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ARTICLE INFO ABSTRACT

Communicated by Mehdi Ghoreyshi High-fidelity time-evolving simulations of a rigid parachute trailing behind a descent module in a supersonic
flight regime have been performed, employing Large-Eddy Simulation (LES) and Immersed-Boundary Method
(IBM) techniques. The study aims to establish the fluid dynamic nature of the ‘breathing’ instability present
Supersonic parachute also in a rigid decelerator, and thus its independence from structural flexibility. The turbulent wake of the
Unsteady descent capsule interacts with the bow shock generated by the parachute acting as the primary triggering factor.
Model Energetic turbulent structures, accurately resolved by Large-Eddy Simulation, induce local fluctuations in the
parachute shock, destabilizing its equilibrium with the upstream flow and leading to continuous cyclic motion
of the shock wave. This motion correlates with periodic variations in flow pressure inside the canopy control
volume, impacting parachute performance. Based on simulation results, a zero-dimensional model is developed
to predict the unsteady dynamics of the shock motion and the decelerator performance. The model is driven
by input fluctuations from the capsule wake, reproducing the main frequencies of shock position oscillations
and drag variations as observed in simulations. It is apparent that unsteadiness is eventually triggered by low-
frequency wake perturbations. Thus, the study provides insights into factors contributing to unsteady parachute
responses in supersonic regimes.
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dented challenge, there were no existing examples of parachutes capable
of operating in low-density environments at high speeds.

The first reported tests for developing parachutes for space appli-
cations come from Meyer [1], driven by the necessity of recovering
missiles after launches [2]. Suffering from a legacy primarily of sub-
sonic applications, there was no obvious decree which determined the
correct way to find a suitable configuration; thus, trial and error repre-
sented the only alternative. For both configurations tested, towed and
non-towed, violent pulsing of the canopy was observed; this is where
the ‘breathing’ behavior was acknowledged for the first time. Variations
in the shock pattern in front of the parachute were observed, but cor-
relating them to specific operating conditions proved challenging due

1. Introduction

Aerodynamic decelerators have long been crucial to the success of
planetary exploration missions. They serve as the primary means for
achieving a feasible entry trajectory for space bodies with atmospheres.
Ongoing research efforts are necessary to gain insights into their dy-
namics due to the evolving characteristics of spacecraft and the varying
conditions associated with mission destinations, such as Mars or Venus.
This requires a sturdy design process that can adapt to the diversity of
various mission scenarios.

Although aerodynamic decelerators were developed in the previous

century, they are still used today due to their simple manufacturing pro-
cess and wide range of applications. While their initial technological
advancements were driven by military applications, such as the intro-
duction of vents to prevent oscillations, subsequent progress aimed at
utilizing them specifically for planetary descent. Due to the unprece-
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to limitations of the available equipment at the time. It was believed
that the flexible nature of the device, combined with disturbances in
the suspension lines, caused the erratic behavior.

The need for further testing was evident, especially with NASA’s in-
tention to adapt the technology for emerging space applications. In this
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context, Maynard [3] investigated the performance of various types of
drogue parachutes trailing behind a forebody in a wind tunnel. The focus
was on decelerator stability and drag force, with consideration given to
the role of Mach number and canopy porosity in determining the overall
dynamics of the system and its suitability for the intended application.
Once more, evident instabilities were observed. Despite the rigid canopy
shape, asymmetrical shock patterns were detected in the parachute bow
shock, resulting in unbalanced forces that could trigger an unstable re-
sponse from the device.

Hence, the proper design and selection of a parachute opening at
high speeds emerges as paramount. The parameters involved in build-
ing the device increase considerably, now encompassing not only the
shape and dimensions of the decelerator but also its porosity and trailing
distance. Simultaneously, alternative solutions aimed at reducing the
ever-present instability emerged, including inflatables and cone-shaped
decelerators [4,5]. However, their development halted as parachutes,
with their longer legacy, proved sufficient for meeting the requirements
of the first Mars exploration mission, namely the Viking program. Con-
sequently, a particular design emerged from NASA contractors, demon-
strating reliable performance in low-density environments: the Disk-
Gap-Band (DGB) parachute [6]. This design would go on to become the
current standard for descent trajectories.

Nonetheless, full-scale flight tests were still deemed necessary,
prompting NASA to undertake a series of high-altitude supersonic
parachute test programs between the 1960s and 70s [7-9]. These pro-
grams aimed to gain insights into the dynamics surrounding the device
for application to Entry, Descent, and Landing (EDL), as well as ex-
plore plausible alternatives. The instabilities observed in wind tunnel
tests were confirmed, along with an increase in the violence of oscil-
lations as Mach numbers rose. Additionally, it was observed that the
drag coefficient decreased at higher Mach numbers. Thus, a practical
Mach number range was identified somewhere between 2.0 and 3.0,
and the Disk-Gap-Band design was confirmed to be the best option. In
particular, crucial parameters included also the relative dimension of
the forebody producing the wake with respect to the decelerator diam-
eter. An overview of the completed investigation campaigns was finally
presented by Ross [10] and research established that these oscillations
driving the unsteady dynamics were related to the wake developed by
the forebody. The combination of these results obtained from previous
wind tunnel testing and flight tests laid the groundwork for the Viking
parachute system [11-13], which proved suitable after two successful
landings on Mars (Viking I and II) [14].

All subsequent missions to Mars heavily relied on the Viking pro-
gram, given the outstanding performance displayed by the device during
the two previous entry trajectories. For the next 20 years, only small
changes followed; alternative investigation approaches were limited
primarily to the computational side, considering the limited resources
available. In the 1970s, the first simulation methods based on gridless
Vortex Element Methods (VEM) were proposed [15,16]: the distribu-
tion of bound vortex elements allowed the computation of flow around
the decelerator, albeit limited to inviscid and incompressible flow cases,
with no spontaneous account for unsteady phenomena and flow separa-
tion [17].

Refinements in the method allowed for coupling with structural
models [18], providing promising results. However, the possibility of
assisting experimental campaigns for future mission applications was
considered distant, with the limitation to two-dimensional flows be-
ing one of the many issues at the time. Stein et al. [19] succeeded
in simulating two-dimensional inflation profiles using an implemented
Arbitrary Lagrangian-Eulerian (ALE) formulation coupled with a spring-
damper structural model. ALE allows material to flow through the mesh
as it deforms, varying its geometry. This approach was subsequently
extended to three-dimensional flows [20], although tuning coefficients
limited the analysis and comparison with experimental data was incon-
clusive. Further progress towards full three-dimensional simulations was
achieved [21,22], but the study of flow unsteadiness was biased since
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the approaches were all based on steady-state solutions and the flow
and structural solvers were handled separately (weakly coupled). It also
became evident that a fine grid was essential to adequately resolve both
the wake structure produced by the payload and the unsteady effects
of interaction with the trailing canopy [17]. In addition, several mod-
els had to be properly coupled to represent the structural non-linear
response, fabric porosity and suspension line tensions.

Consequently, the combined involvement of bluff and porous body
aerodynamics, together with a nonlinear membrane structural response
subjected to large deformations, all coupled to compressible flows pos-
sibly interacting with shock systems, delayed the breakthrough of com-
putational approaches until the end of the 1990s.

Thus, conservatism and proper margin in the design allowed suc-
cessive missions to Mars to rely on the heritage from the Viking era
to qualify and deploy new parachute iterations successfully for the fol-
lowing decade (including the Mars Pathfinder, Mars Polar Lander, Mars
Exploration Rover, and Phoenix missions) [23]. However, the limita-
tion of this approach was evident as soon as it became necessary to step
beyond the narrow boundary defined by the Viking legacy. With the
Mars Science Laboratory (MSL) mission, adhering to the existing her-
itage was no longer feasible: the increased payload weight would subject
the parachute to longer durations in supersonic flight, leading to multi-
ple load cycles due to the ‘breathing’ phenomenon observed during the
Viking-era tests, which were still partially understood. Additionally, the
larger size of the parachute (the largest at the time) and the possibility
of scale-dependent dynamic responses amplifying canopy oscillations
necessitated a new supersonic parachute qualification process [24].

Since the costs associated with a full-scale test campaign were
deemed prohibitive, sub-scale wind tunnel tests were complemented by
validated computational fluid dynamics (CFD) and fluid-structure inter-
action (FSI) simulations for the very first time [25,26].

Barnhardt et al. [25] conducted a Detached-Eddy Simulation (DES)
to investigate the aerodynamics of a rigid MSL parachute trailing behind
the payload. The use of a fine grid, along with the unsteady solution
of the flow field, revealed the generation of a highly turbulent wake
from the descent module and its interaction with the parachute bow
shock. This allowed the association of the parachute bow shock oscilla-
tion with the time-varying momentum deficit produced by the capsule
wake. Furthermore, stronger fluctuations in the band region motivated
the phenomenon of ‘area oscillation’ to be more driven by band move-
ments.

Concurrently, Karagiozis et al. [26] pioneered the coupling of Large-
Eddy Simulation (LES) with a Finite-Element Method (FEM) thin-shell-
based structural solver capable of handling the overall Fluid-Structure
Interaction dynamics of the ‘breathing’ instability post-inflation. The
simulation reproduced canopy and drag oscillations, with limitations
observed at higher Mach numbers where the treatment of suspension
lines and models for sub-grid scale turbulence introduced sources of er-
ror. Most importantly, the study demonstrated how optimal turbulence
resolution is crucial for observing shock motion and ‘area oscillations’,
as these phenomena are completely absent at coarser grids.

This again emphasises the driving factor of instability on the fluid
dynamics and highlights that proper wake representation is fundamental
to accurately capture the transient responses of the decelerator.

Simultaneously with the MSL parachute development, ESA’s first
Mars mission, ‘ExoMars’, was underway, and similarly, a parachute qual-
ification program was initiated to study unsteady effects at supersonic
regimes [27,28]. An ALE-LES fully coupled FSI approach discussed sim-
ilar results regarding the effect of Mach number and forebody wake on
parachute dynamics.

At that moment, with the breakthrough of CFD usage, multiple dif-
ferent approaches to the problem were proposed. Kim and Peskin [29]
proposed an Immersed-Boundary Method (IBM) formulation applied to
subsonic parachutes simulated for their entire descent. Takizawa et al.
[30,31] developed a robust Fluid-Structure Interaction algorithm, which
was applied to a comprehensive typology of parachutes in subsonic con-
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ditions, modeling solid self-contact, canopy porosity, and suspension
line effects.

Another notable example is the supersonic inflation sequence from a
folded-line stretch configuration, which provided a time-evolution of
the deforming structure of the parachute [32]. Muppidi et al. [33],
in the framework of the latest full-scale test campaign ASPIRE for
Mars2020 [34], investigated the wake effects from slender and bluff
bodies, comparing DES results to flight tests at different angles-of-attack.
Canopy-only dynamics were also evaluated, together with the differ-
ences between Earth’s atmosphere and Mars’. These results led to further
progress in the aerodynamic database of the mission [35]. In addition,
LES was applied to study exclusively the entry capsule in supersonic
flight, with the intent of characterising the turbulent wake flow pro-
duced by the blunt body, which eventually interacts with the trailing
decelerator [36].

Progressively, the diffusion of High-Performance Computing (HPC)
and the refinement of previous simulating solutions have led to the
current state-of-the-art for supersonic parachute dynamics simulation,
characterized by an extensive use of LES coupled to a solid solver, in
various modalities. Yu and Pantano [37] further refined the previous
approach adopted for the MSL computational study, replacing the in-
terface treatment with an Immersed-Boundary Method approach. This
allowed them to successfully simulate multiple cycles of canopy fluctu-
ation in supersonic flight. The IBM algorithm has been recently updated
to treat zero-thickness interfaces, although its application has been lim-
ited to simulating parachutes in subsonic flight [38].

LES coupled with a thin-shell based FEM solver via IBM was also em-
ployed, firstly by Huang et al. [39] and subsequently by Boustani et al.
[40,41], to simulate the full supersonic deployment sequence and the
subsequent cycles of oscillations of a DGB parachute. The simulation
solutions were compared to flight test results, revealing a promising re-
lation between the experimental data and the simulations.

To match the effective flight configuration as closely as possible, all
of these computational methods employed modeling approaches to ac-
count for multi-physics phenomena that could affect the accuracy of
the solution. These approaches ranged from turbulence modeling of
the compressible turbulent flow to the dynamics on the structural side,
including factors such as canopy porosity, self-contact effects and sus-
pension lines shock interaction [42,43].

However, due to the extremely complex framework, simulations
must be initialised properly to provide meaningful results [44,45]. Con-
sequently, the stability boundary related to their initialisation appears
to be narrow at the moment and possibly ill-conditioned. Moreover,
with the now apparent wide variety of effects that could couple during
parachute deployment, each deployment measured could be affected to
a different extent by a diverse source, rendering comparison unfeasi-
ble due to statistical heterogeneity, even with all the current knowledge
that has been collected. Additionally, the contribution of grid resolution
sensitivity has yet to be fully assessed.

We believe that an intermediate approach could offer more insights
into the overall phenomenon, with the ultimate goal of developing sim-
plified models capable of describing the dynamics in its general aspect.
Such models could aid the design process, which still heavily relies on
empirical methods (e.g., the Mars Sample Return and the intended AS-
PIRE2 test campaign [46]).

As a result, the objective of this study is to provide a high-fidelity
solution of the flow field surrounding a supersonic parachute trailing
behind a descent capsule. The focus will be exclusively on the fluid-
dependent sources of unsteadiness, demonstrating them to be the pri-
mary triggering factor of the so-called ‘breathing’ instability. Structure-
dependent phenomena and effects will be ruled out, treating the geom-
etry as rigid and minimising the introduction and influence of models
within the simulation. The observed ‘breathing’ instability phenomenon
is therefore solely attributed to the flow characteristics generated by the
proposed system, emphasizing that the resulting fluid behavior is the
only cause of the ‘breathing’ effect.
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We utilize Large-Eddy Simulation to simulate a generic hemispheric
parachute trailing behind a descent capsule (ExoMars-like), operating
in the supersonic flight regime (Ma,, = 2) within the Martian atmo-
sphere. To enable computation on a high-resolution grid, we leverage
GPU parallelization. The resulting dataset is then analysed to accurately
examine the flow behavior in the canopy region, focusing particularly
on the interaction between shock waves and turbulence originating from
the forebody wake. Special attention is paid to identifying the sources
of unsteadiness that generate the dynamic behavior observed in the
parachute bow shock. The data obtained from these simulations are
ultimately used to develop a zero-dimensional model capable of pro-
viding semi-quantitative insights into the unsteady performance of the
parachute during supersonic flight.

2. Governing equations and numerical methods

The three-dimensional filtered compressible Navier-Stokes equations
are solved for a viscous Newtonian fluid:

5 0(pii;)
@4_#:0
ot 0x;
o) OpEE)  gp 95y 0o
ot ox;  0x; 0x;  0x; o
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where p is the filtered density, &; denotes the Favre-filtered velocity
component in the ith Cartesian direction (i = 1,2,3), p is the filtered
thermodynamic pressure. With the intent of reproducing the effect of
Mars’ atmosphere, the fluid is considered as an ideal gas of CO,, with
thermodynamic variables related by 5 = 5RT, where T is the Favre tem-
perature and R is the gas constant. We denote with E = ¢, T + i, /2
the Favre-filtered total energy per unit mass and the dynamic viscosity
wu(T) is assumed to follow the generalised fluid power-law with expo-
nent 0.76; the thermal conductivity A is related to u via the Prandtl
number with the following expression: 4 = c,u/Pr. The ratio between
the specific heat at constant pressure ¢, and the specific heat at constant
volume c¢,, is set to 1.3 while Prandtl number is 0.72.
The Favre-filtered viscous stress tensor 6;; is expressed as:

_ ;s 24
Gij:M<2Sij_§Skk5ij> (2)

S, is resolved strain-rate tensor with S ;=1/2(&; +§;) and §;; =

0ii; /0% ; is the resolved velocity gradient. The subgrid-scale (SGS) stress

tensor aiS.GS is modeled following Boussinesq’s hypothesis as:
J
6565 = (28, - 25,8, ) - 2k5655,, 3)
ij = H; ij 3 kk®ij 3 ij

and the subgrid heat flux quGS is modeled from Fourier’s law as:

o Mol 4

SGS
P05 = ¢,
Pr, ox;

9;
Subgrid-scale dynamic viscosity y, and the isotropic part kggg in
the SGS stress tensor are modeled using a Wall-Adaptive Local Eddy-
viscosity (WALE) model [47] modified via the Smagorinsky classical
model [48]. We compute subgrid-scale dynamic viscosity as:

(89.89)3/2
#y = P(CuAY TR ®)
(SijSij)5/2+(S,jS,j)5/4

where C,, = 0.325 and Sl?‘; =1/2(8,8;;+8;1811)—1/3(&ni&imd;)); A is the
local mesh size. By employing Yoshizawa’s formulation [49] and using



L. Placco, G. Soldati, M. Bernardini et al.

Aerospace Science and Technology 160 (2025) 110026

0.61D

Fig. 1. Scheme of the computational domain (left) and visualization of the geometries of both the capsule and the parachute (right); dimensions are provided.

the coefficients of the Smagorinsky model, the isotropic part of the SGS
stress tensor in eq. (3) can be computed as:

SGS _ C; Hi g
=2 (%) ©
with C; found to be 45.8 [50]. The Prandtl turbulent number Pr, is
assumed equal to 0.9.

Flow equations (1) are numerically solved with the GPU-accelerated
high-order finite difference solver STREAmS [51,52]. The solver is able
to provide high-order and energy-preserving schemes to accurately dis-
cretise the convective terms of the equations in the shock-free regions.
To account instead for flow discontinuities a Ducros shock sensor [53] is
attached to high-order shock capturing WENO schemes to identify and
solve flow regions affected from shocks. For the discretisation of the vis-
cous terms, a locally conservative Laplacian formulation is used [54].
The present simulation employs a sixth-order scheme for the convective
fluxes in shock-free regions, paired with a fifth-order WENO scheme
for managing flow discontinutities; a sixth-order discretisation solves
viscous terms. Time advancement of the ODE system is given by a third-
order explicit Runge-Kutta/Wray algorithm.

The fluid/solid interface is handled using a ghost-point-forcing Im-
mersed Boundary Method (IBM) [55] that can treat arbitrarily complex
geometries. This method allows to pinpoint the grid nodes belonging to
the fluid and to the solid, as well as their distance from the interface.
No-slip and no-penetration wall boundary conditions on the body are
then enforced by ghost nodes, which use interpolated values from the
fluid domain to apply the local boundary condition on the solid. Fur-
ther details of the algorithm can be found in [56]. Validation of the
numerical solver for canonical flow cases and turbulent flows within
similar regimes is documented in [57-59]. An additional test campaign
featuring a sphere in multiple supersonic flow regimes is also included
in Appendix B.

2.1. Description of the case

The domain employed for the simulation has a size of L, = 20D,
L,=10D, L,=10D, where D = 3.8 m is the maximum diameter of the
capsule; the mesh is a rectilinear structured grid that consists of N, - N, -
N, =2560 -840 - 840 nodes which corresponds to the set of coordinates
of (x/D,y/D,z/D) = [-1,19]x[-5,5]X[-5,5]. A contraction factor of
0.2 is applied in the x direction, around the region of the canopy and
the capsule, while a contraction of 0.3 is employed in the y, z direction,
in the central portion of the domain.

Table 1
Simulation parameters.

Ratio of specific heats (y) 1.3

Mach (Ma_) 2
Reynolds (Re,,) 100
Prandtl (Pr) 0.72
Table 2
Free-stream reference values.
Pressure (P,,) 265.11 Pa
Temperature (T,) 223.68 K
Density (p,,) 6.22-1073 Kg/m?
Speed of sound (a,,) 235.40m/s

Viscosity (4,,) 1.123-107 Pa-s

This allows to increase grid density in the surrounding space of the
capsule and the canopy, improving flow resolution near the wall and
in the wake area, where turbulent production is expected. The entry
capsule is fixed at the position [0,0,0] (nose) while parachute trailing
position has been set to [10,0,0]. This value was selected as inbetween
to the previous ExoMars 2016 mission and the upcoming ‘Rosalind
Franklin’ in order to highlight the effects of interaction between cap-
sule and parachute.

Capsule geometry has been modeled on the specifications of Exo-
Mars ‘Rosalind Franklin’ module, while the rigid parachute employs the
basic shape of an hemisphere. Parachute nominal diameter is Dy = 15m
and has been selected equal to the diameter of the supersonic deceler-
ator foreseen the ‘Rosalind Franklin’ mission. Considering the typical
inflation ratio for a DGB of D,/ D, = 0.65, the non-dimensional diame-
ter of the canopy is D, =2.57D. The non-dimensional diameter of the
vent and the canopy thickness are respectively set to D, = 0.26D and
1, =0.12D. Domain and models details have been reported also in Fig. 1.

Flow condition and reference free-stream values are reported in Ta-
ble 1 and 2, and are selected to match the full inflated state of the
parachute deployment sequence after line-stretch, assuming that the os-
cillations produced by the inflation are already damped. The fluid prop-
erties have been obtained using a simulated entry and descent trajectory
of a generic probe through the Mars atmosphere [60]. The Reynolds
number is computed as Re, = p Uy, D/, with u, being the flow
dynamic viscosity and Ma, =U, /ay,.

Computations have been carried out on CINECA’s Leonardo Booster
cluster, using a total of 64 GPUs.
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Fig. 2. Q-criterion 3D representation of the flow around the descent module and parachute using non-dimensional velocity magnitude. Vortical structures in the
recirculation region of the capsule and in front of the canopy are set partially transparent to illustrate inner flow dynamics. (For interpretation of the colors in the

figure(s), the reader is referred to the web version of this article.)
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Fig. 3. Instantaneous contours of density gradient (numerical Schlieren) highlighting canonical flow regions and details; axial plane cross-section, full-domain view.

3. Results
3.1. Flow organization

The simulated flow field, as depicted in Fig. 2, reveals insights into
the complex three-dimensional structures produced by the descent mod-
ule and the parachute. Emerging flow features are presented with the
use of the Q-Criterion technique to highlight turbulence structures in
the wake of the module, as they move downstream towards the deceler-
ator. At the position of the parachute bow shock, eddies from upstream
exhibit an apparent increase in size, developing larger vortices as they
pass through the compression discontinuity. This transition effect serves
as the driving factor of the unsteady dynamics surrounding the deceler-
ator in supersonic regimes. Contour colors represent the distribution of
velocity magnitude: flow accelerates after the near-wake region, form-
ing small and sharp recirculating patterns. As the flow encounters the
shock, it bluntly slows down, generating numerous vortices that fill the
canopy volume before flowing out from the sides.

Given the axial symmetry of the studied system, results can be fur-
therly visualized via the use of two-dimensional sections along the cen-
tral plane of symmetry (i.e. axial plane). In Fig. 3 we employ numerical
Schieleren visualization to distinguish canonical flow regions and shock
systems produced by the present configuration. The flow field exhibits
the formation of two distinct bow shocks, one in front of the capsule and
the other in front of the parachute. The bow shock in front of the capsule
remains steady. In contrast, the bow shock ahead of the parachute ex-
hibits unsteadiness attributed to upstream turbulence generated by the
entry module. This disturbance generates an oscillating behavior char-

acteristic of the ‘breathing’ phenomenon. Further details are given in
the next section and in Fig. 5.

At the capsule shoulder, the flow rapidly recirculates around its edge,
transitioning to supersonic speed as it traverses the expansion fan gen-
erated from the sides of the axial symmetrical geometry. Close to the
surface, the flow detaches and forms a stable turbulent wake. Outside
the wake region, the flow tends to recover freestream conditions through
the action of the recompression shock.

A similar scheme of structures can be observed beyond the canopy
region, although the flow is noticeably more unstable, and turbulent
flow extends further due to the larger dimension of the body. Due to the
geometry of the shock wave of the parachute, the wake flow originat-
ing from the capsule spreads transversely, forming an expanding conical
turbulent flux tube as it surrounds the volume occupied by the canopy.
The incoming turbulence also experiences significant amplification be-
neath the canopy shape as it crosses the shock, resulting in the formation
of larger recirculating patterns, as observed already in the previous rep-
resentation.

This flow interacts with the counterflow emerging from the canopy,
periodically generating discharges from the sides of the decelerator.
These discharges recirculate around the lip and rapidly expand through
the expansion fan, which forms an annulus shape around the circum-
ference of the parachute. Free-shear layers develop in the outer surface
of the canopy, where flow detaches and contributes to the formation of
its large turbulent wake. Moving at the center, in the outflow through
the parachute vent, a supersonic jet behavior is observed, with the flow
reaching its absolute maximum velocity. This results in the formation of
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Fig. 4. Instantaneous and average contours of density ratio (left pair) and Mach number (right pair); axial plane cross-section, full-domain view.

a Mach disk within the recirculating region past the canopy. Addition-
ally, flow outbursts from the vent contribute to further disturbance in
the wake region of the parachute, generating eddy shocklets. Flow fluc-
tuations inside the volume underlying the canopy surface couple also
with the shape of the parachute bow shock, which waves strongly over
time, displaying an asymmetric behavior due to the disruption caused
by the recirculating flow from upstream.

More specific details related to the flow dynamics can be observed
from Fig. 4, where instantaneous and averaged flow quantities are visu-
alized through contour plots on the same cross sections.

Panels on the left display density ratio contours, depicting both in-
stantaneous and average values, around the capsule and canopy. The
density ratio contours highlight a stronger bow shock compression in
the capsule compared to the parachute. This difference is attributed to
the momentum deficit generated by the wake as it interacts with the
canopy. Average flow field reveals the expected axial symmetrical re-
covery of flow features, including the shape of the parachute bow shock.
However, the border of the bow shock appears smeared due to the un-
steady standoff distance.

Panels on the right display Mach contours, both instantaneous and
average. Subsonic regions are observed directly behind the bow shocks,
particularly in the region concentrated around the central axis of the do-
main, where the shock is stronger due to its smaller inclination angle.
The near-wake recirculation region of the capsule appears to be sub-
sonic, while the far-wake transitions to sonic as it traverses the emerging
recompression shock. Large subsonic vortical structures are generated
inside the canopy volume, particularly in the area adjacent to the wake
interaction and subsequently behind the decelerator. The highest ve-
locity is attained by the flow exiting the vent, located right behind the
Mach disk.

3.2. Parachute ‘breathing’

In order to better evaluate the time-evolving dynamics related to
the parachute, Fig. 5 proposes via panel view the progression of four
instantaneous density ratio contour plots at different timesteps, from
(a) at the top-left, to (d) bottom-right, directly showing the oscillation
of the bow shock and the fluctuations of the flow state inside the canopy;
plots are zoomed-in views of the central cross section.

Starting from the top-left panel (a) and moving to the top-right (b),
we observe that the shock begins to move forward, indicating an in-
crease in its relative speed with respect to the wake inflow velocity. As
the shock moves forward and the standoff distance increases, a larger

flux is permitted to escape from the canopy (c). The combined effect of
volume expansion and density reduction within the canopy reduces the
shock intensity and consequently the shock speed, causing the discon-
tinuity motion to revert backwards. The reversion of shock motion, as
depicted in the bottom-left panel (c), leads to a compression of the vol-
ume together with an increase of density. This compression restarts the
cycle, as illustrated in the bottom-right panel (d).

In essence, the primary cause of this dynamics is attributed to the in-
teraction between the wake turbulence beyond the capsule and the bow
shock of the decelerator. These significant variations affect the equilib-
rium of the shock, resulting in a cyclic motion of the compression wave.
The triggering factor lies in the velocity disparity between the incom-
ing upstream flow and the velocity of the parachute bow shock. Wake
perturbations induce oscillations around the average flow speed enter-
ing the shock, which can fluctuate to be either larger or smaller than the
shock wave velocity. The velocity difference moves the shock, varying
the standoff distance and thus the flow volume subtended by the canopy.
This directly affects the flow state, which in turns alters the shock in-
tensity and thus its speed, thereby sustaining the dynamics. This cyclic
process continues indefinitely without reaching a steady-state due to the
phase-shift between the wake inflow velocity and the shock speed.

Ultimately, the phase-shift between the shock and wake velocity
can be attributed to the damping effect induced by the dimensions of
the parachute, particularly its internal volume. This effect alters the re-
sponse time of the bulk fluid state, which varies in accordance with the
motion of the shock as the region where the flow converges changes.

3.3. Density and velocity fluctuations

We proceed by assessing the flow variability around the canopy re-
gion in terms of fluctuations, employing root mean squared (RMS) quan-
tities related to the flow variables. On the left panel of Fig. 6, contours of
the streamwise velocity fluctuations (root-mean square) highlight areas
where flow oscillations are concentrated. The zone around the parachute
bow position is evident, indicating that the unsteady shock induces axial
fluctuations in the flow passing through. Notably, this area appears to
be more spatially extended than the lateral regions of the shock wave.
This suggests that this zone is subject to the largest amplitudes of os-
cillations due to the direct effect of the interacting turbulence from the
wake. Past the shock, fluctuations persist along the sides of the expand-
ing flux tube, delineating the interface (shear layer) between the flow
deflected by the shock and the recirculation region within the shape of
the canopy. Strong fluctuations streaks also emerge from the sides of
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Fig. 5. Panel visualization showing ‘breathing’ cycle dynamics at different progressive timesteps from (a), top left, to (d), bottom right. Contours are enhanced using
a mixed density ratio and numerical Schlieren representation; axial plane cross-section, full-domain view.

the canopy, indicating flow acceleration through lateral expansions and
highlighting successive detachments. At the vent, the supersonic jet in-
teracts with the surrounding recirculating subsonic flow; at the position
of the Mach disk, the streamwise velocity fluctuations (#’') reach their
maximum. Subsequently, they persist along the wake.

The contours of density fluctuations (root-mean square) are instead
depicted on the right panel, showing regions of the flow density field
that undergo oscillations in time. Again, the canopy bow shock is promi-
nently visible, indicating both the motion of the discontinuity and the
width of its oscillation. The central shock position similarly shows the
widest region of oscillation, attributed to perturbations in the wake caus-
ing ripples on the shock surface, which destabilize its shape and position.
The magnitude of its fluctuations is slightly lower compared to the rest
of the shock trace due to the larger distance from the body, resulting in
a reduced compression effect. The trace of the frontal bow shock in the
root-mean squared fields of both the streamwise velocity and the density
ratio highlights the motion of the parachute shock wave, which, unlike
the bow shock of the forebody that shows no fluctuations and thus no
motion, directly shows the dynamic nature of the cyclic oscillation of
the discontinuity of decelerator.

3.4. Near-parachute mean flow field

Further details on the flow overall recirculation dynamics are pro-
vided by streamline representation of the average flow fields. Fig. 7
depicts streamlines of the average flow Mach number, showing mean
flow directions beyond the parachute bow shock.

Streamlines directions highlight a diverging subsonic region between
the bow shock and the canopy. This region effectively forms an imagi-
nary control volume where fluid enters from the central wake region and
outflows at sonic condition laterally near the canopy skirt and through
the vent, forming a spreading flux tube. Furthermore, streamlines di-
rections emphasize the formation of two toroidal vortices, one within
the canopy and another attached to its outer surface. The internal vor-
tex is generated by the converging shape of the canopy, which redirects
the flow toward the center and induces recirculation. It oscillates within
the parachute internal volume due to the combined effect of the canopy

U[RMS]/U, PIRMS]1/po
0.415 0.609
0.39 I 6.60

0.33

0.40
0.26
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0.20 f
0.13 ‘ -
0.00 0.00

Fig. 6. Root-mean-square of streamwise velocity fluctuations (left) and root-
mean-square density ratio fluctuations (right) contours; axial plane cross-
section, zoomed-in view.

hemispherical shape, which generates vorticity, and the turbulent flow
supplied from the shock. Although it predominantly maintains its po-
sition beneath the canopy, as the vortex oscillates forward, it exerts
pressure on the flow interface of the flux tube, thereby causing peri-
odic discharge from the sides of the parachute and around the canopy.
The vortex ring exhibits an unbalanced shape, cyclically expanding and
contracting asymmetrically, which alternates the discharging behavior.
This asymmetry reverses as one end begins to feed the other, and vice
versa. Being this behavior related to the turbulence coming from up-
stream, the flow reestablish symmetry at statistically large timescales.
The position of the internal vortex remains concentrated in the lower
portion of the hemispherical canopy, accentuating fluctuations in this
area, as also observed from the RMS contour plots in Fig. 6. This is in
accordance with the behavior of parachute band/skirt collapse previ-
ously documented in the literature [25]. The general flow distribution
represented by streamlines shows a slight deviation from an axial sym-



L. Placco, G. Soldati, M. Bernardini et al.

0 0.5 1 1.5 2 2.5 3.05
Mach

Fig. 7. Streamline visualization of the average Mach number flow field around
the canopy (axial plane cross-section).

metrical configuration, despite adequate flow averaging. This deviation
is attributed to the streamline seeding algorithm, which generates non-
symmetrical flow traces due to constraints related to the uniform spacing
of lines. However, the symmetrical positioning of the singularities of the
vortices supports the presence of an underlying symmetrical flow distri-
bution, reinforcing the expected behavior.

3.5. Parachute shock dynamics and performances

To better quantify the dynamics of the parachute bow shock, the
time evolution of the standoff distance A/D was extracted by locally
tracking the density gradients. The distance is provided at multiple
transvserve position for the xz axial plane. In Fig. 8 distinct oscillations
associated with the ‘breathing’ instability are visible for every selected
transverse position (z/D = —1, z/D =0 and z/D = 1). The position of
the bow shock clearly follows a cyclic behavior at a low frequency, cor-
responding to the cycle shown in Fig. 5. When comparing the dynamics
computed off-axis with those at z/D = 0, we observe that the trends
are similar and in phase. This suggests that the bow shock is also rel-
atively axial symmetrical and oscillates rigidly forward and backward
without significantly altering its general shape. The amplitudes of oscil-
lations are also comparable due to the relative proximity of the probing
positions to the axis, placing them closer to the wake region. This is
consistent with the observations made in the contours of the fluctuat-
ing fields (Fig. 6). Very faint and limited high-frequency fluctuations
are observed at z/D = 0, indicating a source of disturbances related to
the inflow of large turbulent structures from the wake. This can be ob-
served from the underlying dashed black line, from which the solid line
was derived through a filtering operation.

Performances of the decelerator are ultimately given in Fig. 9, where
force coefficients produced by the parachute are plotted versus time,
with the axial direction displayed on the left (Cy or in this case C}, given
a =0°) and the radial/transverse direction C on the right. Coefficients
are computed using as reference surface the parachute nominal diameter
Dy, which is given with D,/ D, =0.65 [61]. Parachute drag coefficient
exhibits oscillations which are primarily driven by a low-frequency con-
tent associated with the motion of the shock. Additionally, a higher
frequency component is present, possibly linked to the partial or asym-
metrical reshaping of the bow shock induced by wake turbulence. These
oscillations are also evident in the dynamics of the standoff distance
(Fig. 8), albeit in antiphase with the produced drag force. This finding
aligns expectedly with the dynamics of the ‘breathing’ cycle illustrated
previously in Fig. 5. A closer bow shock, resulting in a lower standoff
distance, leads to an increase in the density and pressure field inside
the parachute canopy. This, in turn, concordantly increases the drag
force. Under the constant inflow condition (Ma,, =2 and Re = 109),
we calculate an average drag coefficient of C_D = 0.58, with oscillations
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about +15% of mean value. This value is consistent with findings re-
ported in the literature [24], where experimental evaluations of a rigid
DGB parachute yielded similar results with the same trailing distance
and a forebody-parachute ratio of D/Dp = 0.23. The value is also con-
sistent with the range reported by [61] for hemispherical parachutes.
For comparison, parachute drag dynamics were also simulated for the
same canopy under the same flight conditions, but without the presence
of the forebody and the resulting wake disturbance (Cl*)). This side sce-
nario showed instead a nearly constant drag coefficient, confirming once
again that the incoming wake turbulence is the primary trigger of the in-
\Ci+Cl
on the right panel shows fluctuations of similar frequency but smaller
amplitudes compared to C. We observe concordantly that C_Y ~ (0 and
C_Z ~ 0 while C_T = 0.038. Additionally, the polar plot illustrates the
rotational and revolving dynamics of the lateral forces acting on the
decelerator, complementing the oscillating drag behavior in the axial di-
rection. This representation provides insight into a potential helicoidal
motion around the wake of the forebody, a behavior commonly observed
in parachutes during free flight.

stability. Polar plot of the transverse force coefficient C =

4. Model of ‘breathing’
4.1. Model formulation

Based on the assumption that the parachute bow shock instability is
essentially dependent on perturbations from the upstream wake flow,
as also supported by experimental evaluations [24], we develop a zero-
dimensional model to replicate this behavior. In this framework the flow
state within the canopy is considered spatially uniform, allowing its vari-
ation only in time. The model is based on the principles of mass and
momentum balance, considering as known only the time dynamics of
the inflow of the parachute induced by the turbulent wake. The un-
derlying hypothesis implies that the shock in front of the canopy can
be treated as normal, with a correction factor applied to account for
the effective inflow area. A mathematical discussion of this approach is
provided in the attached Appendix A. The purpose of the model is to
yield semi-quantitative results for the quantities defining the unsteady
dynamics of the parachute, specifically the flow state inside the canopy
and the drag force produced by the decelerator. With the inflow stream-
wise velocity provided as input, the model produces density ratio as well
as fluctuations in the drag force as outputs.

The driving mechanism of the model is rooted in the fundamental
consideration that, in the absence of wake perturbation, the flow would
attain an equilibrium state wherein the shock wave remains stationary,
resulting in the inflow velocity being equal to the bow shock velocity.
However, as illustrated in the previous section, the disparity in velocity
between the incoming wake flow and the bow shock, forces the discon-
tinuity either forward or backward, initiating the cycle. Changes in the
control volume of the canopy, whether reductions or expansions, result
in over or under-pressurisations, prompting turbulent flow inside the
canopy to discharge or accumulate accordingly. The reliability and ac-
curacy of the model are verified by comparison with results obtained
from the present LES simulation. Firstly, equilibrium conditions, which
corresponds also to the average flow field, are computed. Then, an in-
put signal of inflow is provided to evaluate the dynamic response of the
model.

Crucial to the model is the definition of the input signal, as its dynam-
ics must replicate those associated with the turbulent wake to reproduce
the same effects in the parachute response. Therefore, a proper analy-
sis of the inflow wake is required to extract its overall spectrum and
accordingly tune the model. The reference quantity selected to repre-
sent the wake dynamics is the streamwise Mach number, defined as
Mayg,, =u; /+/yRT. This choice is based on the direct involvement of u,
in the wake-shock velocity deficit mechanism, which drives the ‘breath-
ing’ instability in the current rigid configuration, as restated in the pre-
vious section. Wake spectrum analysis is conducted by examining flow



L. Placco, G. Soldati, M. Bernardini et al.

Aerospace Science and Technology 160 (2025) 110026

Standoff distance (A/D)

\

—2/D=0—2/D=1—2/D=-1|

20 30

40

50 60 70 80

th0

Fig. 8. Time dynamics of the parachute shock wave standoff distance measured at multiple transverse locations; dashed black line shows the unfiltered source signal.
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fluctuations acquired from averaging five different cross sections in the
yz plane spanning between 6.65 < x/D < 7.35, which correspond to the
far-wake region before the parachute bow shock. For each cross section,
flow dynamics are recorded by averaging values of M a, within a cir-
cle of radius R,, = 0.3D. The choice of R,, is based on the approximate
width of the wake at that location. This approach yields a filtered signal
of Ma,,, that represents the overall wake dynamics, effectively eliminat-
ing noisy high-frequency content attributed to low-energy, small chaotic
recirculating patterns in the wake [36]. This is consistent with the quasi
axial symmetric motion of the parachute bow shock, which resembles
a rigid oscillation and is therefore more affected by the larger turbu-
lence structures. The top panel of Fig. 10 illustrates the 3D setup of
cross-sections in relation to their positions within the wake; Q-criterion
applied to the capsule wake highlights turbulent structures included in
the filtering region. The bottom left panel displays the M a,,, signal ob-
tained from this setup.

The May, time dependent signal is subsequently analyzed by ex-
tracting its spectrum using Welch’s method, with three windows and
an overlap factor of 50%. This method yields comparable results to a
basic Discrete Fourier Transform (DFT) approach, but allows for an eas-
ier breakdown of the frequency components of the source signal. The
bottom-right panel of Fig. 10 shows both the base DFT output and the
results obtained using Welch’s method.

We observe that most of the power of the signal, represented via
power density, is concentrated in the low-frequency region, with St <
0.210; peaks are named from the strongest to the lowest in power. The
highest and most distinct peak occurs at S7; = 0.040, in a range be-
tween 0.036 < .St < 0.057 where multiple peaks tend to cluster; Welch’s
method locates an average common value. The lowest frequency de-
tected is at S, = 0.020, with slightly half the power density of the
former. Peaks at .St; = 0.093 and St; =0.112 appear with similar PSD.
Additionally, within the low-frequency range (St < 0.220), three more
peaks can be identified, each with about 20% of the largest power
density: St5 = 0.132, Stg = 0.153 and St; = 0.183. Higher frequency
contents are also present but are almost negligible due to the averaging
process performed. Comparing the dynamics of the drag coefficient in
Fig. 9 with M, (¢), we can observe that all the higher frequency contri-
butions (St > 0.210), corresponding to small recirculations in the wake,
do not propagate across the shock wave. These contributions appear to
be damped and filtered by the shock-canopy system, so that only low-
frequency disturbances are transmitted, with the bow shock effectively
acting as a low-pass filter for the turbulence passing through.

Thus, by employing the frequency content found in the wake and
assuming the inflow at the bow shock to be purely streamwise around
its axis (within a circle of radius R,, = 0.3), we define the input for the
model via a streamwise Mach number given by the expression:
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for clarity, with the red dashed line indicating the average Ma,, value. Right: Frequency spectrum of the analyzed streamwise Mach number signal; the Strouhal

number is computed as St= fD/U,.

Mai',fw =Mag, + ZAisin<27rSt;;]°° +¢i> @]
1

where May,, is the average value of the inflow streamwise Mach num-
ber, A, is the amplitude related to its i-th tone, St, is the corresponding
frequency and ¢; is its phase. From the analysis illustrated in Fig. 10,
Mayg,, =1.56 and the tone parameters are progressively superimposed
to obtain a more refined input signal to drive the model and replicate the
parachute dynamics. A base signal composed of the first two frequencies
in phase is given; from this base, a progressively more complex Ma,,
is obtained by adding the following higher frequency tones. To simplify
the superimposition of the tones and average the effective phase shift
between them, the added contributions are alternately summed in phase
quadrature. By tuning the amplitude A; of the tone St to 0.1, and con-
sidering the relationship between amplitude and power, by comparison
A,, Ay and A, are round to 0.05 while A5 and Ag4 to 0.02; A is instead
set to 0.01. As previously stated, Equation (7) emphasizes the dynamic
dependence of the model solely on the fluctuations originating from the
upstream wake. The streamwise Mach number input is integrated into
the model according to mass and momentum conservation principles,
yielding results for the flow state within the canopy control volume and
the resulting parachute drag.

10

4.2. Model results

Fig. 11 shows the model drag coefficient results compared to the
present LES simulation. The output is evaluated as the streamwise Mach
number signal used as an input is progressively made more complex by
superimposing all the low-frequency tones that appeared from the spec-
trum analysis of the wake. For all six different input cases, the model
yields the same average drag as the simulation, with an error of less than
1% in all cases (please refer to Table 3). The error slightly increases as
higher frequency contents are added. However, regarding the dynamics
and the amplitudes of oscillations of the parachute coefficient, signifi-
cant improvement is observed as more tones are included in the error
computed over Cp, gprs- The most crucial tone appears to be St; as
it provides the largest relative improvement in the error when moving
from St,_, to St;_3 compared to the other cases. The error then fur-
ther decreases, albeit at a slower pace, reaching a minimum of about
11%. Overall, considering the relative effect of reducing the error by
adding content, the S7,_, configuration appears to be the most optimal
in terms of the complexity of the input signal and the accuracy of the
results. We expect that results could be further refined by conducting
a more in-depth tuning campaign of the relative amplitudes and phase
shifts between the extracted contents.
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Fig. 12. Comparison of the probability density function of the drag coefficient obtained from the simulation and the model (left: .S;_,, right S|_;). The corresponding
fitted log normal probability distributions are shown for both cases, with the expected values y,,, ¢, and deviation ¢,,, o, reported accordingly.

Table 3
Model results.
Sti, Sty Sty Stis St Sty
Error(%) over C_D 0.753 0.743 0.724 0.740 0.745 0.766
Error(%) over Cp pyrs 2890 2031 1335 1238 1147 1093

To further evaluate the performance and confidence of the model
output with the actual drag obtained with the LES simulation, Fig. 12
shows the probability-density function of the modeled drag (case St,_,
and St;_;) compared with the actual one of the simulation.

It is apparent that the shape of the drag distribution obtained from
the simulation is maintained in the dynamics reproduced by the model
when employing a four-tone signal .S;_, as input (left panel of Fig. 12).
Overall accuracy increases as further tones are added towards St;_;
(right panel). The modeled drag distribution particularly exhibits the
same peak around 0.52 as shown by the simulation, closely following
the log normal trend of the probability distribution. The distributions
shown represent the closest fits to the data: the distribution shapes are
comparable, given the similarity of the sources. Differences lie partic-
ularly in the right tail of the PDF pertaining to the highest values of

11

Cp, corresponding to few sporadic peaks. This difference reduces as we
move from S;_, to S| _, suggesting that a progressively more refined in-
put signal could improve the characterization of the highest drag peaks
occurring occasionally.

5. Conclusions

This work discusses the high-fidelity, time-evolving simulation of a
rigid parachute trailing behind a descent module in a supersonic flight
regime, using LES and IBM techniques. The objective was to illustrate
that the unsteady dynamics of the ‘breathing’ instability are primarily
fluid-dependent, with the root of the phenomenon originating from the
complex flow system given by the aerodynamic configuration, rather
than being inherently linked to the structural flexibility of the deceler-
ator.

The turbulent wake of the descent capsule interacts with the bow
shock generated by the parachute, serving as the triggering factor for
this phenomenon. It is the low-frequency components in the wake tur-
bulence that initiate the instability and exert the most significant impact.
To properly capture the dynamic turbulent structures of the flow field,
the Large-Eddy Simulation approach is employed, along with energy-
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preserving schemes that prevent excessive dissipation of flow unsteadi-
ness. This enables us to observe the amplification of flow fluctuations as
they pass through the shock discontinuity, which causes the main root
of instability in the performance of the parachute.

These fluctuations induce local disturbances in the parachute shock
state, altering the velocity of the bow shock and destabilizing its equi-
librium with the upstream flow. As a result, the shock wave undergoes
continuous cyclic motion without reaching a static equilibrium, primar-
ily influenced by the turbulence within the wake, which either acceler-
ates or decelerates the local propagation velocity of the shock. Since the
velocity and motion of the shock are related to its intensity, periodic
increases and decreases in intensity are observed as variations in the
flow state inside the canopy volume, thereby affecting parachute per-
formance. Introducing structural dynamics in the canopy and allowing
deformations would potentially amplify this behavior over time, causing
fluctuations in the projected parachute area and consequently altering
the overall force generated. Connected to the periodic dynamics of the
parachute are the cyclic discharges of flow from under the canopy vol-
ume. The simulation of the flow field inside and around the canopy
highlights the formation of two separate toroidal vortical structures: a
stronger one inside the canopy and a weaker one on the outer surface.
The internal vortex produces periodic outflows related to the focusing
of flow fluctuations on the lower portion of the canopy, which in turn
feed the attached external vortex.

Based on the simulation results, a zero-dimensional model has been
developed to capture the unsteady dynamics of the shock motion and
predict the aerodynamic performance of the decelerator. The modeled
dynamics are driven by an input signal created by superimposing pure
tones extracted from the frequency analysis (DFT) of the capsule wake.
This signal represents the streamwise Mach number of the flow inter-
acting with the frontal bow shock of the parachute. These oscillations
trigger the model, resulting in shock position oscillations that repli-
cate both the physics of the phenomenon and the performance response
of the decelerator, matching the dynamics observed in the simulation
data. It is shown that the accuracy of the model results increases with
the introduction of further complexity in the wake modeling. This is
particularly evident when higher frequency tones are progressively su-
perimposed.

This outcome provides valuable insights into the factors contributing
to the unsteady responses of parachutes in supersonic regimes. By iso-
lating structural and other multiphysics causes, we were able to clearly
identify the root of the issue. This was supported by an analytical ap-
proach based exclusively on mass and momentum conservation princi-
ples.

Ultimately, the capabilities of the model are expected to be further
extended to introduce more flexibility in the provision of input param-
eters, along with implementing the effects of structural deformations in
the simulation process.
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Appendix A. Model definition

Control volume V' (¢) in Fig. A.1 is defined as:

ZR 7
3p (a2+a+l)A

which corresponds to the constant volume (hemisphere) inside the con-
verging geometry representing the parachute canopy, and the time-
varying volume (truncated cone) associated to the flux tube between
the shock wave and the canopy. The parachute shock wave shape is ap-
proximated normal at the axis region as described in section 4.

R, is the parachute radius as D,/2. Shock standoff distance A(r)
can be described by the following kinematic law: A(r) = Ag + (Mg —
M)ayt. Coefficient a(¢) defines the time-varying effective inflow in the
control volume and thus the dimension of the flux tube. It can be defined
using the stand-off distance A(7) and the flux-tube angle 8, which is fixed
and acts as a model parameter; for the present work # =0.5 rad. From
simple geometrical relations we can write: a(f) = (R, — tan(p)A) / R,.

V()= %;rR,} + (A1)

Surface S, (1) = an2a2 serves as an active time-varying surface where
the inflow quantities are applied.

By taking the derivative with respect to time, we obtain the standoff
distance rate-of-change:

28~ A =M - My *2)
Similarly, the control volume rate-of-change can be then defined as:

dv dA

= nRPZE =R, (Mg — M))a, (A.3)

A.1. Mass balance

4 (A4)

U

t/pdeO
v,

We apply Reynolds transport theorem to (A.4) from [62]:
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Replacing p — p, = const()? ) in V/, then (A.4.1) becomes:

d dpy av
= | pdv = vy=vZ2
dz/ﬂ (Pz ) a1 Pr—— dr

In (A.4.2) 0, represents the relative velocity of the interface of the con-
trol volume, which is 0, = U everywhere except at the inlet position.
In this case, considering the movement of the inlet interface given in
equation (A.2) we can write:

=(Ma, —Mpa))=02M,

- Ay=(Mya, — (Mg - Mg)a,

Uy | inlet

and expanding (A.4.2) with the corresponding local flow values we
have:

/p(zz~h)d5=nR,,2a2plal(2M1 Mg)— (xR, p}as + pas My Sy)
. J o
v

inlet flux outlet flux

where s indicates the flow quantity at the outflow position at sonic
condition. In the outlet term R, is the radius of the parachute vent as
D,/2and S; and M, are respectively the truncated cone lateral surface
and the flow component of M, which from geometrical considerations
equal:

Sp=7nR,(a+1)y/A2+ R, (1 - a)?
M= A
A2+ R (1—a)?

With all the previous considerations, by taking into account equation
(A.3) for the left-hand side, we divide by V' and we get:

(A.5a)

(A.5b)

dp, _7R,a’pja\2M| — My) 7R, p}

* kK
a; + pzazAier(a + 1)+

dr ~ 4 v
PR (0% +a+ 1)(Mg — M))a,
- (A.6)
K14
We may rewrite with P = and A== obtammg

*

p
M) — p—2[RV2A +AR,(a+ DA+
1

-M
')] (A7)

The system of equations is closed considering normal shock relations for

(r+HM
= ———5- where we obtain My as:
2+(-DM

4P | p=TU R 220M, -
dt Vv P

_ PR* @ +a+ 1) (Mg
3

2P
M=V D-Po- o

From (A.2), (A.7) and (A.8) we may write the time-marching algorithm
for P:

T P; 5
Mg) - p_[RV A+ AR (a+ DA+
1

. a
P=— |:Rp2a2(2M1 -

(A.9)

_ PR*(0? +a+ 1)(Mg - Ml)]
3

Mo=y)— 2P
+D—-Py-1
A=(M, - M))a,
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As stated in the model formulation section, the inflow Mach number
is treated as an input and is therefore modeled with a sinusoidal func-
tion. For simplicity in the present example we consider only a single
frequency content, with no phase shift, unlike to eq. (7).

St;,U
w T Ay sin [2n<$>t]

where Ma,,, A,, and St;, are obtained from the wake analysis, and
represent the average oscillation of the inflow Mach number, similar to
eq. (7). M, as M, ;’:L ~stands as the only input quantity employed for the
model.

Starting position for P, A and M is given by the equilibrium con-
dition P =0, assuming a = 1, which results in:

M= Ms'"L =Ma, (A.10)

Mg=May,
(y+DMay,
)
2+(y—-1DMay,

-2+ - 1)Ma5w2] (A11)
(r+ 1)2Masw

1 [2+(y—l)Ma

[2yMayg,,

A_

= WA, — Ry
" 2R,

“_R,*May,
2
(y + DMay,

A.2. Momentum balance

In order to model the forces generated by the parachute, momentum
conservation principle is employed:

Foa=— / podV
v,

(A.12)

We apply Reynolds transport theorem to equation (A.12) on the same
control volume V (¢):

Fex,——/pvdV+/pv(v n)ds
v

Con51der1ng ot = /av f-1id.S where 7 is the tension applied to the con-
trol volume surface, we get:

/z ndS——/pU dV+/pU(U -R)dS (A.13)
v v

where

/?-ﬁdS:/?-ﬁdS+ /?-ﬁds + /?-ﬁds + /?-ﬁds
v v, vy V3 v,

inlet (A.13.1) lateral flows (A.13.2) canopy (A.13.3) outlet (A.13.4)

Projecting equation (A.13) in the X direction, we obtain that term
(A.13.3) represents the drag force produced by the parachute. By ne-
glecting viscous effects, |?| = p for terms (A.13.1), (A.13.2) and (A.13.4).
For part (A.13.1), 0V, defines the inflow area of the flux tube driven by
a; for part (A.13.2), dV, represent the lateral surface of the truncated
cone. Part (A.13.4) instead denotes with 0V, the vent area .S,. Hence,
we obtain:

%/pudV+/pu(ﬁ’r~ﬁ)dS=—FD+/pdS—/pdS+/pdS
4 v S Sy S

Left-hand side is expanded by solving the fluxes. As seen previously, the
relative velocity of the control volume at .S is 0, = 2u; — u,. We obtain:

FD=(2p1u12—p1u1us+p1)S1+
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Mass balance

i d
Mmin £ /14, pdV =0

P,A =
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Momentum balance

d -
Fext=EfV( pvdV Cp

Fig. A.2. Block diagram of the model.

kK K 3k . d
_(p2u22 +p2)SU+pzSLsm(ﬁ)—E/pudV (A.14)
v

where = indicates the sonic state at outflow positions. We obtain

u; = M;a; by definition and instead via Rankine-Hugoniot u, =
@. From geometrical evaluations we derive sin(f) = (1 —a)Rp/

A2+ R (1 - )

Considering p — p, = const()?) andu —u, = const()?) in V, we may
rewrite the derivative term in equation A.14 as:

d d dv dp2 du2
E/pudea(pzqu)z pzu2ﬁ + MQV— + sz? (A15)

dt
14 —— Y= =
term (A.14.1) term (A.14.3)

term (A.14.2)
Term (A.14.1) and (A.14.2) are treated using equation (A.1) and (A.6):

dVv

paty - =puy P[xR* (Mg — M))a;] (A.16)
dp, .

MZVF =u,p VP (A17)

To solve term (A.14.3) we employ again Rankine-Hugoniot relations for
uy. Term (A.14.3) is then rewritten as:

du, d | M prVay . dM
PV —=paV— [— =5 M,P+P dtl

dt dt| P

We can further expand the term in this particular case by taking the
derivative of eq. (A.10) with respect to time:
S tin Uoo t
D

(A.18)

duy _ pia)V
Y T TP

{MIP +2PnSt;,A;,cos [27r<

Combining equation (A.16), (A.17), (A.18) in equation (A.15), we obtain
the parachute drag force from equation (A.14) as:

Fp= (2,011412 — pugug +pS, — (p;u;2 +p3)Sy+
+psaRo(1 - a®) = puy Pl R, (Mg — Mpay 1+
—uyp VP —pya;V{M, P+2PrSt;, A, cos[2a(St;,Uy, /D)t]} P!
(A.19)
Drag coefficient is ultimately computed with:

8F
Cr= D

S B— (A.20)
P aD(Maga,)?

where D, is the nominal diameter of the parachute. Block diagram
in Figure (A.2) summarises the basic input-output structure of the
model.

A.3. Model extension

Given the theoretical derivation of the model from first principles
of physics and the relatively limited number of assumptions made, a
natural extension of the model is anticipated and encouraged. Since
the current formulation is specific to the present geometric configura-
tion, further customization can be achieved by modifying the geometric
characteristics associated with the employed parachute shape. In the
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Table B.1
Summary of the validation campaign: comparison of the average
drag coefficient with reference values.

Test case Avg. drag coefficient ~ Exp. data Error(%)

Mach 2, Re=10°  1.055 1.012 [63]  4.25
Mach 4, Re=10°  0.993 0939 [63] 5.75
Mach 6, Re=10°  0.963 0923 [64]  4.33

context of the model derivation, this would translate into a modification
of how the canopy control volume is primarily defined, including the ge-
ometrical porosity (i.e., the openings in the canopy of the parachute).
A potential geometric extension could involve a disk-gap-band configu-
ration: adapting the model to such a geometry would require replacing
the straightforward hemispherical surface with the more complex, arbi-
trary geometry. Moreover, to account for the outflow through the gap
area which is characteristic of that geometry, an additional term must be
included in the outlet flux expression (A.4.2); this adjustment increases
the effective surface where the flow discharges at sonic conditions from
the canopy.

Regarding the extension of the physical basis of the model, incor-
porating the treatment of the structural porosity to account for the
fabric nature of the decelerator could be considered. By implementing
the Darcy-Forchheimer equation, using together the internal flow state
within the canopy and estimating the external flow state through an av-
erage differential pressure would allow for a more refined evaluation
of the flux balance in the canopy control volume. In this context, also
introducing multiple control volumes to represent distinct flow areas in-
side and around the canopy could further enhance the accuracy of the
model, ultimately yielding a more precise estimation of the drag coeffi-
cient.

A strong dependence of the model’s accuracy was observed based
on the treatment of its input parameters (i.e., egs. (A.10) and (7)). Fur-
ther wake analysis and an improved approach to modeling the incoming
wake turbulence could enhance the accuracy of the predictions, poten-
tially reducing discrepancies with experiments.

Appendix B. Validation of the software

The accuracy and reliability of the numerical solver STREAmS were
assessed by conducting three Large-Eddy Simulations for a sphere in
supersonic flow conditions at Mach numbers 2, 4, and 6; domain is dis-
cretised with a total of 14 million nodes. The Reynolds number for all
cases was set to 10°, and the specific heat ratio y = 1.4. The computed
average drag coefficient was compared with reference values from the
literature ([63,64]) for the same flow conditions. The results showed
good agreement, confirming the capability of the solver to accurately
predict fluctuating aerodynamic forces in supersonic regimes. This val-
idation provides additional confidence in the robustness of STREAmS
when applied to unsteady, compressible flows relevant to the present
study. See Table B.1 and Fig. B.1.

Data availability

Data will be made available on request.
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Fig. B.1. Instantaneous contours of a sphere in supersonic flow at different Mach numbers (2: left, 4: center, 6: right); axial plane cross-section, full-domain view.
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