminar
and turbulent heating predictions of various Mars entry vehicles
have been performed by many researchers, the relationships
between the geometric variables and the aerothermodynamics
are not clearly known, and they must be explored deeply to point
out the way for the design of Mars entry vehicles, especially in the
reduction of heat flux acting on the heatshield.

In this paper, numerical simulation of the MSL by using compu-
tational fluid dynamics (CFD) method is performed to demonstrate
and illuminate the characters and alterations of flowfield. The
numerical results of laminar and turbulent heating predictions
with perfect gas model with specified effective specific heat ratio
are compared and analyzed in detail. In addition, the response sur-
face between geometric parameters and heatshield heat flux in
both laminar and turbulent conditions are established by NIPC
method [16,17]. Sobol indices as sensitivity analysis index are uti-
lized to investigate the relative contribution of each geometric
parameter on aerothermodynamics.

Note that, in this paper the perfect gas model with the specified
effective specific heat ratio is utilized to investigate the aerother-
modynamic performances of Mars entry vehicle, and the real gas
effects (especially finite rate chemistry and surface catalysis), the
use of a radiative equilibrium wall boundary condition and the
shock layer radiative heating will be investigated for a further step
in the future.

2. Numerical method

All the cases are calculated by an in-house code [11,18] devel-
oped by the authors. The main algorithms of the code are pre-
sented as follow.

2.1. Governing equations

The three-dimensional steady RANS equations [19] with the
specified effective specific heat ratio perfect gas model [11] are
solved numerically to calculate the aerothermodynamics of the

Nomenclature

CFL Courant-Friedrichs-Levy
CR variation coefficient of response surfaces
CS variation coefficient of samples
D the order of the polynomial chaos expansion
d the first grid height
d1 distance from wall
Db base diameter
Di partial variance
DOE design of experiments
DTatol total variance
E total energy
EDL entry, descent, and landing
H total enthalpy
k turbulent kinetic energy
LHS Latin hypercube sampling
LUSGS Lower-Upper Symmetric Gauss-Seidel
Ma Mach number
MR mean value of response surfaces
MS mean value of samples
MSL Mars Science Laboratory
MUSCL Monotone Upstream-centred Schemes for Conservation

Laws
NASA National Aeronautics and Space Administration
nD oversampling ratio
NIPC non-intrusive polynomial chaos
Ns total number of samples
p pressure
Pk production terms of the turbulent kinetic energy
Px production terms of the specific dissipation rate of tur-

bulence
QL laminar maximum heat flux

QT turbulent maximum heat flux
RANS Reynolds Averaged Navier–Stokes
Re Reynolds number
Regrid grid Reynolds number
Rn nose radius
Rs shoulder radius
Si Sobol indices
SST shear stress transport
Tw wall temperature
ui ith component velocity

Greek symbols
ac cone angle
c specific heat ratio
g density ratio
k deterministic component
k⁄ response function
lL laminar viscosity
lT turbulent viscosity
n random variable vector
q density
r standard variance
sij shear stress term
w orthogonal basis functions
x specific dissipation rate of turbulence
X magnitude of vorticity

Subscript
1 freestream
w wall
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