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Introduction:

In order to deliver payloads to the surface of Mars, reliable entry, descent, and landing (EDL) systems
are needed. The Martian atmosphere is thin, approximately 1% of Earth’s atmospheric pressure
(Leovy,1977), thus a spacecraft must use several methods to slow down before landing. Parachutes are
an important part of this process because they provide aerodynamic deceleration after the spacecraft
has passed through the initial hypersonic entry phase. They reduce the vehicle’s speed so that other
landing systems, such as airbags, retrorockets, or sky cranes, can operate safely. However, Mars
parachutes are different from parachutes used on Earth atmosphere because they need to deploy
and operate at supersonic speeds (Adam Nelessen, 2019). This creates a highly compressible and
separated flow around the canopy, making it important to predict the aerodynamic forces accurately
when designing Mars landing systems.

The flow around a parachute is also much more complicated than the flow around a conventional
streamlined body. A deployed canopy produces drag mainly because of the pressure difference between
its front and rear surfaces. At the same time, air flows through and around the canopy, creating shear
layers, recirculation regions, and a large wake behind it (Peterson, 1996). At supersonic speeds, shock
waves also form, causing large changes in pressure, density, and temperature. These effects occur
together with turbulence, boundary-layer development, flow separation, and wake mixing (Peterson,
1996). As a result, predicting the drag of a supersonic parachute is a challenging computational fluid
dynamics (CFD) problem.

One of the important geometric factors affecting parachute performance is canopy porosity. Porosity
refers to the percentage of the projected canopy area that is made up of openings. These openings
allow some of the flow to pass through the canopy. Changing the porosity can affect the pressure
distribution over the canopy, the size and strength of the wake, and the overall drag coefficient. This is
especially important when comparing different Mars parachute designs. For example, Mars parachute
systems have used different canopy designs and porosities, including approximately 9.3% for Mars
Pathfinder (Xu, 2024), approximately 12.5% for Viking and similar hemisflo parachutes (Maynard,
1961), and approximately 22.4% for the Huygens parachute system (Lingard, 1995). However, the
aerodynamic results for these parachutes were obtained using different test conditions and numerical
methods.

Because of these differences, it is difficult to compare the reported drag coefficients from different
Mars parachute programmes directly. Changes in aerodynamic performance may be caused by
porosity, but they may also be caused by differences in canopy shape, payload or forebody geometry,
wake interaction, wind-tunnel conditions, flow properties, computational mesh, solver, or turbulence
model. For example, a parachute located behind a spacecraft forebody will experience a different flow
field from an isolated parachute placed in a uniform free stream. Therefore, although previous studies
provide useful information, they cannot be used on their own to determine the effect of porosity
accurately.

CFD can help overcome this problem because it allows individual parameters to be changed while
keeping the other conditions the same. This makes it possible to study the effect of porosity in a
more controlled way. Reynolds-averaged Navier—Stokes (RANS) turbulence models are commonly



used because they provide a practical way of modelling turbulent flows without requiring excessive
computational resources.

This study investigates the effect of geometric porosity on the aerodynamic performance of a
supersonic disk-gap-band (DGB) parachute using computational fluid dynamics. An axisymmetric
model of a Mars-relevant DGB parachute is simulated under uniform Mach 2.0 flow, with the canopy
geometry and flow conditions held constant while geometric porosity is systematically varied. Five
porosity configurations are investigated: 9.3%, 10%, 12.5%, 15%, and 22.4%. The 10%, 12.5%, and
15% configurations correspond to the porosity range investigated in historical NASA experiments
(Maynard, 1961), while the 9.3% and 22.4% configurations extend the investigation to porosity values
representative of other Mars parachute systems (Xu, 2024 and Lingard, 1995).

The study aims to determine how geometric porosity affects the aerodynamic drag coefficient and
the associated flow field. In addition to the calculated drag coefficient, velocity, streamwise velocity,
static-pressure, and total-pressure fields are examined to investigate changes in the separated wake
and pressure distribution with porosity. The investigation therefore focuses primarily on the relative
effect of porosity under otherwise identical computational conditions.

Methods:

Reference geometry:

Defining geometric porosity:

Geometric porosity is an important parameter that describes the proportion of the projected canopy
area with openings through which the surrounding flow can pass through. For this axisymmetric
DGB parachute, porosity is introduced through the annular gap between the disk and band (Fig 1).
The porosity of the parachute is defined as:
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Where A, is the total area of the openings in the canopy, and A, is the projected reference area

of the canopy. For this circular canopy, it is given by
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Where D, is the nominal parachute diameter.

The annular gap was iteratively adjusted in Fusion 360 until the calculated projected open area
corresponded to the target porosity. This procedure generated five geometrically consistent parachute
configurations differing only in geometric porosity.

Modeling of the parachutes and changing porosities:

The reference DGB profile, from the Viking 1 program, was reconstructed in Autodesk Fusion 360
v.2605.0.97 using the published geometric dimensions of the selected reference configuration. The
canopy was modelled as a three-dimensional ribbed surface comprising of a central disk, annular
gap and outer band, with the nominal canopy diameter D, used as the principal geometric scale,
of which all other dimensions were scaled from. The dimensions of the disk, gap and band profile
were maintained across all simulations. The canopy was designed from a two-dimensional radial
cross-section defining the canopy profile. A single rib surface was constructed using the prescribed
radial dimensions and was then replicated circumferentially using a circular pattern to produce 48
equally spaced ribs. The outer portion of the rib profile was defined using a circular arc with a
specified radius and centre, allowing the curvature of the canopy edge to be controlled independently
of the remainder of the profile. The resulting surfaces were used to generate the three-dimensional



(a) DGB Parachute diagram of Viking 1 (b) 3D model of DGB parachute used in CFD testing

(c) Side view of DGB

Figure 1: DGB parachute Diagram, Source: https://ars.els-cdn.com/content/image/1-s2.0-
52692765922000229-€1s9805457.£ig.001.jpg

DGB canopy geometry. The terminal canopy curvature was defined as a circular arc of radius
0.0375D,, centred at (0.48D,, 0.03125D,)) relative to the parachute centreline. For the parametric
study, the rib profile and all canopy dimensions were held constant except for the geometry defining
the annular gap. The gap was adjusted to produce target geometric porosities of 9.3%, 10%, 12.5%,
15% and 22.4%.

Physics equations:

The compressible flow was governed by the compressible Navier—Stokes equations, expressed through
the conservation of mass, momentum and energy. These equations describe the conservation of mass,
the balance of momentum resulting from pressure and viscous forces, and the conservation of energy
within the flow.

Conservation of mass:
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Conservation of momentum:
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Conservation of energy:
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Because the present simulations model a steady-state compressible supersonic flow, density, pressure

and temperature are coupled and the energy equation is required to account for the thermodynamic
changes associated with compression and expansion of the flow.
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The simulations use a Reynolds-averaged Navier—Stokes (RANS) formulation to represent turbulence.
In RANS, the instantaneous velocity is decomposed into a mean component and a fluctuating
component:

u;, =, + u;
where @, is the mean velocity and wu; is the turbulent fluctuation. Reynolds averaging introduces
additional Reynolds-stress terms into the governing equations. These terms are not directly resolved
by the RANS formulation and are instead modelled using a turbulence closure. In this study, the
k-w SST model was used to provide this closure.

We quantify the aerodynamic performance of the canopy using the drag coefficient, which is given by:
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Where C; is the Coefficient of turbulent drag, F; is the drag force experienced on the canopy, is
the density of the fluid, A is the area of the canopy viewed from the direction of the fluid flow, and v
is the flow velocity. The drag force is a result obtained through the CFD simulations, which, for this
geometry, is mainly comprised of the pressure forces from the shocks.

CFD Setup:

A three-dimensional computational model of the DGB parachute was constructed using the geometric
dimensions described previously. The parachute was positioned within a cylindrical computational
domain representative of a wind-tunnel configuration. The domain diameter was set to approximately
4D, where D is the nominal parachute diameter, providing an approximately uniform radial clearance
of 2D, between the canopy centreline and the outer domain boundary. The inlet was located 4D,
upstream of the canopy, while the outlet was positioned 10D, downstream. This provided sufficient
upstream and downstream distance for development of the incoming flow and wake within the
computational domain.

The simulations were performed under compressible flow conditions with a freestream velocity of
450 m/s, corresponding approximately to Mach 2 under the specified thermodynamic conditions.
The freestream temperature was set to 230K with the working fluid represented using a specific
gas constant of 188.9 J/K/Kg appropriate for a CO5-dominated Martian atmosphere. Density was
treated as a dependent thermodynamic variable and determined by the compressible-flow solution.

Heat transfer was enabled and the advection scheme was specified as ADV 5 (modified Petrov—
Galerkin (Frey 2008)). The simulations used Autodesk CFD's steady-state compressible solver with
the k-w Shear Stress Transport (SST) Reynolds-averaged Navier—Stokes (RANS) turbulence model.
This turbulence model was retained for all porosity configurations to ensure that changes in the
predicted aerodynamic behaviour arose from the prescribed geometric variation rather than from
changes in computational turbulence.

At the inlet boundary, a velocity boundary condition of magnitude 450 m/s was applied in the
direction normal to the incoming flow and towards the parachute. The downstream outlet was assigned
a gauge pressure of 0 Pa. The remaining domain boundaries were treated according to Autodesk
CFD flow-domain boundary conditions appropriate to the cylindrical wind-tunnel configuration.



The computational mesh was generated using the automatic meshing functionality within Autodesk
CFD. The same meshing procedure and domain construction were maintained for each porosity
configuration. Each simulation was advanced for 200 steady-state iterations, after which the aero-
dynamic forces and flow-field quantities were recorded. As the solver convergence criterion used
internally by Autodesk CFD was not recorded, the 200-iteration solution was used consistently for
all porosity configurations.

Turbulence models:

A single RANS turbulence model was used consistently for all simulations to isolate the effect of
geometric porosity. The k-w SST model was selected based on its availability within Autodesk
CFD and its suitability for separated external aerodynamic flows. The same turbulence closure was
retained for every porosity configuration so that differences in the predicted aerodynamic behaviour
arose from the prescribed geometric variation rather than changes in the turbulence model.

Results:

Linear regression was performed via ordinary least squares (scipy.stats.linregress) to characterize the
relationship between porosity ( , independent variable) and drag coefficient (Cd, dependent variable)
for both compensated and uncompensated configurations (n = 5 per condition) (Fig 2). Goodness
of fit was assessed using the coefficient of determination (R?) and Pearson correlation coefficient
(r); statistical significance of the slope was evaluated via a two-tailed t-test ( = 0.05), yielding the
reported p-values. Standard error of the slope estimate was also computed to quantify uncertainty in
the fitted relationship.

The calculated drag coefficient generally decreased with increasing geometric porosity. The uncom-
pensated drag coefficient decreased from 5.935 at 9.3% porosity to 5.518 at 22.4%, representing a
reduction of approximately 7.03%. The largest reduction occurred between 12.5% and 15% porosity,
while the change between 10% and 12.5% was comparatively small.

To investigate the aerodynamic mechanisms underlying this variation, velocity and pressure fields
were examined for each porosity configuration.

1. Static pressure contours:

The static pressure contours (fig 3) show an high pressure region immediately in front of the canopy,
as shown by the yellow region. This indicates the immediate compression of the air as it encounters
the canopy. This pressure deficit upstream and downstream of the canopy contributes to Fy. The
cyan region downstream of the canopy coincides spatially with the separated wake observed in the
velocity contours. It extends for a substantial region downstream, which corresponds to the wake
seen in the velocity plots, where in the V.. plot, it is the area of lower velocity, and in the V,
plot, the area where recirculation occurs. In the different plots, the magnitude, and spatial extent of
the pressure disturbance varies with porosity. This variation can be quantified through using the
coefficient of pressure C,,, where C is given by:

p—p
0 = PP
I

2. Velocity magnitude:

The velocity magnitude contours (Fig 4) show the formation of low-velocity wakes downstream of the
canopy, which is present in all porosity configurations. The wake originates immediately downstream
of the canopy and persists into the downstream flow. Changes in the size and structure of the
low velocity region are visible as geometric porosity varies, particularly in the near-wake region
surrounding the DGB structure.

The higher porosity configurations show greater penetration of the external flow through the disk-gap
region, which produced a visibly different near-wake structure when compared to the lower porosity
configurations.
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Figure 2: Plot of drag coefficient against porosity for the parachutes. A Pearson product-moment
correlation coefficient (r) was calculated to investigate this relationship. For the five tests in the
sample, the calculated value was r=-0.890. At a 5% significance level, the critical value for n=>5
Was T =0-8054. Since [r/ = 0.890 > 0.8054, the null hypothesis (H,) was rejected. Therefore,
the data provides sufficient statistical evidence of a significant linear correlation between geometric
porosity and drag coefficient.

3. Vy plots

In our CFD tests, the component of the velocity vector parallel to the freestream was labelled V, and
these contours (Fig 5) showed the presence of reversed flow and recirculation in the near-wake region,
with negative V occuring immediately downstream of the canopy. This indicates flow separation
and the formation of a recirculating wake. The extent and intensity of the reverse-flow region varies
with geometric porosity.

4. Total pressure: Taking total pressure plots (Fig 6) showed a region of reduced total pressure
downstream of the canopy for all configurations. The total-pressure deficit is concentrated within
the wake and is indicative of irreversible losses associated with shock formation, flow separation,
and subsequent turbulent mixing. The spatial distribution of the total pressure deficit changes with
geometric porosity.

Discussion:
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Figure 3: Static pressure plot of 10% porosity.
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Figure 4: Velocity magnitude plot of 22.4% porosity.

This study investigated the effect of geometric porosity on the aerodynamic behaviour of a su-
personic disk-gap-band Mars parachute using three-dimensional compressible CFD. Five porosity
configurations, ranging from 9.3% to 22.4%, were investigated under otherwise consistent flow and
computational conditions. The calculated drag coefficient generally decreased with increasing geo-
metric porosity, indicating that porosity has a measurable influence on the aerodynamic performance
of the canopy.

The results indicate that geometric porosity influences the aerodynamic behaviour of the supersonic
DGB parachute, with the calculated drag coefficient generally decreasing as porosity increased. This
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Figure 5: V plot of 12.5% porosity.
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Figure 6: Total pressure plot of 15% porosity.

reduction was accompanied by changes in the downstream wake, including variations in the extent of
the reverse-flow region and the velocity deficit. Changes in the static and total pressure fields were
also observed, indicating that the effect of porosity extends beyond the reduction in projected solid
area and modifies the flow and pressure structure surrounding the canopy.

Across the investigated range of 9.3 -22.4% porosity, the uncompensated drag coefficient decreased
from 5.935 to 5.518, corresponding to a reduction of approximately 7.0%. A statistically significant
negative linear association was also obtained for the five configurations (r = —0.890, p ~ 0.043);



however, this should be interpreted cautiously because of the small sample size and the limitations of
the numerical model.

The present results differ from the experimental findings of Mayhue and Bobbitt, (1976) who
investigated DGB parachutes with geometric porosities of 10%, 12.5% and 15% at Mach numbers
between 2.0 and 3.0 and reported relatively little effect of geometric porosity on canopy inflation
characteristics and drag within the tested range. In the present CFD simulations, increasing porosity
was instead associated with a general reduction in calculated drag coefficient. This discrepancy
may arise from differences between the experimental and numerical configurations rather than from
porosity alone. The NASA models were deployed behind a forebody and exhibited canopy motion
and changes in projected area, whereas the present model represents an isolated, fixed DGB canopy
in a cylindrical computational domain. Consequently, the present simulations isolate geometric
porosity more directly, but do not reproduce all the aerodynamic and structural characteristics of
the experimental system.

This is consistent with later experimental comparisons of Viking and Mars Pathfinder DGB parachutes,
which showed differences in measured drag even under comparable test conditions and identified factors
including canopy geometry and fabric permeability as contributors to aerodynamic performance. The
controlled geometry used in the present study therefore provides a means of isolating the effect of
geometric porosity from these additional parameters.

The observed reduction in drag with increasing porosity may be associated with changes in the flow
passing through the annular gap. Increasing the gap width provides a larger opening through which
the incoming flow can pass, modifying the interaction between the internal flow and the separated
wake downstream of the canopy. The V, contours show negative streamwise velocity immediately
downstream of the canopy, indicating the presence of a recirculating separated region. Variation in
the axial extent of this reverse-flow region with porosity suggests that the disk-gap flow influences
the structure of the downstream wake.

The velocity-magnitude contours similarly show a persistent velocity deficit downstream of the canopy
for all porosity configurations, although the structure and spatial extent of the wake vary with
porosity. The static-pressure contours show elevated pressure upstream of the canopy associated
with deceleration and compression of the incoming flow, followed by a region of reduced pressure
within the separated wake. Consequently, modifications to the wake produced by changes in porosity
are accompanied by changes in the pressure field surrounding the canopy.

These pressure changes provide a possible mechanism for the observed variation in drag coefficient.
Increasing porosity changes the flow through the canopy and therefore modifies the pressure distribu-
tion acting on its surfaces. Since pressure forces contribute directly to the aerodynamic drag, changes
in this distribution can alter the resultant drag force. The total-pressure contours additionally show
a pronounced pressure deficit within the wake, consistent with irreversible losses associated with
shock formation, flow separation and turbulent mixing.

Although the overall relationship between porosity and drag was negative, the calculated drag
coefficient did not decrease monotonically at every porosity increment. This behaviour may indicate
that the aerodynamic response is not governed solely by the reduction in projected solid area. Instead,
changes in gap flow and wake structure may produce competing effects on the pressure distribution.
However, the observed deviations from monotonic behaviour should not be interpreted as physical
effects with confidence until numerical and methodological sources of uncertainty, particularly mesh
resolution, convergence and reference-area definition, have been assessed.

The study is subject to limitations associated with the numerical modelling, including the com-
putational mesh, steady-state RANS treatment, and uncertainty in the reference-area definition.
The definition of the reference area represents an important methodological consideration because
geometric porosity changes the projected open area while the nominal canopy diameter remains
constant. A consistent nominal reference area is therefore necessary when comparing \(C_D\)
values between configurations. The mesh was generated using Autodesk CFD's automatic meshing



procedure, and a formal mesh-independence study was not performed. Consequently, the sensitivity
of the predicted drag coefficient and wake structure to spatial resolution remains uncertain. The
use of a steady k-w SST RANS formulation also limits the representation of the inherently unsteady
separated wake. Large-scale turbulent structures and temporal fluctuations may therefore not be
fully captured. The discrepancy between the calculated drag coefficients and published experimental
values prevents the numerical model from being considered quantitatively validated. The NASA data
are therefore treated as an external benchmark rather than as validation of the present CFD model.

The implication of this study is that porosity can affect supersonic parachute aerodynamics through
changes in the flow field, and therefore comparisons of historical parachute systems based solely on
their reported porosity values may be misleading. The results demonstrate the value of isolating
geometric porosity in a controlled numerical environment. Historical Mars parachute programmes
employed different canopy geometries and porosities, meaning that differences in their reported
aerodynamic performance cannot necessarily be attributed to porosity alone. The present approach
provides a controlled framework for examining this parameter independently.

Future work should first establish mesh independence and sensitivity to numerical convergence and
turbulence modelling. The computational domain could also be systematically varied to quantify
blockage effects and determine their influence on the predicted drag. Further simulations using
independently reconstructed Pathfinder, Viking and Huygens geometries would then allow the
combined effects of porosity and canopy geometry to be separated. Experimental comparison using a
matching isolated-canopy configuration would also provide a stronger basis for quantitative validation.

Conclusion:

This study investigated the effect of geometric porosity on the aerodynamic behaviour of a supersonic
disk-gap-band parachute using three-dimensional compressible CFD. Across the investigated range
of 9.3-22.4% porosity, the calculated drag coefficient generally decreased with increasing porosity.
Examination of the velocity, streamwise velocity, static-pressure and total-pressure fields demonstrated
that changing the annular gap modified the downstream separated wake and the pressure distribution
surrounding the canopy. These results suggest that the influence of porosity extends beyond the
reduction in projected solid area and involves changes in the flow structure through and downstream
of the canopy.

The present CFD results differed from published experimental drag measurements, preventing quan-
titative validation of the numerical model. Nevertheless, the controlled variation of the annular gap
provided an isolated investigation of geometric porosity under consistent computational conditions.
The findings indicate that porosity is an important parameter in supersonic DGB parachute aerody-
namics, while also demonstrating that differences between historical parachute programmes cannot
necessarily be attributed to porosity alone. Further work incorporating mesh-independence studies,
sensitivity to turbulence modelling and computational-domain dimensions, together with experimental
validation using a matching isolated-canopy configuration, would strengthen the conclusions of the
present investigation.
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