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A numerical model to simulate the fluid-structure interaction of Ram-Air wings (such
as gliding parachutes or paragliders) is presented. To simulate the high Reynolds number
flow around the canopy a panel method is chosen. It is further enhanced using an integral
boundary layer solver and a separation model to account for viscous effects. The structural
model developed is a mass spring system using Delingette’s identification of local stiffness
parameters. The time marching of the equations of motion is carried out with a stiff integrator.
A smooth shape is provided to the aerodynamic solver thanks to a surface spline of the structure.
Results on a paraglider geometry are presented and compared to flight test observations. Then,
a ram-air parachute canopy is studied, simulation results are challenged against wind tunnel
tests.

I. Nomenclature

U𝑖𝑛 𝑓 = inlet velocity
𝐶𝑙 = Lift coefficient
𝐶𝑑 = Drag coefficient
𝑅𝑒 = Reynolds number
𝑆𝑟𝑒 𝑓 = Reference area
𝐶𝑝 = Pressure coefficient
𝜃 = Momentum thickness
𝑠 = Curvilinear chordwise coordinate
𝐻 = Shape parameter
𝐻∗ = Kinetic energy shape parameter
𝐻∗∗ = Density shape parameter
𝑈𝑒 = Boundary-layer edge velocity norm
𝑀𝑒 = Boundary-layer edge mach number
𝑅𝑒𝜃 = Momentum thickness Reynolds number
𝐶 𝑓 = Dkin-friction coefficient
𝐶𝐷 = Dissipation coefficent
𝐶𝜏 = Shear stress coefficient
𝛿∗ = Displacement thickness
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𝑆 = Stratford’s number
𝑅𝑒𝑠 = Curvilinear coordinate reynolds number
𝐶𝑝𝑠𝑒𝑝 = Pressure coefficient on the separation point
𝐸 , 𝜈 = Young’s modulus and Poisson ratio
𝜆,𝜇 = Lamé coefficients
𝜅,𝛾 = Local stiffness parameters
𝛽 = Damping coefficient
𝑑𝑙,𝐿,𝑙 = Elongation, rest length and elongated length of a Triangle’s edge
𝜎1, 𝜎2 = Principal stresses in the fabric membrane
Q, v = Structural nodes positions and velocities
𝛽 = Structural damping coefficient
𝜀 = Cartesian strain
𝜎̃ = Cartesian stress
𝐶𝑚 = Stress-strain matrix

II. Introduction
In order to build a thorough design tool for flexible ram-air canopies, fluid-structure interaction (FSI) can not be

ignored. Indeed, since there are no major rigid parts in the structure, its shape is determined by aerodynamic pressure
forces, that are themselves dependant on the shape of the structure. A major issue raised by FSI simulations for ram-air
wings like paragliders and parachutes consists in properly resolving external flows with high Reynolds numbers on a
flexible wall with an arbitrary motion. It is a great challenge since one needs to properly resolve a very thin turbulent
boundary layer that requires very high mesh resolution close to the moving wall. N. Fogell et al. presented a framework
using high-fidelity 3D CFD (Computational Fluid Dynamics) coupled to a CSD (Computational Structural Dynamics)
[1], where a semi-rigid wing section is investigated. Other studies rely on ALE (Arbitrary Lagrangian Eulerian)
simulations to compute the flow field around the moving boundary of the entire canopy: for instance Zhu et al. [2],
proposed an approached successfully challenged against flight test data. However, in this approach, 3D resolution of the
flow-field has to be computed, which is an expansive approach. ALE has also been used in other studies with for instance
Zhang et al. [3], or Perin et al. [4], to simulate ram-air parachutes. Other approaches involving 3D meshes have also
been suggested such as Space–Time Isogeometric Analysis by Takizawa et al. [5]. A way to work around having a 3D
mesh of the fluid domain is to take advantage of low order aerodynamic models, such as potential flow codes. Previous
research conducted by Chatzikonstantinou [6], Altmann [7] showed promising results. However, potential flow models
do not account for viscous effects such as flow separation, that is likely to happen around parachute canopies, especially
when the trailing edge is deflected as shown by Ghoreyshi et al. [8]. Such deflection is crucial when tailoring the
design of ram-air wings, as the pilot controls is trajectory using steerable lines that are directly connected to the trailing
edge. The steering lines are also called brake lines. Fortunately, potential flow methods can be enhanced using viscous
interactions and/or flow separation models. Ortega et al. [9] obtained good results using a 3D panel method equipped
with Stratford’s separation model, the current work aims at developing Ortega’s idea further, using a finer structural
resolution (Ortega uses the same mesh for the structural and fluid equations), and also improving the 3D unsteady panel
method with a boundary layer solver. This study aims at developing and validating a complete methodology to tailor the
design of ram-air wings, for steady and unsteady configurations. However, only steady-states will be detailed here and
further study will explore the unsteady capabilities of the code. The first section presents the computational framework,
starting with the potential aerodynamic model and how it is coupled to an integral boundary layer solver and a Stratford
separation criterion. The mass-spring system approach developed is then discussed. In the second second section,
simulation results are presented. First, a structural mesh convergence study is presented. Second, the capability of
the code to predict creases on a paraglider geometry is demonstrated. Finally, simulations of a ram-air parachute are
presented and compared to wind tunnel tests.

III. Computational methodology

A. Viscous enhancement of potential flow based aerodynamics
The method developed here is a low order doublet-source unsteady panel method. Implementation of the influences,

the time-stepping algorithm and of the Kutta condition as been carried-out following Katz & Plotkin (see [10], section
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13.13). In the present study, the approach is further improved with an integral boundary layer (IBL) model, as proposed
by Drela [11]. The following equations are solved:{

𝑑𝜃
𝑑𝑠

+ (2 + 𝐻 − 𝑀𝑒2) 𝜃
𝑈𝑒

𝑑𝑈𝑒

𝑑𝑠
=

𝐶 𝑓

2
𝜃 𝑑𝐻∗

𝑑𝑠
+ [2𝐻∗∗ + 𝐻∗ (1 − 𝐻)] 𝜃

𝑈𝑒

𝑑𝑈𝑒

𝑑𝑠
= 2𝐶𝐷 + 𝐻∗𝐶 𝑓

2
(1)

With closing relations :

𝐻∗ = 𝐻∗ (𝐻, 𝑀𝑒, 𝑅𝑒𝜃 ), 𝐻∗∗ = 𝐻∗∗ (𝐻, 𝑀𝑒), 𝐶 𝑓 = 𝐶 𝑓 (𝐻, 𝐿𝑒, 𝑅𝑒𝜃 ), 𝐶𝐷 = 𝐶𝐷 (𝐻, 𝑀𝑒, 𝑅𝑒𝜃 ) (2)

And with an additional equation, assuming the boundary layer is turbulent:

𝛿

𝐶𝜏

𝑑𝐶𝜏

𝑑𝑠
= 4.2(𝐶𝜏𝑒𝑞

1/2 − 𝐶
1/2
𝜏 ) (3)

Then, the sources are corrected using a transpiration term:

𝜎 = n.Uinf −
𝑑𝑈𝑒𝛿

∗

𝑑𝑠
(4)

where𝑈𝑒 is the external velocity and 𝑠 the curvilinear coordinate. n is the surface normal.
To take advantage of the simplicity of these equations, the boundary layer is considered 2D on every streamline.

The internal flow is not simulated. Instead, an internal pressure force is applied, assuming that the internal pressure in
the canopy is given by the average of the pressure on the ram-air openings of the glider. The applicability of the fluid
flow solver on arched wings such as parachutes or paragliders is challenged using the validation test case presented by
Belloc [12], results are presented on fig. 2. One can notice that, for relatively low lift coefficients there is simply a small
drag offset between the simulation results and the experiment. This could be explained by the fact that no wind tunnel
wall corrections are computed in the original study. Furthermore, the model is not capable of simulating stall correctly,
which is a standard drawback of potential flow methods. An implementation of Stratford’s separation model [13] is also
implemented to tackle this issue to a certain extent. Ortega’s et al. [14] strategy has been employed here. Stratford’s
number 𝑆 is computed with :

𝑆(𝑠) =
2𝐶𝑝 (𝑠

𝑑𝐶𝑝

𝑑𝑠
)1/2

(10−6𝑅𝑒𝑠)1/10
(5)

Finally, as proposed by Cebeci et al. [15] separation occurs if:

𝑆(𝑠) ≥ 0.5 (6)

Beyond the separation point, a simple model is applied as a post-processing step to adjust the pressure coefficients:

𝐶𝑝(𝑠) = 𝐶𝑝𝑠𝑒𝑝 , 𝑠 > 𝑠𝑠𝑒𝑝 (7)

with 𝑠𝑠𝑒𝑝 the separation coordinate and 𝐶𝑝𝑠𝑒𝑝 = 𝐶𝑝(𝑠𝑠𝑒𝑝) the pressure coefficient at the separation point.
Finally, an empirical formula for the drag of a cylinder 𝐶𝑑 = 𝑓 (𝑅𝑒) is used to account for the suspension lines.

B. Mass-Spring systems
For largely deformable thin flexible non-linear structures, mass-spring systems (MSS) proved to be a suitable

alternative to finite element methods. Originaly introduced in the computer graphics community [16, 17] they are easy
to implement, cost-efficient and fitting for high performance computing. mass-spring systems have been increasingly
used to simulate thin flexible membranes [18–20], and also applied to parachute FSI [21–23].
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Fig. 1 Pressure coefficients obtained on the
wind tunnel geometry.
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Fig. 2 Comparison between present results and
H. Belloc [12] wind tunnel tests.

Fig. 3 Schematic description of the discrete mass-spring model.

1. Physical model
MSS approach consists in describing the surface with a network of nodes connected by springs that reproduce the

tensile behavior of the simulated material. The global mass is distributed across the nodes of the mesh. In the present
study, to simplify the determination of modeling parameters, we assume that the mechanical properties of the cloth are
equivalent in the chain, thread and biais directions: it is considered isotropic. Morever, the cloth is considered to be
a thin membrane of constant thickness 𝑒, with standard material properties described by the Young modulus 𝐸 and
Poisson ratio 𝜈. The bending stiffness is neglected in the present study.

2. Local stiffness parameters
One key issue is to determine analytically the in-plane membrane parameters, more precisely, the local spring

stiffness coefficients. This involves computing deformations and forces within the triangular cells. Such an approach
has been suggested by Val Gelder [24] and was later on enhanced by Delingette [25], giving an explicit expression of
local stiffness parameters in a triangulated mesh for non linear membranes. This model is chosen because it directly
derives from the elastic membrane model in continuum mechanics. It has also been used for parachute modeling by Shi
et al. [22]. Delingette’s results read for the nodal force on a node 𝑖 within a triangle 𝑇𝑝:

F𝑖 (𝑇𝑝) =
∑︁
𝑗≠𝑖

𝜅
𝑇𝑝

𝑗
𝑑𝑙 𝑗

Q𝑘 − Q𝑖

𝑙 𝑗
+
∑︁
𝑗≠𝑖

(𝛾𝑇𝑝

𝑘
𝑑𝑙𝑖 + 𝛾

𝑇𝑝

𝑖
𝑑𝑙𝑘)

Q𝑘 − Q𝑖

𝑙 𝑗
(8)

where the constant stiffness coefficient 𝜅 and 𝛾 are calculated using the geometry of the triangle 𝑇𝑝 at rest :

𝜅
𝑇𝑝

𝑖
=

𝐿2
𝑖
(2𝑐𝑜𝑡2 (𝛼𝑖 (𝜆 + 𝜇) + 𝜇)

8𝐴𝑝

(9)

𝛾
𝑇𝑝

𝑘
=

𝐿𝑖𝐿 𝑗 (2𝑐𝑜𝑡𝛼𝑖𝑐𝑜𝑡𝛼 𝑗 (𝜆 + 𝜇) − 𝜇)
8𝐴𝑝

(10)

4

D
ow

nl
oa

de
d 

by
 T

om
 L

ol
ie

s 
on

 A
ug

us
t 1

7,
 2

02
2 

| h
ttp

://
ar

c.
ai

aa
.o

rg
 | 

D
O

I:
 1

0.
25

14
/6

.2
02

2-
27

52
 



with, for a node 𝑖, Q𝑖 is the deformed position vector, 𝐿𝑖 and 𝑑𝑙𝑖 are the rest lengths and elongation of the opposed
edge respectively, 𝛼𝑖 is the angle within the triangle at rest shape. Then 𝐴𝑝 is the area of 𝑇𝑝 , and 𝜆 and 𝜇 are the lamé
coefficients. Finally the internal force vector F𝑖𝑛𝑡 (𝑡,Q𝑖 , v𝑖) on the node 𝑖 with velocity v𝑖 is calculated from the sum of
the contributions from every triangles, and an added damping term:

F𝑖𝑛𝑡 (𝑡,Q𝑖 , v𝑖) =
∑︁

𝑇𝑝 ∈𝑆𝑝

F𝑖 (𝑇𝑝) + 𝛽v𝑖 (11)

with 𝛽 a negative damping coefficient.

The implementation of Delingette’s method is validated on a square 0.2x0.2m piece of cloth, in a tensile test. Fig. 4
and 5 show how the error in Young’s modulus and Poisson ratio evolves for different material configurations. One can
notice that the 𝐸 error is not convergent but stays near zero. The Poisson ratio error is null for 𝜈 = 0.33.
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Fig. 4 Relative error measured for Young’s
modulus 𝐸 (in Pa.m) in a tensile test, with 𝜈 = 0.3
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0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

R
e

l.
 e

rr
o

r 
%

Fig. 5 Relative error measured for Poisson ratio 𝜈 in a
tensile test, with 𝐸 = 5000 Pa.m

3. Stress calculation
An extra post-processing step can be added to compute principal stresses, that are crucial for structural analysis and

crease determination. Considering a triangle composed of the three points (Q0,Q1,Q2): The natural strain vector can
be defined as follows 𝜀𝑁 =

[
𝑑𝑙1 𝑑𝑙2 𝑑𝑙3

]𝑇
. Also, a local basis can be defined with : u =

Q1−Q0
| |Q1−Q0 | | and ṽ =

Q2−Q0
| |Q2−Q0 | | .

It can then be orthogonalized with a Gramm-Schmidt process: v = ṽ − (ṽ, u)u. Using the transformation matrix
𝑃 =

[
u v u ∧ v

]
the 3 points of the triangle in the local coordinates can be calculated with: Q̃𝑖 = 𝑃𝑇Q𝑖 .

The conversion matrix between natural and cartesian stresses reads:

𝑇 =


𝑐21 𝑠21

√
2𝑐1𝑠1

𝑐22 𝑠22
√
2𝑐2𝑠2

𝑐23 𝑠23
√
2𝑐3𝑠3

 (12)

Where 𝑐𝑖 and 𝑠𝑖 are defined by:

𝑐𝑖 =
(Q̃ 𝑗 − Q̃𝑘 , u)

𝐿𝑖

𝑠𝑖 =
(Q̃ 𝑗 − Q̃𝑘 , v)

𝐿𝑖

The cartesian deformations can then be calculated :

𝜀 = 𝑇−1𝜀𝑁 (13)
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Finally the cartesian stresses are given by:

𝜎̃ =

[
𝜎𝑥𝑥 𝜎𝑦𝑦 𝜎𝑥𝑦

]𝑇
= 𝐶𝑚𝜀 (14)

𝐶𝑚 is the stress-strain matrix:

𝐶𝑚 =


𝐸

1−𝜈2 𝜈 𝐸

1−𝜈2 0
𝜈 𝐸

1−𝜈2
𝐸

1−𝜈2 0
0 0 𝐸

2(1+𝜈)

 (15)

Finally, from the Cartesian stresses, after diagonalization of 2x2 cartesian stress matrix, the principal stresses 𝜎1 and
𝜎2 ≤ 𝜎1 can be obtained.

4. Crease criterion
Being non-linear by construction, the MSS approach is capable of directly resolving a buckled geometry. However,

in this framework the length scales of creases can quite easily be one order of magnitude smaller than the length scale of
the structural mesh. Observations from flight tests show that buckling patterns can be as small as 2mm, whereas, to
keep simulation costs low, our mesh resolution does not exceed 300 to 500 points per profile perimeter which means
approximately ≈ 20𝑚𝑚 for a mesh element. Therefore one can only assume that the buckling pattern will be filtered by
the coarse mesh resolution. A way to tackle this issue is to implement a crease model such as Pauletti’s [26]. It can be
applied to determine whether or not the cloth is taut or wrinkled. The crease criterion reads:

𝐶𝑟𝑖𝑡𝑒𝑟𝑖𝑜𝑛 :


Taut, if 𝜎2 > 0
Wrinkled, if 𝜎1 > 0 ≥ 𝜎2

Slack, if 𝜎1 ≤ 0
(16)

5. Discretization
A dedicated meshing program has been implemented to triangulate ram-air geometries including internal straps,

panels, lines, miniribs of paragliders and parachutes, as fig. 6 shows. The lines are modeled as individual springs. The
webbing line attachments details are modeled as 3 springs, as shown in fig 7.

Fig. 6 Structural mesh for a paraglider geometry.
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Fig. 7 Connection between a suspension line and a surface mesh. Each black line represents a spring.

6. Numerical integration
The motion of each particle is then governed by Newton’s second law. Considering a particule of mass 𝑚𝑖 with

position vector Q𝑖 and velocity v𝑖 , the equation reads:

𝑚𝑖

𝑑2Q𝑖 (𝑡)
𝑑𝑡2

= F𝑖𝑛𝑡 (𝑡,Q𝑖 , v𝑖) + F𝑒𝑥𝑡 (𝑡,Q𝑖 , v𝑖) (17)

where F𝑖𝑛𝑡 (𝑡,Q𝑖 , v𝑖) and F𝑒𝑥𝑡 (𝑡,Q𝑖 , v𝑖) are the internal and external force vectors acting on the particle. Then, compiling
eq. 17 for all nodes in the MSS, we get:

𝑀
𝑑2Q(𝑡)
𝑑𝑡2

= F𝑖𝑛𝑡 (𝑡,Q, v) + F𝑒𝑥𝑡 (𝑡,Q, v) (18)

here, Q and v contain the coordinates and velocities for every point in the mesh respectively. 𝑀 is a diagonal mass
matrix. One advantage of MSS shown here is that they do not require mass-lumping, as 𝑀 is inherently diagonal.

Time integration of the eq. 18 is a key aspect of the simulation. Indeed, the stiffness of the cloth is high and the
mass is low. Therefore the inner time scales of the structure oscillations will be very short as their order of magnitude is
given by:

𝑇0 ≈ 2𝜋
√︂

𝑚

𝑘
(19)

Therefore keeping a stable simulation without reducing the time step extensively is a challenging task, as the system is
very stiff to integrate. Numerical integration of stiff systems has been studied by Hairer et al. [27]. A solution presented
is to use stiff numerical integrators such as implicit Runge-Kutta methods. They have a high order of accuracy with
great stability properties even with large timesteps. The time stepping algorithm works as follows:

𝑦′ = 𝑓 (𝑡, 𝑦) (20)

𝑦1 = 𝑦0 + ℎ

𝑠∑︁
𝑖=1

𝑏𝑖𝑘𝑖 (21)

𝑘𝑖 = 𝑓 (𝑡0 + ℎ𝑐𝑖 , 𝑦0 +
𝑠∑︁
𝑗=1

𝑎𝑖 𝑗 𝑘 𝑗 ) (22)

where 𝑓 (𝑡, 𝑦) is deduced from Eq.18, the generalization of the procedure above for second order derivatives is detailed
in [28]. 𝑘𝑖 are the substeps computed at each time step. the coefficients to compute the substeps are given in the Butcher
matrix :

7

D
ow

nl
oa

de
d 

by
 T

om
 L

ol
ie

s 
on

 A
ug

us
t 1

7,
 2

02
2 

| h
ttp

://
ar

c.
ai

aa
.o

rg
 | 

D
O

I:
 1

0.
25

14
/6

.2
02

2-
27

52
 



𝑐1 𝑎11 𝑎12 ... 𝑎1𝑠

𝑐2 𝑎21 𝑎22 ... 𝑎2𝑠

..

𝑐𝑠 𝑎𝑠1 𝑎𝑠2 ... 𝑎𝑠𝑠

𝑏1 𝑏2 ... 𝑏𝑠

any non-zero coefficient 𝑎𝑖 𝑗 with 𝑖 ≤ 𝑗 means that Eq.22 will have to be solved implicitly using a Newton optimization
loop involving the Jacobian matrix. The diagonally implicit L-Stable ESDIRK4 scheme [29] is used here. The Butcher
table for this integrator reads :

1
4

1
4

3
4

1
2

1
4

11
20

17
50 − 125

1
4

1
2

371
1360 − 1372720

15
544

1
4

1 25
24 − 4948

125
16 − 8512

1
4

25
24 − 4948

125
16 − 8512

1
4

C. Coupling strategies
On the one hand, some authors chose high fidelity aerodynamics methods, that, despite of their high simulation

costs, can provide a very stable fluid-structure interface coupling using the immersed boundary method [30], [20],
[31]. Regarding coupling with inviscid solvers Ortega et al. [9] proposed a methodology where the structural and
aerodynamic meshes are the same. This simplifies the simulation as no interpolation schemes are required. In the
present study, a different approach is preferred for the two following reasons:

• First, since the structural solver does not require inverting a large dense matrix the membrane surface mesh can be
much finer than the aerodynamic mesh. Mesh convergence study (see section IV.A) showed that for a typical
paraglider geometry the number of structural nodes required is one order of magnitude above the number of
surface panels in the fluid mesh.

• Second, the 3D panel method is likely to produce inaccurate results and numerical artefacts when dealing with
greatly deforming non linear bodies and rough surfaces. Hence, the smoothness of the geometry plays a major
role in the accuracy and stability of the simulations.
These elements suggest that interpolations between the two sub-systems are required. The simulation results will

then greatly depend on how accurately they are carried out. Indeed, a conservative formulation is key in FSI modelling,
as Farhat et al. [32] showed. Here, the structural geometry, only 𝐶0 in general, is approximated with smooth surface
splines. The implementation used is proposed by the C++ tinynurbs library, based on Piegl & Tiller theory [33]. In the
following section, the surface spline refers to the continuous surface approximation of the structural geometry, that is
then sampled to generate the aerodynamic panels.
Differences between aerodynamic and structural meshes are outlined in figures 8-11. One can notice that the splining

procedure successfully removes creases and complex deformations of the structural mesh. Nevertheless, the real shape
of the structure is inevitably altered, therefore accurately preserving the force and energy balance between the two
sub-systems is a challenging issue, since the geometry and the mesh resolutions are different. The coupling scheme to
update structural forces works in three steps.

• First, the structural mesh is projected on the surface spline.
• Second, local surfaces 𝑑𝑆𝑝𝑟𝑜 𝑗 and normal vectors n𝑝𝑟𝑜 𝑗 are calculated on the projected structural geometry.
• Third, 5 surface splines are generated to interpolate from the panels the pressure coefficients 𝐶𝑝, friction
coefficients 𝐶 𝑓 and the three components of the normalized surface velocity s (that gives the orientation of the
local friction force).

• Fourth, the 5 splines are sampled on the projected structural point, then local forces can then be calculated on every
node f𝑖𝑒𝑥𝑡 = 0.5𝜌𝑉2 (𝐶𝑝𝑡𝑜𝑡n𝑝𝑟𝑜 𝑗 + 𝐶 𝑓 s)𝑑𝑆𝑝𝑟𝑜 𝑗 . Where 𝐶𝑝𝑡𝑜𝑡 = 𝐶𝑝 + 𝐶𝑝𝑖𝑛𝑡 with 𝐶𝑝𝑖𝑛𝑡 the internal pressure
coefficient, assumed to be the average of the pressure coefficients on the opening area.
Indeed fig. 12 shows the differences in local lift coefficient distribution on the canopy. The total lift error in this

configuration is 0.4%.
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Fig. 8 Structural mesh for paraglider geometry. Fig. 9 Resplined paraglider aerodynamic mesh.

Fig. 10 Structural mesh for a parachute geometry Fig. 11 Resplined parachute aerodynamic mesh
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Fig. 12 Error for lift and drag coefficients in the
structural and aerodynamic meshes.
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Fig. 13 Pressure coefficients on a section of the canopy
from the structural and aerodynamic perspectives.

fig 12 shows how the coupling lift and drag error evolves according to angle of attack 𝛼. One can notice that the
error is relatively small for higher 𝛼 that are relevant to the flight envelope of paragliders. Also, fig. 13 demonstrates
how small the differences between the aerodynamic and structural pressure coefficients are. However even very accurate
𝐶𝑝 and 𝐶 𝑓 interpolations can lead to non zero drag error because of the low numerical precision of the body-force
integration. This is for the same reason that some authors not interested in FSI problems and viscous effects choose to
integrate body forces in the Trefftz plane instead to improve numerical accuracy [34]. More effort to reduce coupling
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errors further might be necessary when dealing with fast unsteady cases, which is not the target of the present study.
Since we are mostly interested in steady state converged solutions any artificial creation or destruction of energy between
the fluid and structure subsystems does not affect the final solution significantly. The coupling procedure used in the
following simulations is a simple first order conventional serial staggered (CSS) procedure as presented by Farhat et
al. [35]. More accurate schemes will be required when the transient phase is of first importance. Moreover, since the
aerodynamic timestep is typically two orders of magnitude greater than the structural timestep due to the stiff integration
problem, a sub-cycling procedure is employed for the structural solver.

IV. Results and discussion.
Our current work aims at validating the simulation approach with wind tunnel experiments and flight test results.

A. Effect of mesh convergence.
A paraglider test case is considered. 3 mesh sizes are investigated, reported in the table below:

Mesh coarse medium fine

Structural nodes 162127 373953 803506

Fluid nodes 25300 25300 25300

Simulation time (hours) 6 12 30

The simulations have been conducted on a desktop work station equipped with AMD Ryzen Threadripper 3960X
24-Core Processor.
In this section, only the effect of the structural resolution is considered. The triangulation of the cloth surface does

not include areas that are specifically refined. Fig. 14 shows how the mesh size in the coarse configuration is too large
compared to the length scale of stress gradients. Moreover, one can notice that the trace of the rib holes in the stress
field is not visible in the coarse simulation. Therefore part of the results are filtered.

Fig. 14 Effect of mesh resolution on Von mises stresses rendering. Left = coarse, Right = fine

Moreover, fig. 15 shows how the crease criterion (areas in red correspond to 𝜎1 > 0 ≥ 𝜎2) activates differently in
the coarse or fine configurations. Since the stress field is affected by the lack of resolution in the coarse configuration, it
is not surprising that the crease prediction is altered as well.
In fig. 16 the creased regions in the medium or fine configurations are very similar. Also, fig. 17 shows not only

the angle of attack but also the lateral position of every rib in the paraglider geometry. One can notice in fig. 17 that
whereas the coarse points are located in very different positions, the medium and fine ribs are superimposed at the same
locations and with the same angle of attack. Combined with what can be seen on fig 16, where the creased areas are
nearly identical between medium and fine meshes, these elements suggest that the fine configuration is converged.
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Fig. 15 Effect of mesh resolution on crease criterion activation. Left = coarse, Right = fine

Fig. 16 Effect of mesh resolution on crease criterion activation. Left = medium, Right = fine

-5 0 5

0

2

4

6

8

10

A
n

g
le

 o
f 

a
tt

a
c
k
 (

°)

Coarse

Medium

Fine

Fig. 17 Local angle of attack distribution for each rib
section
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Fig. 18 Load on main A lines

Finally, the line loads are not mesh-convergent as fig. 18 shows. This result was to be expected since the lines are
defined as individual springs: they are constructed the same way regardless of the cloth mesh resolution.
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B. Crease prediction on paragliders.
To showcase the capabilities of the methodology, a rejected prototype shown flying in fig. 19 is analyzed here. The

glider suffered from a significant crease mostly between B and C lines on the lower sail, the crease is visible from the
pilot’s perspective, a close up view can be found in fig. 21.
In the present simulation, the risers are fixed Dirichlet’s conditions. An inlet velocity of 10.8 m/s is applied. This

velocity is measured using a speed probe during the trim speed flight tests. This simple setup is drawn in fig. 20. The
simulation parameters are summarized in the chart below:

Mesh Struct. nodes Aero. nodes 𝑆𝑟𝑒 𝑓 𝑅𝑒 𝐸 𝜈 𝑈𝑖𝑛 𝑓

Paraglider 480000 15000 25𝑚2 2.106 100000Pa.m 0.3 10.8 m/s

Fig. 19 The rejected prototype in flight Fig. 20 Schematic representation of the simula-
tion setup

Fig. 21 also shows the crease criterion distribution from the simulation results. Red areas correspond to wrinkled
criterion in eq. 16. Here, the simulation successfully predicts a crease between B and C lines like on the prototype.

Fig. 21 Close up view of the lower surface crease (left: flight test, right: simulation)

Such predictive modeling tool can then be used to avoid unexpected crease are deformations on future prototypes.
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C. Parachute simulation
Simulation of parachutes is a very challenging topic compared to paragliders, as they undergo much larger

deformations. In the present study, a parachute model, for which extensive wind tunnel test results are available, is
considered.

1. Experimental setup
Experiments have been conducted in 2014 by H. Belloc and described in an unpublished internal report. A 1/3.6

scaled parachute model was tested in the S4 Eiffel type (open vein) wind tunnel in Toulouse. The reference area chosen
is 3.225 𝑚2 and the inlet velocity is 11 𝑚/𝑠 . A dedicated scale was designed to measure lift and drag. Drag corrections
were applied to account for the wind tunnel boundary conditions. The brake deflection is defined as zero when the
trailing edge is on the limit of being deflected. Several configurations for brake deflection were studied, reported in the
chart below :

Scale model deflection (mm) 0 50 100 150 200

Real parachute (mm) 0 180 360 540 720

dimensionless 0% 4.5% 9% 13.5% 18%

2. Simulation results.
The simulation setup is similar to the wind tunnel case, where the risers are fixed and a constant horizontal wind

is applied, which is the same as in fig. 20. As the parachute studied here does not have any billow in the design, the
initial configuration of the geometry is with flat panels. The billowing phase is therefore simulated until convergence is
reached, when the pitch moment converges to zero as in fig. 25. The inflation phase is described in figs. 22-24. Each
simulation is conducted with 130000 points in the structure and 17000 aerodynamic panels, and runs for about 10hours
on the AMD 24-Core processor.

Fig. 22 Parachute simulation before the FSI
iterations start.

Fig. 23 The FSI simulation is starting, the geometry
billows progressively.

When the geometry billows, the aerodynamic panels follow the shape of the structure and the mesh refinement
is adapted accordingly, with finer mesh near the rib sections. The parachute is then simulated in 5 different brake
configurations: no brakes (trailing edge not deflected), 4.5% brakes, 9% brakes, 13.5% brakes and finally 18%. Including
brakes in the simulation involves a near 90 degree deflection of the wing’s trailing edge in the chord-wise direction
which is a very difficult configuration to simulate, especially when using potential flow-based methods.
The wind tunnel tests do not contain any shape measurement devices, this is why the shape validation is mostly

based on qualitative comparisons from pictures taken during the tests. In fig. 26, the leading edge view shows how the
opening shape is well captured by the simulation: one can notice that slack tip panels found experimentally have a
similar shape in the simulation, and that the taut panels of the center are also well captured by the simulation. Trailing
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Fig. 24 Shape of the structure for 0% brake deflect-
ion colored with Von Mises stresses after convergence
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Fig. 25 Evolution of pitch moment coefficient during
FSI iterations

Fig. 26 Leading-edge view of the parachute with 18% brakes in the wind tunnel tests. (left: wind tunnel test,
right: simulation)

Fig. 27 Trailing-edge view of the parachute with 18% brakes in the wind tunnel tests (left: wind tunnel test,
right: simulation)

edge views of fig. 27-28 show the details of the deflected area when brakes are applied. In the simulation, the stabilizers
are not inflated properly because no aerodynamic pressure forces are applied on these parts.
For each configuration, once the pitch moment is converged the lift and drag coefficients are exported and compared
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Fig. 28 The parachute with 13.5% brakes in the wind tunnel tests (left: wind tunnel test, right: simulation)
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Fig. 29 Effect of brake deflection on aerodynamic
coefficients without any separation model
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Fig. 30 Effect of brake deflection on aerodynamic ceof-
ficients using Stratford’s model.

to the results found in the wind tunnel tests. Fig. 29 shows how the panel method with viscous interactions compare to
the wind tunnel results. One can notice that the lift is well captured with zero or low trailing edge deflections. Indeed,
there is a Cl error of 0.5% without brakes that then reaches 6% with a 9% brake deflection. However, there is more error
regarding drag coefficient. The error stays close to 20% in that same low-deflection range. This error can be caused
by several issues in the modeling assumptions. First, there is no leading edge separation bubble, and in general any
effect the opening might have on the external flow is neglected. Although this assumption is not critical for paragliders,
as Belloc et al. suggested [36] it might lead to greater errors for parachute configurations. Second, the drag induced
by the opening vents (because of the internal pressure) is not very precisely simulated since the internal pressure is
just assumed to be constant and equal to the external pressure found above the opening vent area. Finally, to maintain
a stable simulation, the trailing edge is sharpened in the aerodynamic mesh (see fig. 11) which could be a cause for
under-estimating pressure drag induced by flow separation in the vicinity of the highly billowed trailing edge of this
parachute. The lift and drag error increases tremendously as the brake deflection goes beyond 10% in fig 29. This
is easily explained by the fact that the boundary layer equations break down on the top surface when the deflection
starts near the trailing edge: there is flow separation, and the integral boundary layer resolution fails. The potential
flow then artificially follows a near 90 degree deflection and thus generates an exaggerated amount of lift in the trailing
edge region. This is why the activation of the separation model given by eq. 6 is critical, as shown in fig. 30: the 𝐶𝑙
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error stays reasonable even with 18% brake deflection where it reaches a maximum of 8%. However the separation
model shows a tendency to under-estimate drag: the drag does not increase as much as it should and the 𝐶𝑑 error rises
from 20% with 9% brake deflection to 40% in the 18% brake deflection case. A possible suggestion to explain this
issue is that the empirical pressure correction of eq. 7 successfully predict a higher pressure drag, however, the induced
drag is also possibly affected in an inaccurate way since the separation model is only a post processing step and there
is no feedback loop between the separation phenomenon and the potential flow based induced drag calculation. This
parachute study shows that using potential flow based aerodynamic solver to tackle the design issues of parachute is a
very interesting approach since it is capable of providing interesting insights on glider’s deformations, wrinkles and
aerodynamic coefficients with very reasonable simulations costs.

V. Conclusion and future work
A fast simulation design tool has been developed, that relies on a 3D unsteady panel method coupled with an

integral boundary layer flow solver to simulate the external flow. Aerodynamic effects of trailing edge deflection
can be accounted for thanks to a Stratford separation model, that adjusts the pressure coefficients when the boundary
layer equations brake down. The structural model is a mass-spring system. Local stiffness parameters are determined
using Delingette’s theory. The FSI coupling method is a conventional staggered serial procedure that can only be
expected to be first-order in time, but the present study is for now only focused on converged steady states. Results
on a paraglider geometry show that the method is mesh convergent and can be used as a predictive tool to anticipate
undesired deformations or wrinkles on a paraglider geometry. This model is currently being employed extensively in a
paraglider design office. Moreover, the method can also be applied on parachutes even though the core assumptions
behind the code are less adapted to canopies that have a larger opening, a thick blunt trailing edge and undergo larger
deformations. However the results are very promising showing realistic deformations and accurate prediction of the lift
coefficient for different brake deflections, even if there is a significant error for drag coefficient prediction. Further work
is then required to improve the present study. For paragliders, line load and shape measurements will be conducted to
challenge the simulation results further. Regarding parachute simulations, more precise shape validation needs to be
performed to confirm the accuracy of the structural results. Finally, the shape obtained after convergence with FSI in the
present study will be simulated in a 3D aerodynamics-only solver (using RANS or LES models) that will be more suited
to simulate high lift aerodynamics. Future work will indeed investigate the use of a combination of low-order FSI and
high fidelity aerodynamics solvers to provide a reliable, cost-efficient design office simulation framework.
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