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ABSTRACT: Wingsuit as one of the most popular sports in the field of aviation is very popular.
Efficiency and safety are the first priority of the designers of this sport. In this article, the modeling,
formation, and evaluation of the surface of the wingsuit during a flight are discussed. Since the wingsuit
is under air pressure inside it, the formation of the structure of the surface of the suit changes according
to the flight conditions. The surface of the wingsuit is important for the aerodynamic evaluation of the
wingsuit model. According to the way of sewing wingsuit clothes, the wave structure will be obtained

on the surface of the wing. In order to better observe the effects of changing the wing geometry on  Keywords:

maneuverability, the model has been selected as rigid. The experimental results on the surface of the . gsuit
model show that with the increase of the angle of attack, the flow on the surface of the wing increases .
. . . . . . . Flow visualization
the disturbance in the middle area of the wing and reduces its effects in the upper area of the wing.

This interaction of the flow structure on the model leads to the different performances of the model in
different angles of attack; By measuring the forces on the model, AOA= 15 was obtained as the best

Aerodynamic coefficients

Wind tunnel

angle of flight performance for the wingsuit model.

1- Introduction

Wingsuits with flexible wings with unique advantages
such as lightness, quick response, and low cost of these
types of wings have become a significant focus among
aviation professionals around the world [1]. Lafayette et al.
[2] conducted a comprehensive study on wings with wave-
shaped surfaces on air drones; They successfully tested the
structural and aerodynamic advantages of air pressure-inflated
wings compared to rigid wings. Jia et al. [3] investigated the
wing surface geometry in the inflated state to evaluate the
aerodynamic characteristics of the angle of attack at high
angles for takeoff and landing. In fact, the flexible wing
has an elastic appearance deformation under the changing
pressure, and the deformation on the surface of these types
of wings has a direct effect on the flow structure, also this
type of structure will have a significant effect on the bearing
of the wing. The stress level and the method of improving the
modulus of elastic deformation of the membrane, and wing
to maintain the shape and stiffness have been investigated in
recent years. Studies of flexible wings have been done mostly
around drones, therefore, according to the results obtained
from previous studies, the investigation of limited flexible
wing geometry on wingsuits has rarely been done.

2- Modeling of Wingsuit Wing Surface
By observing the wavy arrangement created by the way
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of sewing in the wingsuit, the surface of the wing is formed;
The reason for sewing clothes with this shape is to increase
the strength and efficiency of the wing during flight. The
calculations have been made assuming that these waves
are evenly distributed on the surface of the clothes. For
calculation and modeling, the dynamic state of the clothing
(general shape of the clothing during flight) has been used.
(Fig. 1(2))

According to the assumption of the problem, the amount
of air entering and leaving the shell is insignificant, so the
air pressure p is maintained inside the shell, in this case, a
convex shape is obtained for the outer wall. Assuming that
the Wave scale and amplitude of them were the same in the
transverse direction of the suit, the mathematical modeling
for the surface is presented as follows.
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In this study, stress modeling has been done when the
wing is inflated. The wing skin surface element is considered
in 3D deformation mode, however, in this structure, the wing
surface can be freely contracted and stretched. Therefore,
the local deformation leads to the tensile deformation in
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Fig. 1. pressure distribution inside of a wingsuit
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Fig. 3. Performance diagram (L/D) at Re= 1.5x10¢

two axes of the wing surface, therefore, when performing
the local stress analysis of the wing surface, only one local
unit (element) should be selected for modeling the wing.
The small element is selected from the rectangular surface as
shown in (Fig. 1(b)).

T is the tensile force of the fabric per unit length of the
piece and the vector , = ( p..p, ) is equal to the air pressure in
the shell, which is at any point of the shell along the normal.
By defining the element ds of the convex length of the wave
(L,), we have:
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Generally, the flexible wing material is reinforced with
laminated anisotropic composite fibers. The different effects
of elasticity modulus should be considered in the x and y
directions respectively. Axial elastic moduli are expressed
as g_and E, - Also, the relationship between the stresses
introduced in the two axes for the flexible surface in the two
x and y axes respectively as o and o, taking into account
the requirements in the above relations, are generally defined
as follows:
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Fig. 2. The geometry of the wingsuit mode

The dimensional size of the test model’s length is
determined according to the dimensions of the test room and
the obstruction ratio in the test room according to the standard
of the wingsuit manufacturer of the training brigade model.
The geometry and dimensions of the wingsuit model based on
the anthropometry of the adult male body are shown in Fig. 2.
The dimensional size of the length of the model to be tested is
determined according to the dimensions of the test room and
the ratio of obstruction in the test room. The blocking ratio of
the model is 4.1% at the zero angles of attack and 10.4% at
the angle of 35°, which should not be more than 15% at the
maximum angle of attack of the model.

The base model of the wingsuit the dimensions of 0.36,
and the actual sample with the dimensions of 0.7m is made
with the WON9A20 wing model in the hand section with the
angle of attack edge retreat of 20" and also the aspect ratio of
2.22. The wingspan of the model is 0.6 meters, and the chord
of the wing root is 0.21 meters. The laboratory model used is
shown in Fig. 2.

3- Results and Discussion
3- 1- Balance measurement

Aerodynamic force coefficients were measured by an
external balance for the wingsuit model. Fig. 3 shows the
drag and lift coefficient diagrams as well as the performance
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diagram of the wingsuit model with wavy wings at the
Reynolds number of 1.5%10°. From the performance graph, it
can be concluded that the WON9A20 model performs better
at attack angles of 10" to 20° than at high attack angles, as it
can be seen that the efficiency of the wingsuit model reaches
its maximum value at an angle of 15°.

3- 2- Flow structure with mini tuft visualization

The flow pattern in the back and side view of the wingsuit
model at the angle of attack before stalling with the wing with
a wave structure at 4OA4=15" are shown in Fig. 4, respectively.
As can be seen, in this model, the vortices move from the
trailing edge of the wing to the leading edge and cause flow
disturbance at a distance of x /¢ =0.35 from the leading edge
of the wavy wing. This vortex formation leads to an increase
in the drag coefficient.

4- Conclusion

Flexible wings have been given a lot of attention due
to their lightness and low cost in the construction of flying
devices. Generally, these types of wings are considered wave-

shaped wings. The performance chart shows the highest
flight performance for this type of wingsuit at A0O4= 15". By
analyzing the vortices caused by the surface and the edges
of the wing by visualization on the model, it is observed that
in different angles, the way flow lines are messed up and the
vortices grow on the surface is different.
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Fig. 1. Wingsuit schematic and introduction of wing parameters

2ol Sl g wyp dlio ol 3 (Bigel g5 51 L ol (slon Jie
23,5 o ) aBislejl clacus

ML W JU oy Y

O el & sy 425 4 3l (92ylsm (slaBsyg damgi Ca
Sl s ) ateddle gy L el (gg) eios Chin
(il cad) Hb Luld V S 5> el cotel il 31 cps )3 )8
slrodis g meou ‘ (u) 91> sl ‘(uﬂl) Cody (slod fanl oas 030> ol
slagdiyg slp cwbie U (2l dius (il Jo 3 ((z)
Gl od Wg ale Sl ol u.i..al...sowj sl yiel)b b (63)5lsn
it ity 5 sl 023,55 Gl 5B 5w 5 WL (sl el
bl ool (2hb W adbe 632 405 wloly 0jo> cnl 3 (ole
Soasld gyl jl o9 oo 48)S Hlai )3 0y dhiwy S (b ilen
VUS55 [VF] e me st L sla ol ol s (sila:
o1 03l ioles ] g9y (in sla el olyagy ML ol o)l b
ol

5 sl clacuand o g ol G oS g sl o & 2ol
s 203yl ol b el gl ) lg ulyd Bl 8 ol e
il flgp el b pise Gizmen 9 58 4 Jb Jlail jl o Juol>
oz 0 (55 SS9 i 090 i > (e 4 Sl o8 L
Gl e slacdls gly [Y8] e g (s5lail .l cuonl Bl

YEAY

oby sl 69y bl g9 cnl aw s9) JS8 s 9 Sl s Jl
b5 b sl 5l g ol cwizmen @)l pits b Ll (95
S5 s Jgde D900 B9y 9 5 ghaw sl b Jeod
s D90 3l Ol 53 (e 9 S8 bis gl Jb elié S
Slaloglsr (9ol yider pdy Sllasil sl Jb Slllle ool @5 )13
3 osel Cnds ol @ dngi b gyl 5l Conl 48,5 i jgo iy (g
S9y 3 pdy Blas sgaoe Jb dwin (o) p (U 013 ploxl Clalllas
Coundg Lo @lio Cpl 13 .Cowl &8 pdy O )ygo iyl 4 &S Gigw Sisg
©)go & g dule lizge gaw Ojgo & G Sy ol (xS S
s blgy Jo 548 Jb U5 (290 o dwrin 35 ddlllas (020
Al ol Jao Salipgpl (g9 2 el oo sy S5, 9 AT 9 950
955 2 o Sato¥] IS5 15 55 & 425 b COS S ) 3590
Slge o Jb p5,8 = o )l (Jb Seeludgnl slajzell
5 Conl 4B 8 o 3,90 235 ol kin Cundy )3 S0 sl
dog b aabl o008 pasuie bilg) )3 i Canms B yielyly (6138 55T
b wld Jae Jb gdaw (glp otel vty ol g (o Slasle 4
p lp o Cpgo @ am dw oy by (] cole g il
Oygo & odd ddle Jdo Cdpdy Gy Jb wse algl 558
2SI (g St 0)50 Sl p iliSe Ll cod (20
& e Nl &5 13,5 Jao o gt Ojpgo a4 Jb caalllan 3)90 Jo
pdy Blasl bl 65 ol (b sl 6550 b Sletds



[YVYT UL sWonis g wld Cdgd Jmo iz gl slodio Cudy glod il 1L wld SLa L Y JSUS

Fig. 2. The structure of the wingsuit a: back view b: front view c: Place of sewing and wing ribs [27]
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Table 1. Characteristics of fabrics used in the aviation profession [32]
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Fig. 7. The studied wingsuit model a: Flight angle of attack diagram b: Geometry and dimensions of the
wingsuit model
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Fig. 8. Model used for this study a: modeling the wingsuit b: 3D printed model
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Table 2. Characteristics of wingsuit models for this study
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Fig. 11. Aerodynamics coefficient of Wingsuit model at a:

lift coefficient diagram Re=1.5x10° b: drag coefficient

diagram c: Performance diagram (L/D)

odnlie a5 jsbo lom 2yl YU ales (sblg; 4 Cuns (s 3 Sas
e b 4 L wld Jae Sl ol a0 VO gl )0 20 0
Ol b Jae Vb dlos (sblys )3 9800 odalite (izmed sy o 255
ontle sbl; 2> ol sls ol i 5 2,8 alie (S Awiin

Al o ax Ve U Y-

b b (g -V ¥
o gl )3 Jlb old Jae ()US g cudy sbod )3 Gl bghas
dd Y0 5 do )0 V0 dlos aglj 0 (oo )3 lo b JLL  Suilelg 5 L3
2 9 0 0dlie a5 yob lad uol odd edly LS VY S 0
el g uiS o <8 dos ad Caowo 4 Jb S48 4 5l a5 Jae ol

Y£a0

958 oVl (635 ol b ) ¥
sl 2B YL by (Seoldg ] slag s ol s (55 o5l
by 5 Tt calpd (gloylogad VN IS5 )3 oy &g s ol Jus
sy das )3 jlage Ju bl ol Jue 3 Slas jlage (rioren 5
J2e 39 o 0amliio oel oy ol 1 .l oab 030> L5 V/ B XY 7
ol 1m0 oLt 363 1YL (gblaj )3 s yedle T s ogge JU L
A2 oS Slp ol o CeBge 53 1k ol &8 Soj (sl ggdse
ool e cdls pl &S s sl Cuenl Pl Jlus Wil o Slo
W) & ) o Ty oy Olie S e 4 sl oy L
Ol 28hes Hlages Iyl Coonl Wl i S (glp caslis
WONAAY: Jioasdp Yo b Ve ales gblgs jo a5 €é)8 aos



&l

ap¥d:e a0l aes gUlg; o Re=1/0x) 0 cdb b Il (wld Joo 695 obss S5 po VY SIS

Fig. 12. Mini Tuft flow Visualization on the wingsuit model at Re=1.5x10° for angles of attack a: AOA=15> b: AOA=35°
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Fig. 13. Mini tuft flow Visualization on the wingsuit model at Re =1.5x10° at AOA=15¢ (side view)
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Fig. 14. Mini tuft flow Visualization on the wingsuit model at Re =1.5x10° at AOA=35c (side view)
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Table 3. Uncertainty of measuring Equipment
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