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ABSTRACT

The Mars Sample Retrieval mission demands high-performance parachutes capable of surviving 
supersonic deceleration in Mars’ low-density atmosphere, specifically for the Lander. This study 
evaluates the suitability of a Ringsail parachute through computational fluid dynamics (CFD) simulations 
at supersonic (500 ms-1), low density (0.02 kgm-3) conditions. Velocity magnitude analysis revealed 
significant flow separation and turbulent wake formation. Stagnation zones posed localized stress 
risks, while asymmetric vorticity suggested susceptibility to collapse. This paper used computational 
fluid dynamics to evaluate the performance of a Ringsail parachute designed in Fusion360 in Martian 
atmospheric conditions through analysing lift and drag forces and coefficient of drag. The results are 
then validated against a previous study regarding the performance of Supersonic Ringsail Parachutes 
on Mars. Future work could explore transient inflation dynamics, material thermal limits, and varying 
porosity.
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INTRODUCTION

National Aeronautics and Space Administration 
(NASA)’s Mars Sample Retrieval mission, in 
cooperation with the European Space Agency (ESA), 
was approved in September 2022 and has been in 
the works ever since the landing of Perseverance. Set 
to launch within the next ten years, it aims to return 
samples of Mars collected by the Perseverance rover in 

2021 (1). Currently, NASA is working on developing 
the technology that will be used for this mission 
which involves the Sample Retrieval Lander and the 
Mars Ascent Vehicle, the two main vehicles that are 
a part of this rendezvous mission. However, landing 
spacecraft on Mars presents its own challenges due to 
its vastly different atmosphere compared to Earth’s. 
Hence, NASA is also improving and adjusting the 
Entry, Descent and Landing (EDL) system to suit the 
Sample Retrieval Lander (SRL) (2). NASA’s EDL takes 
into account the thin Martian atmosphere and makes 
use of Aeroshells, Parachutes, and other decelerators, 
and has been successful in previous Mars missions 
such as Perseverance and Curiosity. As the SRL is 
larger in mass and size than previous payloads in past 
Mars missions at an expected 3,375 kilograms (1), 
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however, the EDL sequence will differ and require 
more advanced components, including the parachute, 
which is instrumental for a successful terminal descent. 
Indeed, NASA mentioned in their Langley/Ames EDL 
Seminar Series in summer 2021 that the parachute is 
required to be ‘larger than any past mission’ (2). During 
the development of the EDL, they could potentially test 
out the applicability of Ringsail parachutes as well, 
as it may be more suitable for larger mass payloads, 
a notion proposed and tested by NASA’s Low-Density 
Supersonic Decelerator (LDSD) programme. Especially 
as the largest mass that has landed on Mars to date is 
the Perseverance rover, which is still just over three 
times less the mass of the Sample Retrieval Lander, a 
parachute more capable of producing high amounts of 
drag is necessary. Moreover, developing the Ringsail 
design to perform at supersonic speeds could prevent 
the need for another Ringsail parachute to be deployed 
at subsonic speeds, as the same parachute could be used 
due to the Ringsail’s consistent reliable performance 
in subsonic conditions. This has the potential to 
reduce costs and mass of the entire system, which are 
important considerations especially as NASA faces 
a steep cost for this mission. Therefore, this paper 
conducted a preliminary test with available data 
regarding the payload to conclude whether a supersonic 
Ringsail parachute would be effective in decelerating 
the SRL during its EDL sequence. Specifically, this 
paper analysed the drag and lift forces, the coefficient 
of drag, and stability of the parachute.

LITERATURE REVIEW

The development of parachutes for interplanetary 
missions began in 1967 when NASA’s Langley Research 
Centre launched the Planetary Entry Parachute 
Program which aimed to understand the performance 
of parachutes when launched in supersonic, low-density 
conditions, similar to those of Mars’ atmosphere. This 
program was a precursor to the Viking Program and 
was among other programs that developed supersonic 
decelerators for use in the Viking missions such as 
the Supersonic Planetary Entry Decelerator Program 
and Supersonic High-Altitude Parachute Experiment. 
It consisted of a series of test flights that investigated 
parachutes’ deployment characteristics such as drag 
and stability (3). Three key shapes of parachutes 
were tested: the Disk-Gap Band (DGB), Ringsail, and 
Cross. The Cross parachute was found to have a large 
drag area but minimum stability and has therefore not 

been used or considered much for Mars missions. The 
Ringsail proved to work well for Mach numbers under 
1.9, however the DGB proved to be the most suitable 
with better inflation and decent performance (3). 

One of the initial tests which proved the viability 
of the DGB parachute involved the parachute being 
deployed in a simulated Martian environment. This 
involved deploying it at a Mach number of 1.59 and 
a dynamic pressure of 555 N/m2. During this flight 
test, two panels of the disk had torn since there was a 
collision between the canopy and the bag in which the 
parachute was stored in, yet despite this, the parachute 
was successfully able to inflate stably and produce a 
suitable drag force (4). 

The application of parachutes for actual interplanetary 
missions, specifically Mars, first began with the Viking 
Program. The program, beginning in 1968, intended 
to land the first spacecrafts on Mars, Vikings 1 and 
2. As a part of this program, various DGB parachute 
designs were tested to determine the suitability for the 
Viking landers. The DGB was most likely chosen due 
to the testing this particular shape had undergone as a 
part of PEPP prior to this. Their performance when 
deployed in subsonic (Mach 0.5), transonic (Mach 0.9), 
and supersonic (Mach 2.2) levels was analysed by the 
Langley Research Centre (5). Through multiple flight and 
qualification tests conducted during the 1970s leading 
up to the launch in 1975, a 16 metre DGB parachute 
was ultimately chosen. According to a flight test by the 
Langley Research Centre conducted before the launch in 
November 1974, the parachute “successfully deployed, 
inflated, and exhibited sufficient drag and stability for 
Viking ‘75 mission requirements.” (5).

Since then, the DGB, pictured in Figure 1, has 
been the parachute of choice for Mars missions, as it 
has been proven to function well in supersonic, low-
density environments, posing lower risks. In particular, 
its superior stability in supersonic conditions is one 
major factor behind the use of DGB in Mars missions. 
It was used in the EDL sequence of the rovers Curiosity 
and Perseverance and was also deployed in China’s 
Tianwen-1 mission. 

Between Mars missions, the design of the DGB has 
evolved as different missions have different landing 
requirements. The DGB can mainly be classified 
into two main subsections: the Viking type and the 
Mars pathfinder (MPF) type. The Viking type is 
characterized by its higher drag coefficient yet lower 
stability, while the MPF type is known for its lower 
grad coefficient but higher stability (7). 
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Previously, the use of the Ringsail parachute was 
limited to subsonic deceleration, specifically in Earth’s 
atmosphere, as it has been proven to have a better 
subsonic drag performance than the DGB. Some 
notable missions which involved the use of Ringsail 
parachutes include Apollo, Gemini, and Mercury. 
In these missions, Ringsail parachutes were used in 
spacecrafts’ return to Earth. Yet there has been limited 
flight test data for Ringsail parachutes on supersonic 
environments as no spacecraft landing on Mars have 
deployed Ringsail parachutes thus far. 

In 2014, NASA initiated its LDSD project at its Jet 
Propulsion Laboratory in order to develop supersonic 
Ringsail (SSRS) parachutes for larger payloads landing 
on Mars. It focused on developing a larger diameter 
SSRS parachute of roughly 30 metres, turning out 
to be the largest supersonic parachute deployed, and 
conducted two major test flights. During the first test, 
the parachute was unable to inflate properly and resulted 
in a hard landing in the Pacific Ocean (8). Improving 
from this, NASA tested a second version a year later in 

2015 which was able to inflate fully as intended, proving 
that there is a probable chance for SSRS parachutes to 
be developed for use on Mars. Following the LDSD 
Project, a year later, the Advanced Supersonic Parachute 
Inflation Research Experiments (ASPIRE) project was 
launched focusing specifically on developing supersonic 
parachutes for Mars robotic missions. One of its biggest 
outcomes was developing the parachute used for the 
Mars 2020 rover, Perseverance. 

In a recent numerical study on parachutes systems 
for Mars exploring fabric permeability and porosity, 
it was acknowledged that larger payloads exceed ‘the 
maximum allowed one of disk-band-gap parachute’ (9). 
While this research focused on the structural integrity of 
the parachute, it does provide insights into the possibility 
of the use of the Ringsail parachute for supersonic 
deceleration in Mars, suggesting that through considering 
the structure and how it influences fluid behaviour 
around the parachute, the Ringsail can be adequately 
developed for future Mars missions with larger payloads. 
Therefore, as this is a possibility, this paper assesses the 
performance of a 24-diameter Ringsail parachute in low-
density, supersonic conditions.

METHODS AND MATERIALS

This paper utilised a computational method to 
analyse the suitability of Ringsail parachutes. First, 
designs of the Ringsail parachute were created on 
Autodesk®’s Fusion360 CAD software. This software 
was used due to its availability for student accounts. 
The sizes were based on the parachute used for the 
Perseverance mission, as NASA revealed in their 
Langley/Ames EDL Seminar Series that the parachute 
used would be a developed version of the DGB 
parachute used for Perseverance. As a part of this 
seminar, they mentioned exploring the use of 24 metre 
diameter parachutes. Therefore, the parachute was 
designed with a diameter of 24 metres. 

As solely the aerodynamics of the parachute were 
being assessed, suspension lines between a point 
representing the payload and the parachute were not 
included in the design. This is because this paper is solely 
focused on canopy aerodynamics and the force generated 
by the canopy, hence removing suspension lines would 
isolate the canopy shape, Ringsail, as the variable of 
interest. Suspension lines are constant regardless of 
canopy shape, hence the drag force produced by them 
would largely be the same regardless of canopy shape and 
would not be representative of the drag force produced 

Figure 1. The design and construction parameters of 
the DGB parachute used for the Tianwen-1 mission. It 
presents a modelled view of the parachute on the left 
and the working drawing on the right, labelled with the 
dimensions. This figure clearly shows the three major 
components of the parachute, the disk, gap, and the band, 
giving it its name (6).
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by the canopy. Additionally, the drag forces generated 
by suspension lines would be negligible compared to 
those generated by the canopy. Therefore, to simplify 
the design and reduce chances of meshing errors due 
to increased complexity, suspension lines were omitted. 
This led to the design visible in Figure 2. 

However, it is important to note that this design 
does not take into account porosity, therefore the CFD 
simulation will treat it as a solid body. This would lead 
to results depicting higher drag forces than would be 
the case with porous fabric, which must be taken into 
account when analysing data.  

After the parachute was designed on Fusion360, it 
was uploaded onto Autodesk® CFD, a CFD software 
that facilitates the simulation of objects in fluids. While 
Autodesk CFD does have certain solver limitations 
due to its comparatively weaker meshing abilities for 
complex geometries, this set up has been validated 
against other studies, such as (10), which provide 
evidence for Autodesk CFD’s accuracy, revealing that 
it was the most accurate out of the three software 
tested by the study with a deviation of less than 20% 
from empirical results. Moreover, its availability for 
student accounts made it conveniently accessible for 
this study. However, it should be noted that Autodesk 
CFD is being used to simulate supersonic flow in this 
paper, which may lead to larger deviations or errors 

from actual values, yet this would only affect results 
and the setup remains largely the same, save for the 
differences in density, pressure, temperature, velocity, 
and composition of the fluid. 

The conditions of the fluid were adjusted to mimic 
the thin Martian atmosphere. Figure 3 displays the 
conditions which define the atmosphere. 

In Autodesk® CFD, a simulation was run with 
carbon dioxide, as that makes up 95% of the Martian 
atmosphere. The specific conditions entered in 
Autodesk® CFD for the carbon dioxide are the same 
as the ones shown above in Figure 3. The values for 
these parameters are either standard values of carbon 
dioxide or known and commonly accepted values 
of carbon dioxide on Mars.  Moreover, 500 ms-1 was 
chosen as the velocity of the airflow as according to the 
discussion at the NASA Langley/Ames EDL Seminar 
Series in summer 2021, the velocity at which parachute 
deployment will occur is at 500 ms-1, at roughly Mach 
2.1, after decelerating from the initial entry interface 
velocity of 6000 ms-1 (2). This means the Lander will 
be traveling at that velocity before drag force due to the 
parachute decelerates it, therefore this value was chosen 
for the CFD simulation. 

A wind tunnel was created around the parachute 
before the simulation was run, seen in Figure 4. 
Compressible analysis was conducted to allow for 
simulation of supersonic flow. The velocity inlet was 
set to 500 ms-1. On Autodesk, the simulation was run 
for the parachute and data was collected on the lift and 
drag forces, as well as lateral forces to analyse stability 
and qualitative data regarding flow of air around the 
parachute. 

Figure 2. Third angle projection of Ringsail parachute 
design in Fusion360 CAD software (dimension of the 
diameter visible in millimetres), presenting the front, 
plan, and side view of the parachute. The key feature 
characterising the Ringsail, the vent ring, is visible as a 
constrained vent with suspension lines across it.

Figure 3. The conditions of the carbon dioxide-rich 
Martian atmosphere that was simulated in the CFD 
environment. The Martian atmosphere is defined by 
the key features density (kgm-3), pressure (Pascal), and 
temperature (Kelvin), and the velocity (ms-1) was input 
into the CFD as the fluid velocity in order to simulate the 
velocity of the payload being 500 ms-1.

Property Value
Density 0.02 kgm-3

Pressure  610 Pa
Temperature 210 K 

Velocity 500 ms-1
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RESULTS

The Ringsail parachute reached convergence on 
Autodesk® CFD after 3,636 iterations. Convergence 
was detected by Autodesk® CFD’s automatic 
convergence assessment which stops the analysis if 
there are no significant changes between one iteration 
and the next. The convergence plot for the Ringsail 
parachute is shown below in Figure 5, accompanied by 
the legend for this graph. 

In this figure, convergence refers to the stabilization 
of the residuals and solution variables represented by 
the curves after roughly 3,600 iterations of airflow. 
The solver is considered converged when each curve 
plateaus and the change in the value of all variables 
between the current and several hundred subsequent 
iterations is considered negligible. This indicates that 
the simulation is reaching its true physical state. 

Through the wall calculator, the forces on the 
parachute can be seen below in Figure 6. The direction 
of the flow of air was parallel to Fy, meaning Fy is the 
lift/drag force on the parachute. 

The drag force of roughly 4.4MN can be used to 
calculate the deceleration a of the spacecraft in Mars 
with Newton’s Second Law, using the mass of the 
Lander m as 3375kg, the value available on NASA’s 
technical specifications for the Lander.  The force of 
drag Fdrag used was the force in the y-axis in the CFD 
simulation, and the value of acceleration due to gravity 
on Mars gMars was used to calculate the weight W of the 
Lander. 

Figure 4. Ringsail parachute in the wind tunnel while 
Autodesk CFD is running the simulation. This image 
is taken at the beginning of the simulation. The box 
represents the wind tunnel, essentially a hollowed out, 
rectangular body, within which the Ringsail parachute 
is contained, rotated so that it is in plane with the front 
and back faces of the wind tunnel. The different colours 
correspond to the velocities of the fluid at those points. The 
greener colours represent speeds of around 500-600 ms-1, 
while dark blue represents 0 ms-1.

Figure 5. Convergence plot for the Ringsail parachute in Autodesk® CFD including a legend for each curve. This represents 
the value of each of the components measured at each iteration of the CFD simulation, forming various curves. The velocities 
are all measured in cms-1, pressure is measured in Pa, turbulent kinetic energy is measured in m2s-2, and turbulent kinetic 
energy dissipation in m2s-3. The curves begin to level off after 3,636 iterations, revealing that the solver has converged.

Figure 6. Forces in each of the 3 axes for the Ringsail 
parachute, where Fy is the lift/drag force, as this is the 
force acting on the underside of the canopy, and Fx and Fz 
are the lateral forces, with Fx representing the forces acting 
towards the left and the right of the parachute, while Fz 
represents forces acting up and down on the parachute. As 
visible in the figure, the units for these forces are Newtons.
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Fdrag = 4.43106MN

m = 3375kg

gMars = 3.71ms-2

W = mg = 12,521N

This would mean there is a deceleration of 1308.89 
ms-2. The coefficient of drag Cd was then calculated so it 
can be better compared to other parachutes deployed on 
Mars. The values substituted for density ρ and velocity  u 
can be found in Figure 3, while A is the reference area. 

This value for the coefficient of drag is significantly 
higher than necessary for Mars missions. They 
tend to be roughly 0.5-0.8 (6) for deployment of 
supersonic DGB parachutes, which is optimal for 
these missions.  As suggested in the Methodology, this 
abnormally high coefficient of drag is possibly largely 
due to the large drag force due to the impermeability of 
the parachute canopy. 

Therefore, to find a more accurate estimation for 
the coefficient of drag of this parachute, porosity was 
factored in. Simulation data for parachutes in Martian 
conditions which are not impermeable from studies 
such as (11) and (12) suggest that the wake velocity of 
parachutes with porosity is roughly under half of the 
approach velocity, whilst for impermeable parachutes, 
the wake velocity is 0 ms-1. This information can be 
used to find the ratio of dynamic pressure of a porous 
parachute to the dynamic pressure of an impermeable 
parachute, which can then be multiplied by the drag 
force of the impermeable parachute to find an estimate 
for the drag force acting on a porous parachute. 
The below equation describes change in dynamic 
pressure  Δq in terms of density and change in velocity, 
represented by the difference of the wake velocity, v, 
squared and approach velocity, u, squared.

Since the reference area is constant regardless of 
porosity, the ratio of dynamic pressure is equal to the 

ratio of the forces acting on each parachute.

Additionally, as density is constant, dynamic 
pressure can be written as the difference in the wave 
velocity squared and the approach velocity squared. 
According to the trends noted in studies (11) and (12), 
the wave velocity was estimated to be roughly 250 ms-1.

Using this estimated value for the drag force of 
a porous parachute, a more accurate value for the 
coefficient of drag can be calculated. 

This result is closer to the typical range for the drag 
coefficient of Mars lander parachutes of 0.5-0.8, and 
is in fact within the range of the drag coefficient for 
the triconical DGB modification of 0.8-0.96 (6). Once 
quantitative data of the parachute was produced and 
analysed, the performance of the parachute canopy was 
also analysed qualitatively through airflow data. 

As visible in Figure 7, the parachute massively 
decelerated the air, seen by the dark blue wake of the 
parachute. The highest velocities occur near the edges of 
the parachute, represented by the green regions, which 
are around two times larger than the inlet velocity of 
500 ms-1), suggesting high-speed flow separation. This 
may be one of the main reasons for the significant lateral 
forces mentioned in Figure 6. There are some regions 
with velocities of 0 ms-1 near the parachute surface, 
suggesting stagnation points.  Moreover, as visible on 
the underside of the canopy, the velocity is roughly 200 
ms-1, suggesting that due to the impermeability of this 
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parachute, there is recirculation of air, which may have 
also contributed to instability and therefore resulting in 
the large lateral forces visible in Figure 6. 

DISCUSSION

The objective of this paper was to analyse and 
evaluate the performance of a Ringsail parachute 
in Martian conditions for NASA’s SRL through 
considering data such as the deceleration and drag, 
as well as how air flows around the parachute. A 
deceleration of 1308.89 ms-2 is extremely high for any 
spacecraft on Mars and could result in significant 
damage to the spacecraft. This value of deceleration 
means almost 130 g’s of deceleration, which is far too 
high. Mars parachutes typically apply decelerations of 
around 5-10 g’s. For example, Curiosity’s parachute 
produced roughly 289 kN of drag (13), which ensured 
the safe landing of the Curiosity Rover. The coefficient 
of drag, 3.92, is also much higher than previous Mars 
missions where DGB parachutes were used. 

However, these results are applicable to the 

impermeable parachute. Upon considering porosity, this 
value for drag coefficient comes down to about 0.96, 
which is a significantly more realistic drag coefficient, 
and aligns with previous studies such as (6) and (14). 
This reveals that the Ringsail design can be adopted for 
supersonic deceleration in the Martian atmosphere, and 
specifically for use in the Lander’s mission with slight 
changes to porosity and sizing helping to obtain a drag 
coefficient for this parachute within the desired range of 
0.5-0.8.  

The proximity of this value to the desired drag 
coefficient provides hope that smaller Ringsail 
parachutes could potentially be developed for this and 
future Mars missions as the results suggest that the 
parachute could be within the 0.5-0.8 range if the drag 
force was slightly smaller. In fact, a previous study (14) 
most similar to this paper investigates the performance 
of a roughly 30 metre diameter SSRS parachute, 
whilst the parachute simulated in this research has a 
diameter 6 metres smaller. This paper therefore reveals 
that, since the smaller parachute examined is close to 
achieving a drag coefficient of 0.5-0.8, smaller SSRS 

Figure 7. In the middle, the plane represents the flow of air through the middle of the parachute. On the right, the model 
shows the flow of air around the sides of the parachute. The left shows the key to understanding the blue and green colours, 
which represent the velocities of the fluid at different positions on the parachute in cms-1. Darker blue colours represent lower 
velocities close to 0 cms-1. Note that the lowest velocities are in the parachute’s wake, which is close to 0 cms-1, while the fluid 
in fact speeds up near edges and the vent ring, reaching speeds more than 80000 cms-1.
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parachutes may be viable for Mars missions, saving 
costs and payload mass. 

While the estimated drag coefficient is slightly 
higher, this could be due to software limitations. 
Fusion360 is relatively ineffective at meshing complex 
geometries and representing material porosity and 
Autodesk CFD is not able to mimic inflation dynamics, 
two factors which impact the performance of the 
parachute in the simulation. Although porosity was 
accounted for to some extent, inflation dynamics were 
unable to be included, leading to slightly less reliable 
results. Other similar studies tend to use custom coded 
CFD frameworks, such as NASA’s LAVA Solver, 
which are more advanced and are able to handle more 
complex meshing and inflation dynamics. Therefore, 
future research on the suitability of the Ringsail 
parachute for supersonic, low-density conditions could 
be experimented using this more advanced software, 
or empirically through real-world tests, such as those 
conducted during the ASPIRE project. 

Additionally, the presence of high-speed flow 
separation near the edges could lead to oscillations 
and violent shaking, especially as the separation is 
asymmetric. Instability in the Ringsail parachute was 
indicated by oscillating lateral aerodynamic forces (Fx, 
Fz) and asymmetric pressure distributions in the canopy 
region. However, this may also be due to the presence 
of recirculation of air due to the lack of porosity in 
the modelled canopy, therefore further research into 
how fluid dynamics are affected by porosity must be 
examined before claims are made regarding the stability 
of Ringsail parachutes. 

CONCLUSION 

In conclusion, preliminary results from this paper 
suggest that the Ringsail parachute, with an estimated 
drag coefficient of 0.96, could potentially be suitable for 
the descent of the Sample Retrieval Lander into Mars. 
As the first CFD-based Ringsail Mars test in student 
work, it provides evidence suggesting that, if further 
modified slightly, the Ringsail could be a possible 
alternative to the DGB parachute for Mars missions 
even beyond the Sample Retrieval Lander. 

However, there are certain limitations to the study. 
As mentioned in the Discussion, the initial simulation 
lacks consideration of porosity and inflation dynamics. 
Certain simplification in the geometry of the parachute, 
such as the omission of suspension lines could have 
impacted the results slightly, potentially leading to 

more desirable and accurate drag coefficient values. 
Additionally, this paper utilised Autodesk CFD as 
opposed to more advanced software with increased 
meshing and solver capabilities. Despite these 
limitations, the findings of this paper may still be taken 
into consideration as a contribution to the development 
of a parachute for the SRL, as it provides a starting 
point, suggesting a parachute design, Ringsail, that 
could be applicable for this mission. 

Future work should not only further refine these 
results by addressing these limitations, but could 
also explore possible changes that may enhance the 
performance of the Ringsail under Martian conditions. 
For example, different diameters and porosities could 
be tested and their effects on aerodynamic coefficients 
analyzed to investigate how the Ringsail could 
be optimized and improved further. Moreover, as 
mentioned in the Discussion, empirical data could be 
collected by running physical wind tunnel tests, which 
could also help to explore actual inflation dynamics. 
Perhaps a hybrid method could be implemented which 
considers both simulation and wind tunnel test data, 
which would also improve the reliability of data due 
to the increased ability to internally validate results. 
Future work may also want to consider methods to 
reduce costs for this mission, perhaps by reducing area 
and therefore fabric requirements, as NASA is currently 
facing a steep cost of roughly $11 billion USD for the 
whole mission (15), hence cost is an important factor to 
consider when deciding upon the parachute model. 
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