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Abstract: The goal of this paper is to investigate the aerodynamic and aerothermodynamic behaviour of the
Schiaparelli capsule after the deployment of the supersonic disk-gap-band (DGB) parachute during its re-entry
phase into the Martian atmosphere. Large-Eddy Simulations of compressible flows have been performed over
the capsule and the flexible DGB parachute to analyse the behaviour of the turbulent wake behind the capsule
and its interaction with the parachute flow-field. Simulations are performed at an altitude of 10 km and a Mach
number around 2, i.e., a regime in which large canopy-area oscillations are observed. Numerical results have
shown a strong interaction between the bow shock, the recompression and expansion waves, the high pressure,
density and temperature gradients upstream of the capsule, implying turbulence generation, and consequently
its ingestion, and amplification through the bow shock upstream the parachute. LES simulations pointed out
the non-axisymmetric behaviour around and behind the parachute that caused the uncontrolled capsule
oscillation and the mission failure is due to the nonlinear turbulence flowfield generated by the capsule and
amplified by the parachute bowshock.

Keywords: disk-gap-band (DGB) parachute; Schiaparelli capsule; re-entry vehicle/capsule;
aerothermodynamic; compressible flows

1. Introduction

For over a period of 60 years, both the experimental and computational studies have been
conducted on the aerothermodynamics of the re-entry vehicles [1,2]. Mercury and Apollo programs
levied a path for the experimental studies on the blunt body hypersonics while the computational
studies began with the Apollo and Space Shuttle programs. Preliminary designs of atmospheric re-
entry vehicles require in-depth knowledge of hypersonic flow characteristics [3]. Brian R. Holli in his
book "Experimental and Computational Aerothermodynamics of a Mars Entry Vehicle" [4] presents
a rapid history of studies on hypersonic flows around a 70° sphere cone geometry. Although this
book was written in 1996, regarding the Mars Pathfinder Mission, the experimental and
computational methods that are illustrated there are still used today, since the shape of the capsule
is almost unchanged. Viking 1, Viking 2, Pathfinder, Spirit, Opportunity, Phoenix, Curiosity, and
other successful spacecraft have been launched on Mars. In addition, ESA, in collaboration with
Russia’s Roscosmos space agency, launched an ExoMars program consisting of two phases. The first
phase of the ExoMars mission, including the TGO (Trace Gas Orbiter) satellite with scientific
equipment and the ESA Schiaparelli descent module in the second phase, was launched in 2016. The
Schiaparelli descent module's mission was to test the method of a controlled landing using the
propulsion system. Schiaparelli, however, crashed into the surface of Mars due to onboard computer
erTors.

The entry, descent and landing phase (EDL) plays a crucial role during the re-entry phase of the
capsule into the planet's atmosphere that undergoes complex interactions that are not yet completely
understood: the entrance, which beginning at an attitude of 200 kms, where the aerodynamic
resistance of the capsule is being used to decelerate; the descent, about 10 km from the surface, where
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the parachute/canopy is deployed and the landing. An intense shock wave is desired during the re-
entry into the atmosphere, as the vehicle uses aerodynamic drag to control its speed. The shock layer
near the nose is subjected to high temperatures as the kinetic energy in the hypersonic flow is
converted into internal energy of the gas through the shock waves. Due to this loss of kinetic energy,
it results in the deceleration of the vehicle. [5] Allen and Eggers discovery shows that an intense
heating is observed due to the creation of very strong waves from the blunt body which is mostly
carried away into the stream while the originating boundary layer acts as an insulator.

Due to their low mass and high packing efficiency, DGB (disk-gap-band) parachutes provide a
very efficient aerodynamic method of decelerating an incoming vehicle from supersonic to subsonic
speeds [6]. The primary uncertainty associated with the deceleration performance of a DGB
parachute is inflation in a supersonic environment [7]. For the supersonic deceleration process, the
parachute setup must be specially designed to achieve high aerodynamic efficiency. Parachute
performance depends on Mach number, capsule shape and size, capsule-to-parachute distance,
canopy shape and size, material properties, cables, and capsule angle of attack [8].

Modelling the dynamics of parachute accurately is difficult due to its complexity in the descent
phase as they are governed by a coupling between the structural dynamics of the parachute and the
surrounding flow both during the inflation process and the terminal descent phase. While the
parachute is in its steady-state, the air flowing around the decelerator will separate at some point on
the canopy. The shedding of vortices from the canopy can affect stability causing both the parachute
and payload to oscillate on a regular basis. The wake of a porous parachute is made up of air flowing
around and through the canopy.

In the operating speed range of the parachute, part of the flow entering the parachute is
turbulent in nature and must be accounted for in the aerodynamic performance of the parachute [9]
as the payload fairing produces a very turbulent wake.

Even at low speeds, the prediction of parachute aerodynamic properties is difficult due to the
nonlinear nature of structural deformations, especially for parachutes with complex arrangements
such as slots or gaps [10,11]. The supersonic behaviour of these parachutes involves complex,
interdependent phenomena in fluid-structure interaction (FSI) studies which includes bluff and
porous body aerodynamics, nonlinear structural dynamics, and the fully coupled interaction
between compressible flow and shocks and a membrane structure undergoing large deformations.

The structural integrity and drag characteristics of the parachutes are impacted due to the rapid
oscillatory movement of the inflated parachute in some flight regimes which is caused due to the
inevitability of a close coupling between the parachute structure and the surrounding flow. This
complex dynamics observed are related to the oscillatory axial motion of the bow shock originated
in-front of the parachute canopy. This is due to over/under pressurization, an imbalance in the
tension and compression stiffness of the suspension lines that are connected between the parachute
and the capsule (re-entry vehicle), expansion instability caused by the imbalance of fluid forces with
structural forces, which is exacerbated by the parachute's very low inertia, and contact forces [12].

In recent advances, Karagiozis et al. [13-15] used structural membrane-coupled large-eddy
simulation (LES) to investigate the supersonic performance of a flexible DGB parachute. Therefore,
basic theoretical research on supersonic capsule or parachute systems is urgently needed in the
aerospace field. In this paper, we study the effects of the turbulent wake behind the capsule on a rigid
DGB parachute at Mach 2 and investigate the causes of fluid instabilities in a supersonic capsule/rigid
DGB parachute system.

2. Numerical Simulations of the Schiaparelli Capsule and Parachute

2.1. Geometry of the Capsule with Parachute system

The sketch of the Schiaparelli capsule blunt body along with the DGB supersonic parachute is
shown in Figure 1.
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Figure 1. Geometric configuration of a rigid disk-gap-band (DGB) supersonic parachute along with
the Schiaparelli capsule.

The capsule (see Figure 2, right) consists of a diameter of D=2.4 m, a front body cone angle of
70% a rear cone angle of 47° and an overall height of H=1.276m. The projected diameter of the
parachute is Dp=8.640m, the disk diameter is Da=8.223m, the gap height is of Hg=0.957m, the band
height is of Hb=1.357m, and the vent diameter is of Do=0.848m.

The rigid DGB parachute (see Figure 2 left) is suspended at a length of 24m from the rear-end of
the capsule. The bridle, raiser and bridle attachment lengths all included to be 4.011m.

Dp=8640m

Do=0.848 m

D=24m | “

H=4276m

Figure 2. Geometry of the parachute (left) and Schiaparelli capsule (right).

2.2. Numerical Set-up

Large-Eddy Simulations (LES) have been performed by means of ANSYS Fluent. A density-
based (coupled), implicit, second-order upwind scheme with an AUSM (advection upstream splitting
method) flux vector has been implemented for LES simulations. The WALE (wall-adapting local
eddy-viscosity) subgrid-scale model has been chosen.

2.2.1. Finite element model

A computational domain of about 2.1 million node, enclosing the parachute and the capsule has
been designed, to carry out the numerical analysis. A three-dimensional structured grid has been
generated by the ANSYS Workbench to simulate the flow field inside the computational domain. Due
to computational capacity limitations, the suspension lines were neglected.

In order to investigate the pressure distribution along the Schiaparelli Capsule and Parachute,
data are collected and processed at five different locations (L1, L2, L3, L4, L5) as shown in Figure 3.
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Figure 3. Data set locations L1, L2, L3, L4, L5 along the computational domain symmetric plane.

L1 is the axisymmetric line of the domain. L2 and L3 are equidistant from L1, and pass through
the shoulders of the capsule. L4 and L5 are still equidistant from L2 and L3, and axisymmetric with
respect to L1.

2.2.2. Boundary conditions

The boundary conditions are summarised in table 1.

Table 1. Boundary Conditions.

Gauge Pressure (Pa) Temperature (K) Mach number Angle of attack
2891 219 2 0°

The time step is 1.0x10~% s and the overall runtime of numerical simulations conducted is 0.126
seconds.

3. Numerical Validation with reference work and theoretical results

In order to validate numerical simulations, theoretical and numerical results from [14] have been
used as reference. Theoretical data have been calculated by implementing the normal shock equations
reported below:

, 1+Mi(y—-1)/2
2UyME—(y-1)/2
pa __(r+1ME

p1 2+ (y—DMP

D2 2y
—=14+—M2-1)
P1 y+1° "
L_p2. P
T, p1 p2

Results are reported in table 2.

Table 2. Analytical and simulated values of flow variables downstream of the capsule bow shock.
Upstream values are computed from the simulation.

Upstream Analytical Reference [14] Reference Simulations Simulation
Error % error %
M1=2.00 M2 =0.56 M2 =0.56 0% 0.56 0%
01=0.044 02=0.126 02=0.126 0% 0.126 0%
pl1=2891 p2=1269526  p2=12691.49 0.02% 12559.85 1.06%
T1=219 T2 =335.83 T2 =335.07 0.22% 335.06 0.22%

A good agreement between the three works has been observed. In particular, the error of the
simulations with respect to the theoretical datais 1.06% for pressure and 0.22% for the temperature.
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3.1. Numerical Results

In this section, numerical results of the Schiaparelli casule are shown. Figure 4 shows the Mach
flow field around the capsule and the rigid DGB parachute at their axisymmetric plane. A strong bow
shock is detached in front of the capsule at a distance of 0.7 m, and another in front of the canopy at
a distance of approximately 1.8 m. Due to the strong bow shock ahead of the capsule and ahead of
the canopy, there is a sudden decrease in the Mach number and increase in the pressure and
temperature (see Figure 5). Because of the large deflection angle of the afterbody, the flow begins to
expand after the shoulder; the expansion waves intersect at the back of the capsule generating
recompression waves that are responsible for the pressure increase and Mach decrease.

Mach Number
Contour 1

2.473e-001
1.236e-001
0.000e+000

(a) (b)

Figure 5. Static pressure contours of capsule and rigid DGB parachute system at Mach number 2.0:

(a) mean static pressure, (b) instantaneous static pressure.

Figure 4 showed that the parachute canopy's inner and outer flow fields are low-velocity
regions: the Mach number is subsonic. When the supersonic flow enters the parachute canopy and
reaches the saturation, it over pressurizes the canopy, and part of the flow moves in the opposite
direction, interacting with the shock wave ahead of the canopy, as shown in Figure 6 (right).

Due to pressure decrease at the leeside of the afterbody, the flow separates and recirculating
flow is generated at the back of the vehicle (see Figure 6). When the separating shear layer merges,
this forms a "neck", which compresses the flow, causing a pressure increase. Behind the neck, there
is a far wake that extends several body diameters downstream.
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Figure 6. Path lines coloured by the static pressure: (left) around the capsule, (right) around the
parachute.

Eddies are axisymmetric behind the capsule, while these are non-axisymmetric in the front and
behind the parachute. The instantaneous pressure at the bottom inner wall of the canopy is higher
than that at the inner upper walls of the canopy, while the mean pressure field in Figure 5, is shown
to be axisymmetric, this explaining the oscillatory movement of the system and its failure.

The maximum averaged pressure is approximately 14400 Pa in front of the capsule and
approximately 14900 Pa at the inner surface of the canopy. The maximum instantaneous pressure, at
t=0.126 s, is nearly 14800 Pa in front of the capsule and nearly 6300 Pa near the inner surface of the
canopy. Thereafter, the pressure drops drastically from 14,800 Pa to respectively 1,170 Pa
immediately downstream of the capsule and to 1,370 Pa downstream of the canopy and tends to rise
due to the vortex structures in the flow. A pressure variation of 5130 Pa within the canopy (as shown
in Figure 6) confirms the inflation behaviour observed experimentally. Another portion of the flow
ejects from the parachute band structure, forming an expansion wave that gradually merges with the
bow shock in front of the canopy. The remaining fluid flows through the gap and along the disk
structure into the turbulent wake region behind the canopy: there, the flow is characterized by
complex and turbulent structures, containing eddies, and the supersonic jet flow.

Figure 7 (a) shows that downstream of the capsule, the instantaneous field of the Mach number
has a oscillatory behaviour in the wake region, while, in the same region, the mean field is completely
axisymmetric. This means that in the wake, the flow field is not steady, but it starts to oscillate with
a radius of oscillation of the order of the capsule diameter. Within the neck downstream of the
capsule, as shown in Figure 7 (c), due to the eddies structures, the flow alternates sonic and
supersonic regions. In front of the parachute, the velocity of the flow again drops drastically due to
the second bow shock. Downstream of this shock, in front of the canopy, the Mach number in not
axisymmetric both in the instantaneous and in the mean flow field: the Mach number at the wind
side of the body is 50% higher than in the leeside (see Figure 7 (a) and (b)).
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Figure 7. (a) Instantaneous Mach number (b) Mean Mach number (c) instantaneous Mach number

variation along the computational domain (d) mean Mach number variation along the computational
domain.

Figure 8 shows respectively the vorticity and the x, y, z vorticity components contours.
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Figure 8. Instantaneous contours: (a) vorticity, (b) x-vorticity, (c) y-vorticity, (d) z-vorticity.

This figure shows that the flow field is completely laminar at the inlet of the computational
domain, i.e. the vorticity is nil. Downstream of the bow shock, it suddenly rise to 1500 Hz. Non
dimensional eq. of vorticity (Eq. 1) shows that if the vorticity is zero, it remains nil unless there are
strong density and pressure gradients, which cause the baroclinic term to inject eddies into the flow.

t+Vx(w><u)—— V—”+évv2_w+é(—§@x(y-g)+%{@x[vz_u+y(y-g)]+zyx(gv_u)}) Eq.1

Mo

Since the non-dimensional inertial term is proportional to 1/M, downstream of the capsule,
where the Mach number is subsonic, the inertial term is responsible for the “fluctuations” due to the
vorticity structures. Once these structure are created, they are transported downstream and interact
with the bow shock upstream of the canopy. The x-vorticity field shows that two counter-rotating
structures generate just upstream of the capsule and are transported downstream for about 3 capsule
radius. The spanwise x and z components of the vorticity are the highest, respectively of the order of
640 Hz and 1800 Hz. The streamline component is negligible with respect to the others, being of order
of 40 Hz.

Figure 9 and Figure 10 show that the strong interaction of the flow field with the bow shock is
responsible for the pressure and density gradients, that in turn are responsible for the vorticity
generation by means of the baroclinic term [16]. Peaks of X-density gradients are of order of 3x102
kg/m3/m in the x direction, 1.7x10" kg/m?/m in the y direction and 2x102 kg/m3/m in the z direction.
The density gradients are axisymmetric in the X and Y direction, and not in the z direction, where
these are higher on the leeside and lower on the wind side.
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Figure 9. Instantaneous density gradient contours: (a) x-density gradient contour, (b) y-density

gradient contour, (c) z-density gradient contour.

As for the pressure gradients, the peaks are of order of 9800 Pa/m in the X-direction, 23000 Pa/m
in the Y direction and 2000 Pa/m in the Z direction.
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Figure 10. Instantaneous pressure gradient: (a) x-pressure gradient contour, (b) y-pressure gradient,
(c) z-pressure gradient contour.
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Figure 11 (a) and (b) show the instantaneous cell Reynolds number contour. The maximum
Reynolds number is 1.439*10¢ upstream of the capsule, then it suddenly reduces approximately to
4.98*102 downstream of the bow shock. Since the Reynolds number is the ratio between diffusive and
inertial times, this means that times required to dissipate the eddies is about 500 times longer than
inertial times, therefore eddies are transported downstream, where, these are swallowed by the
second bow shock. After the second bow shock, due to the density increase, as shown in Figure 13,
the Reynolds number also increases to an approximate value of 5.96*10% Crossing this second bow
shock, the eddies are strengthened, and the viscous terms are not sufficient to dissipate the turbulence
structures.

Cell Reynolds Numbe '
H 39e+006
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N
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[o]e]
Q0
[l
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Figure 11. Instantaneous Cell Reynolds number contour of: (a) the capsule, (b) the parachute for along
the computational domain centre plane.

Figure 12 shows the mean static temperature contour. Due to the sudden decrease in Mach
number and rise in the pressure around the vehicle body, a sudden rise in the temperature from 219
K to an approximate value of 382 K can be observed in front of the capsule. The temperature of the
flow drops to an average approximate value of 222 K in the wake region, and it again raises at a
distance of 0.7m in front of the parachute reaching the maximum value of 404 K inside the canopy
region.

Mean
Static Temperature

4.040e+002

.534e+002
.387e+002
39e+002

2RSS 2 S NNNNNNWWR W0 WY

(K]
f—*Y
X

Figure 12. Mean static temperature contour.

Figure 13 shows the density reaches the maximum at the nose of the vehicle with a mean value
of 0.1304 kg/m? and an instantaneous value of 0.1342 kg/m?* which immediately drops at the leeside
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of the afterbody. In the wake region, the instantaneous density flow field has a non-axisymmetric
behaviour, while it is axisymmetric in the mean field. In the wake, the density keeps low for several
body diameters and it rises when approaching the parachute. The instantaneous density contour
shows that the density gradually decreases inside the canopy increasing the drag area behind the
canopy and accordingly the turbulence.

£

0
kg m*-3]

(@) (b)

Figure 13. Instantaneous and Mean density contours.

4. Conclusion

In this article, the aerothermodynamic flow characteristics of the rigid capsule/DGB parachute
system for Mach number 2.0 are investigated in order to explain the failure of Schiaparelli’s re-entry.
LES numerical simulations are performed to compare the instantaneous and mean flow field. These
simulations showed that the turbulence generated by the baroclinic term due to the first shock is
transported downstream, where it is then swallowed and strengthened by the second bow shock.
Due to the generation of these vortices, the wake exhibits non-axisymmetric behaviour in the
instantaneous contours, which explains the beginning of capsule fluctuations. The instantaneous
pressure, density and velocity flow fields are symmetrical in front of the capsule, while they are not
axisymmetric downstream of the capsule, and in particular in the wake. The mean field, on the other
hand, is axisymmetric also in the wake region behind the capsule, confirming the oscillatory
behaviour of these variables that is responsible for the oscillatory motion of the capsule and the
parachute system. Simulations showed the importance of LES with respect to RANS in order to
predict the non-stationary flow behaviour. LES simulations are therefore mandatory to explain the
reason for the oscillations and to predict this behaviour in order to propose solutions to dampen
them.
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Nomenclature
DGB Disk-Gap-Band
LES Large Eddy Simulations
TGO Trace Gas Orbiter
ESA European Space Agency
EDL Entry, Descent & Landing
FSI Fluid Structure Interactions

k Turbulent kinetic energy
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SST Shear Stress Transport
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