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[3, 4], but the literature available does 
not analyse the textile coverage effect on 
the aerodynamic characteristics of a par-
aglider wing. Some articles incorporate 
different textiles of variable character-
istics [5]. The first step of analysis is to 
define the physical model, i.e. the physi-
cal phenomena within the airfoil profile. 
The physical model of different materials 
was discussed in [6, 7]. Future trends can 
introduce optimisation techniques con-
nected with the ideas of mechanics and 
heat transport [8-10]. Basic information 
concerning the paraglider and flight are 
published in [11-13].

The paraglider is characterised by a flex-
ible structure without stiffening rods, 
and usually consists of four basic ele-
ments: the wing, control ropes, support-
ing tapes and body harness. The wing 
contour is elliptical in the top view, and 
the cross-section is an airfoil profile se-
curing advantageous pressure distribu-
tion during flight, shown in Figure 1. 
The covering material is designed at the 
analysis stage according to assumed re-
quirements, and should be lightweight 
as well as resistant to the load applied, 
weather and UV-radiation. The internal 
reinforcements should be relatively rig-
id and fail-safe. 

The wing cover is made of impregnat-
ed synthetic textiles, which reduces the 
permeability coefficient and influences 
aerodynamic perfection. The fabrics 
are manufactured using the reinforcing 
technology Rip-Stop [3, 4]. The thick 
threads are regularly interleaved ac-
cording to the transverse scheme during 
weaving, Figure 2. The fabrics, being 
of high tenacity, have an insignificant 
weight, which is secured by polyamide 
PA 6.6. The typical linear mass of sin-
gle fibres is equal to 3.3 tex. The thick 
threads are composed of 10 filaments of 
3.3 dtex linear mass which generate the 
corresponding strength and resistance of 
the fabric.
 
The impregnate on the external surface 
reduces the fabric permeability, thereby 
ensuring adequate rigidity and UV-resist-
ance. To ensure top quality, the impreg-
nate layer should be very uniform, with 
an accuracy of 10-3kg/m2. The ingredients 
and proportions of the impregnate are not 
announced by producers but change ac-
cording to the properties required, with 
the most important component being pol-
ymer PU [1, 3, 4].

The main goal is to analyse the textile 
cover effect on the aerodynamic char-
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Abstract
Defined herein are the two PA-fabrics covering a paraglider wing, with the comparative 
object being  permeable clothing material. The material parameters of textiles are applied 
in  numerical simulations of aerodynamic characteristics using the program ANSYS. The 
state variable is the pressure within the airfoil profile. The space model of a paraglider 
wing and  plane model of its cross-section in the symmetry plane are analysed. The model 
was approximated by the coordinates of crucial points and smoothed by the spline-curves. 
The visualisation of stream filaments shows that it is advisable to cover the wing with the 
impermeable fabric.
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Nomenclature
b wing/airfoil span, m
c wing/airfoil chord, m
ck  external chord of wing/airfoil, m
c0  internal chord of wing/airfoil. m
cw specific heat, J/(kg K)
cx; cz air resistance coefficient along 

the corresponding axis, –
Fx elementary mass force, kg
F→m  vector of unit body forces, N/kg
P aerodynamic lift, N
Px component of aerodynamic lift 

parallel to flight direction, N 
Pz component of aerodynamic lift 

orthogonal to flight direction, N 
pn surface stress/pressure, Pa,
q·mρdV heat flux density transmitted 

through the volume dV in unit of 
time, N/(m s)

q·ndA heat flux density transmitted 
through the surface dA in unit of 
time, N/(m s)

S airfoil area, m2

T temperature, °C/K
V  volume of airfoil area bounded by 

external surface of profile A, m3

v flying speed, km/h
vc circulation speed, m/s
λ wing/airfoil extension, –
ρ air density, kg/m3

 Introduction
The prototype of the hang-glider was 
known in the 1960s as the Rogallo wing, 
which was successively improved to-
wards the paraglider idea. The basic 
parameters of the paraglider were per-
manently optimised, primarily the shape 
and material properties. There are gener-
al sources describing the choice of coat-
ing materials for paraglider wings [1,2]. 
Specialised companies publish a precise 
description of textile material parameters 

Figure 1. Airfoil of paraglider in front view, top view and cross-section 
Figure 1. Airfoil of paraglider in front view, top view and cross-section.
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Figure 2. Simplified fabric structure applied to airfoil coverage (according to [3]) 
Figure 2. Simplified fabric structure applied to airfoil coverage (according to [3]).

acteristics of a paraglider wing. The dy-
namics of air motion are determined by 
conservation equations of mass, momen-
tum and energy in a general vector form 
accompanied by the boundary condi-
tions i.e. the environmental conditions. 
The problem is solved numerically using 
a model of a paraglider wing according 
to the program ANSYS. 

The novelty elements are the following: 
(i) A similar analysis was not found in 
the literature available; (ii) the different 
physical phenomena are introduced, for 
example the lifting vortex, circulation 
vortex, and boundary vortex at the wing 
tip; and (iii) the pressure distribution ob-
tained can explain the aerodynamic be-
haviour of a paraglider during flight.

 Aerodynamic characteristics: 
physical and mathematical 
model

The paraglider wing should ensure aero-
dynamic lift near orthogonal to the flight 
direction, shown in Figure 3. Advan-
tageous for flight is the component Pz, 
and component Px is the resisting force. 
The more deviated force Px is from the 
flight direction, the more perfect the 
wing. Aerodynamic perfection d is de-
fined according to the formula.

The impregnate on the external surface reduces the fabric permeability, thereby ensuring

adequate rigidity and UV-resistance. To ensure top quality, the impregnate layer should be 

very uniform, with an accuracy of 10-3kg/m2. The ingredients and proportions of the 

impregnate are not announced by producers but change according to the properties required, 

with the most important component being polymer PU [1,3,4]. 

The main goal is to analyse the textile cover effect on the aerodynamic characteristics of a 

paraglider wing. The dynamics of air motion are determined by  conservation equations of 
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conditions i.e. the environmental conditions. The problem is solved numerically using a 

model of a paraglider wing according to the program ANSYS.  

The novelty elements are the following: (i) A similar analysis was not found in the literature 

available; (ii) the different physical phenomena are introduced, for example the lifting vortex,  

circulation vortex, and boundary vortex at the wing tip; and (iii) the pressure distribution 

obtained can explain the aerodynamic behaviour of a paraglider during flight. 

Aerodynamic characteristics: physical and mathematical model. 

The paraglider wing should ensure aerodynamic lift near orthogonal to the flight direction, 

shown in Figure 3. Advantageous for  flight is the component Pz , and component Px is the 

resisting force. The more deviated  force Px is from the flight direction, the more perfect the 

wing. Aerodynamic perfection d is defined according to the formula. 

𝑑𝑑 = 𝑃𝑃𝑧𝑧
𝑃𝑃𝑥𝑥

(1)

Aerodynamic perfection depends on the shape of the airfoil profile, the inclination of the 

profile in respect of the flight direction, and on the geometry of the wing contour.  

The geometry of the wing contour is defined by (i) the airfoil area, (ii) the wing span, (iii) the 

chord, and (iv) the extension, as in Figure 4. The wing extension is determined by the 

equation. 

𝜆𝜆 = 𝑏𝑏2

𝑆𝑆
(2)

The higher the extension λ, the better the paraglider performance. It is usually assumed that  

sport- and high-performance-oriented paragliders have the extension λ≥6. On the other hand,  

higher values of extension define the deformable and exacting paraglider as its working and 

flight need advanced skills. The aerodynamical lift is defined as follows.  

      (1)
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The higher the extension λ, the better 
the paraglider performance. It is usu-
ally assumed that sport- and high-per-
formance-oriented paragliders have 
the extension λ ≥ 6. On the other hand, 
higher values of extension define the 
deformable and exacting paraglider as its 
working and flight need advanced skills. 
The aerodynamical lift is defined as fol-
lows. 

𝑃𝑃 = 𝑐𝑐𝑥𝑥𝑆𝑆𝑆𝑆
𝑣𝑣2

2
(3)

The aerodynamic lift of a paraglider airfoil is generated by advantageous pressure 

distribution, i.e. the subatmospheric pressure on the upper plane and the overpressure on the 

lower surface. The path of stream filaments along the upper plane is longer than along the 

lower surface, which causes the lifting vortex. Introducing the principle of conservation of 

momentum, the lifting vortex is accompanied by a circulation vortex, as in Figure 5. 

Consequently the speed on the upper surface is  the sum of the flying speed and  circulation 

velocity (v+vc), whereas on the lower surface it is their difference (v-vc).

The physical state of a dynamical system is determined by the state variables which should be 

representative for the system and depend on the particular problem. The aerodynamic lift

results from the pressure difference above and below the wing. Thus the physical state is 

described by  second-order differential correlations of the pressure p which is the state 

variable. 

The dynamics of air motion is defined using conservation equations of mass, momentum and 

energy in a vector form, which can be simplified to a set of equivalent scalar equations [14].
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In respect of the large dimensions of the computational volume, the differential equations are 

accompanied by the boundary conditions, which are the environmental conditions. 

Mathematical model and numerical solution. 

The problem is solved numerically by means of the finite volume method, which allows to 

introduce an inhomogeneous, non-orthogonal computational net. Conservation equations of 

mass, momentum and energy are determined for each volume element. The number of volume 

elements is significant, thus the solution is iterative until the exit criterion is satisfied. A block 

diagram of the solution is shown in Figure 6. Creation of the geometry and computational net 

as well as the numerical solution can be accelerated using  processing programs, although  

problem formulation as well as pre- and post-processing are determined individually.  
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Figure 3. Aerodynamical force during the flight (according to [11])
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from the pressure difference above and 
below the wing. Thus the physical state 
is described by second-order differential 
correlations of the pressure p which is the 
state variable.

The dynamics of air motion is defined 
using conservation equations of mass, 
momentum and energy in a vector form, 
which can be simplified to a set of equiv-
alent scalar equations [14].
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In respect of the large dimensions of 
the computational volume, the differen-
tial equations are accompanied by the 
boundary conditions, which are the envi-
ronmental conditions.

 Mathematical model  
and numerical solution

The problem is solved numerically by 
means of the finite volume method, which 
allows to introduce an inhomogeneous, 
non-orthogonal computational net. Con-
servation equations of mass, momentum 
and energy are determined for each vol-
ume element. The number of volume el-
ements is significant, thus the solution is 
iterative until the exit criterion is satisfied. 
A block diagram of the solution is shown 
in Figure 6. Creation of the geometry 
and computational net as well as the nu-
merical solution can be accelerated using 
processing programs, although problem 
formulation as well as pre- and post-pro-
cessing are determined individually.

The crucial point is to define the com-
putational net. The bigger the volume 
around the object analysed, the more pre-
cise the calculation results. The computa-
tional space is cubicoid, whose length be-
fore the frontal edge of the wing is equal 
to 10 maximal chords and in other direc-
tions 20 maximal chords. The boundary 
conditions are now the surrounding val-
ues of the prescribed parameters. It is im-
possible to introduce the model of the air-
foil into the computational volume as an 
imported file in the CAD-system because 
of the immense storage size. The shape 
of the airfoil is created individually using 
the program ANSYS Design Modeller 
with the sequence: (i) design of the aero-
dynamical profile, (ii) duplication of pro-
files; (iii) reduction of aerodynamic pro-
files in the area of the trailing edge, and 
(iv) the shape design of the trailing edge 
in the top view. Initially we introduce the 
coordinates of 20 crucial points on the 
upper surface, and next the coordinates 
of the consecutive 20 points on the low-
er surface of the wing. These points are 
duplicated using the same program in re-
spect of the wing contour and deflection, 
shown im Figure 7. The ribs are modeled 
using spline-curves i.e. the rib profile is 
determined by the smoothed contour on 
the basis of the coordinates introduced. 
Due to the symmetry of the object, only 
half of the contour can be created, which 
reduces both the calculation effort and 
time significantly. 

The wing is covered by two synthetic 
fabrics: Skytex 32 – Universal, manu-
factured by the French company Porcher 
Sport; and DOKDO-20DMF(WR), pro-
duced by the Korean company Dominico 
Tex. Material parameters are obtained 
thanks to Dudek Paragliders Company. 
Both woven fabrics have the following 
characteristics: a plain weave reinforced 
by Rip-Stop technology; composition 
PA6.6 impregnated by PU (composition 
is not given by manufacturer); and the 

Table 1. Characteristics of fabrics using to cover the wing surface of paraglider.

Charactristics Unit SKYTEX 32  
– Universal DOKDO-20DMF(WR) Clothing  

material
Surface mass g/m2 32 33 480
Air permeability  
(under pressure 2000Pa) l/(m2 min) ≤20 6 10800 under 

pressure 100Pa

Tensile strength
warp daN/5cm ≥25 25 26
weft daN/5cm ≥33 25 32

Tearing strength
warp daN ≥1.5 1.5 4
weft daN ≥1.5 1.5 5.2

Extension
1.36 kg % ≤10 10 -
2.27 kg % ≤18 20 -
4.54 kg % ≤30 30 -

Figure 6. Block diagram of solution pro-
cedure.

Figure 7. Crucial points of upper and lower surface of paraglider wing. 
Figure 7. Crucial points of upper and lower 
surface of paraglider wing.

The aerodynamic lift of a paraglider air-
foil is generated by advantageous pres-
sure distribution, i.e. the subatmospheric 
pressure on the upper plane and the over-
pressure on the lower surface. The path of 
stream filaments along the upper plane is 
longer than along the lower surface, which 
causes the lifting vortex. Introducing the 
principle of conservation of momentum, 
the lifting vortex is accompanied by a cir-
culation vortex, as in Figure 5. Conse-
quently the speed on the upper surface is 
the sum of the flying speed and circulation 
velocity (v + vc), whereas on the lower sur-
face it is their difference (v – vc).

The physical state of a dynamical sys-
tem is determined by the state variables 
which should be representative for the 
system and depend on the particular 
problem. The aerodynamic lift results 
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number of threads – 65/cm for the weft/
warp. The material data are correlated in 
Table 1. The PA-fabrics are ultra-light, 
resistant in respect of mass, and have 
minimal air permeability. The clothing 
material serves as a comparative, air per-
meable fabric of higher surface mass, not 
usually applied on a paraglider. Thus the 
material does not generate an adequate 
pressure difference to stimulate flight. 
The characteristic are the following: 
plain weave; composition – 70% PU, 
30% cotton, not impregnated; and the 
number of threads – 25/cm for the weft/
warp.

The computational net is irregular, con-
sists of 509218 elements, and some vol-
umes located near the airfoil profile are 
condensed, shown in Figure 8. The finite 
element net is evaluated as regular and 
adapted to the real shape of the wing, 
because the adequate indexes are in the 
range very good. The Skewness-index 
defines the deviation between the shapes 
of the element applied and the primary 
element of the regular shape. Thus the 
ideal is Skewness = 0 (a regular net), 
whereas the worst is Skewness = 1 (a de-
generated net of almost coplanar nodes). 
The mean value obtained is Skewness = 
0.259 (the range very good is from 0.250 
to 0.500). The maximal value of Skew-
ness = 0.755 is located in the range good 
(from 0.500 to 0.800). The other measure 
is the Orthogonal Quality index, deter-
mining the adaptation of the net applied 
to the real shape of the wing. The optimal 
value is Orthogonal Quality = 1 ( opti-
mal orthogonality to the surface), while 
Orthogonal Quality = 0 is unacceptable. 
The mean value obtained is Orthogonal 
Quality = 0.744 (the range very good is 
from 0.700 to 0.940). The minimal val-
ue of Orthogonal Quality = 0.245 is from 
the range good (from 0.200 to 0.690).

The flow is a steady (the parameters are 
time independent) and turbulent one. 
The air density is determined as the 
solution of the ideal gas law. The ab-
solute viscosity is assumed equal to  
µ = 1,7984·10-5 kg/m·s2. The surround-
ing temperature is T∞ = 288 K, the sur-
rounding pressure p = 101325 Pa, the fly-
ing speed v = 0.037 Ma (corresponding 
to the speed v = 45 km/h), the air flow di-
rected to the trailing edge, and the angle 
of incidence is 6°. 

Because both textiles have similar pa-
rameters, we have assumed an air im-
permeable material of characteristics 
compatible with DOKDO-20DMF(WR). 
The calculations are finished after 900 it-
erations for stable values, as in Figure 9. 
The air resistance coefficients obtained 
– cx = 0.0403 & cz = 0.5834 correspond 
to aerodynamic perfection d = 13.2. 
The mean pressure within the paraglid-
er profile is p = 101418Pa. The pressure 
maps on the surface and in the symme-
try plane are illustrated in Figure 10. 

The energy is additionally dissipated by 
the vortex at the wing tip. The problem 
is simulated and analysed only for space 
problems. On the upper surface of the 
wing there is subatmospheric pressure, 
whereas on the lower surface – overpres-
sure. The stream filaments are dissipated 
at some distance after the wing, which 
results from air viscosity, causing aero-
dynamic resistance (induced resistance), 
which is a function of the aerodynamic 
lift.

The distributions obtained are deter-
mined for the impermeable covering ma-
terial i.e. using the boundary condition 
Wall [15]. The other boundary condition 
– Porous Jump is adequate to describe air 
permeability for porous/permeable mate-
rial of infinitesimal thickness in respect 
of other dimensions. Irrespective of the 
settings of the FLUENT-program, the 
flow parameters (temperature, pressure, 
and air density) are very close to sur-
rounding values. Thus these maps are not 
demonstrated. 

 
Figure 8. Progressive reduction of elements near the object according to CFD software. Figure 8. Progressive reduction of elements near the object according to CFD software.

Figure 9. Aerodynamical lift and resisting force (drag) vs. number of iteration.

Figure 9. Aerodynamical lift and resisting force (drag) vs. number of iteration.

Figure 9. Aerodynamical lift and resisting force (drag) vs. number of iteration.
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Figure 10. Map of pressure in paraglider surface. 
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Figure 10. Map of pressure in paraglider surface.

 
Figure 11. Map of pressure in paraglider cross-section. 

a) Skytex 32 – Universal material manufactured by Porcher Sport; 

b) clothing material. 
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Figure 11. Map of pressure in paraglider cross-section: a) Skytex 32 – Universal material manufactured by Porcher Sport, b) clothing material.

 
Figure 12. Paths of stream filaments in paraglider cross-section. 

a) Skytex 32 – Universal material manufactured by Porcher Sport; 

b) clothing material. 

Figure 12. Paths of stream filaments in paraglider cross-section: a) Skytex 32 – Universal material manufactured by Porcher Sport,  
b) clothing material.
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Aerodynamic properties of the paraglider 
vs. air permeability are determined using 
a plane/2D model of the surface thick-
ness equal to 5 · 10-4 m. Both boundary 
conditions – Wall and Porous Jump (i.e. 
permeable and impermeable material) 
are applied for the same flow parameters 
as within the space structure. 

The alternative model introduces the 
cross-section in the symmetry plane of the 
paraglider accompanied by the wing span 
reduced to a length of 1 m. Assuming the 
wing chord c = 2.65 m, the airfoil area is 
S = 5.31 m2. Two coating materials are 
introduced of appropriate air permeabil-
ity: Δp = 2000 Pa, which describes Skyb-
tex 32 – Universal material, produced by 
Porcher Sport; and Δp = 100 Pa, defining 
the clothing material. We have intro-
duced the material Skytex 32 – Universal 
because the characteristics of the second 
are nearly the same. 

The calculations are stopped after 900 
iterations for the stabilised values of 
parameters. In the case of Skytex-ma-
terial, the air resistance coefficients 
are cx = 0.0358 & cz = 0.6158, and the 
aerodynamic perfection is d = 16.4. 
The mean pressure within the profile is 
p = 101417 Pa, and the mass flux densi-
ty through the walls is m· = 0,2948 kg/s. 
The dynamic characteristics for the 
cross-section are better than those formu-
lated for the space problem. The energy 
is not dissipated by the boundary vortex 
at the wing tip, which improves the dy-
namic behavior of the airfoil.

In the case of clothing material, the cor-
responding coefficients after 900 itera-
tions are cx = 0.1420 & cz = 0.5354, and 
the aerodynamic perfection is d = 3.8. 
The mean pressure within the profile is 
p = 101381Pa, and the mass flux densi-
ty through the walls is m· = 0,9981 kg/s. 
The air resistance coefficient cx is consid-
erably greater than for the impermeable 
material, and the aerodynamic perfection 
decreases rapidly. 

Pressure maps for both cases are illustrat-
ed in Figure 11. The interior of a profile 
created by the almost impermeable fabric 
Skytex 32 is filled by air of a mean value 
of p = 101417 Pa. Therefore the profile 
preserves its shape in relation to decreas-
ing pressure outside the wing. The pres-
sure in the profile created by the clothing 
material is reduced to p = 101381 Pa. 
Additionally the pressure within the in-
let area is greater outside than inside the 

profile, which can cause the perturbation 
of aerodynamic characteristics. 

Let us compare the path of stream fil-
aments for the permeable and imper-
meable material, shown in Figure 12. 
The impermeable fabric Skytex 32 
demonstrates a concentration of stream 
filaments under the bottom surface of the 
airfoil. In the case of clothing material, 
a large majority of stream filaments pen-
etrate the inside of the profile. 

Summarising, the aerodynamic charac-
teristics of a profile coated by the almost 
impermeable fabric are excellent. A para-
glider made of clothing material has poor 
aerodynamics, and the pressure inside is 
insufficient to create a complete airfoil 
profile. 

 Conclusions
The physical parameters of two typical 
textiles covering a paraglider wing were 
determined, with the comparative object 
being clothing material permeable to air. 
The material parameters were applied in 
numerical simulations of aerodynamic 
characteristics using the program AN-
SYS. Analysed were the space model of 
a paraglider wing and plane model of its 
cross-section in the symmetry plane (i.e. 
the airfoil profile). The model was ap-
proximated by the coordinates of crucial 
points and smoothed by the spline-curves. 
Due to the symmetry and economising 
the computational effort, only half of the 
wing was modelled. The finite volume net 
was determined using cubicoid elements 
supplemented by tetrahedron elements. 
The computational net is composed of 
509218 elements of fine quality, with the 
mean adequate indexes in the range of 
very good and extremal indexes for single 
elements in the range of good. 

The cubicoid computational space should 
be considerably greater than the overall 
dimensions of the object and equal to 10 
maximal chords before the frontal edge 
of the paraglider and 20 maximal chords 
in other directions. Calculations of the 
turbulent flow and typical parameters of 
flight are finished after 900 calculations 
for stabilised values of the parameters. 

The space analysis proved physically and 
mathematically that there is an additional 
boundary vortex dissipating the energy at 
the wing tip. The problem is determined 
only for the 3D problem because of the 
space formulation of the phenomenon. 

On the other hand, the calculations of the 
plane model introduce the precise distri-
bution of the state variable (the pressure) 
in the wing profile. The visualisation of 
stream filaments shows that it is advis-
able to cover the external wing surface by 
an almost impermeable fabric. The aero-
dynamic characteristics and perfection 
are considerably greater than the values 
determined for the comparative clothing 
fabric. Summarising, the material param-
eters of the textiles applied influence the 
aerodynamic characteristics of the para-
glider wing and can be adequately creat-
ed to optimise the shape and properties 
of the airfoil. 
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