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Double-membrane gliding parachutes (DGP) obtain their wide variety of application, including the solution of cargo transportation
problems. This parachute is a flexible canopy, which shape is maintained by ram air. In terms of the aerodynamic performance
calculation and analysis when operating, DGP is the most complex aero elastic system. The computation of DPG aerodynamic
performance is only possible, utilizing the methods of nonlinear aerodynamics and the nonlinear theory of elasticity methods.

This paper investigates the aerodynamic characteristics of stable geometric shapes for various gliding parachutes, taking into
account their dome shape both chord-wise and span-wise. Notably, the volumetric parachute profile is modeled by its median
surface. The research, conducted by the authors, showed that such an aero elastic model of DGP allows you to obtain results that
reflect correctly the qualitative effects of detached and free streamline flow. To solve the problem about the airflow over a gliding
parachute, considering its canopy curvature, the method of discrete vortices with closed frames is employed, which allows you to
calculate the paragliding wing aerodynamic performance within a wide range of angles of attack. There is also a possibility of flow
separation simulation. The ideal incompressible liquid flow over the median surface of a stable shape for a double-membrane
gliding parachute is regarded. The parachute fabric porosity is not analyzed, since the upper and lower DGP panels are made of
either the low permeable or non-porous fabric. In the separated flow past, the aecrodynamic coefficients are identified by time
averaging to its large values after computing. The DGP aerodynamic performance computation results are given at a different value
of its dome shape, as in the free streamline flow as in the flow separation. The computed coefficients, that allow us to consider the
influence of canopy dome shape on its aerodynamic characteristics, are obtained. The proposed technique can be used for
operational estimates of aerodynamic forces while designing and planning a pipe experiment.

Key words: acrodynamics, parachute, double-membrane gliding parachute, discrete vortex method, dome-shaped paragliding
parachute, aecrodynamics coefficients.

INTRODUCTION

Double-membrane gliding parachutes (DGP) obtain their wide practical application, including
the cargo transportation issues solution. This parachute is a flex-wing, which shape is maintained by
ram air. From the point of view of the aerodynamic characteristics calculation and analysis during op-
eration, DGP is the most complex aero elastic system. The calculation of aerodynamic performance for
a similar system is merely possible, using the methods of nonlinear aerodynamics and the nonlinear
theory of elasticity.

A large number of experimental and theoretical researches, associated with the determination
of the DGP dynamic and aerodynamic characteristics', for example, [1-9] are known. At the same
time, obtaining reliable analytical results of the aerodynamic characteristics calculation is significantly
complicated by the fact that DGP is actually a flex-wing, which shape is supported by the dynamic air
pressure, so it represents an aero elastic system of immense complexity.

In order to identify characteristics of the given system, it is necessary to employ the methods of
nonlinear aecrodynamics and the nonlinear theory of elasticity, which specifies a significant computa-
tional problem. In this sphere the major researches on the basis of vortex methods were carried out by
the Central Aerohydrodynamic Institute (TsAGI), the Scientific Research Institute of Parachute Con-
struction, the Moscow State University, Zhukovsky Air Force Engineering Academy (see, for exam-
ple, [10—13]).

' The Study of a Parachute Wing in a Wind Tunnel T-101 TsAGIL. (1976). Scientific and Technical Department TsAGI
Ne 3415. Moscow: TsAGI, 76 p.
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In this article, the aerodynamic characteristics of various paragliding parachute stable shapes,
taking into account their curvature, are explored. In this respect, the volumetric parachute profile is
modeled by means of its median surface [14, 15]. The calculations, carried out by authors, showed that
this DGP model allows you to obtain results reflecting correctly the qualitative effects of separation
flow and free streamline flow. The DGP aerodynamic performance computational results with a differ-
ent degree of a canopy curvature, as in the free streamline flow as in the separation flow, are given.
The design coefficients, that enable you to consider the influence of a canopy dome shape on its aero-
dynamic characteristics, are obtained. The proposed technique can be used for operational assessments
of aerodynamic forces during the design phase and while planning a pipe experiment. The obtained
results can be useful while designing the DGP, setting up and conducting the pipe experiments.

METHODS AND METHODOLOGY OF STUDY

In this paper, in order to solve the problem of moving air current over a parachute, the method
of discrete vortices with closed frames [12] is used, which permits us to calculate the aerodynamic per-
formance of parachutes with a rather high practical accuracy. A principal assumption, demonstrated in
[15], is used, according to which the DGP is modeled by a thin carrying surface. The given assumption
allows you to conduct the research efficiently, both when solving the free streamline flow problems
and considering the flow separation. A typical vortex diagram of the cutting out shape DGP for the
closed-frame discrete vortex method is shown in Figure 1.

Fig. 1. Vortex diagram for the gliding parachute median surface

Replacing the DGP profile with its median surface makes it possible to obtain results, correctly
reflecting the qualitative effects of separation flow and free streamline flow and can be applied when
studying the major consistent patterns of airflow over parachute finite span wings. We will explore the
flow by ideal incompressible liquid over the median surface of the double-membrane paragliding para-
chute of a stable shape. The parachute fabric permeability is not analyzed, since the DGP upper and
lower panels are made of either low permeable or non-porous fabric, so that at the first stage of studies
their permeability can be neglected (if necessary, it is taken into account by well-known modifications
of the task boundary conditions [13]). In the separation flow, the aerodynamic coefficients are identi-
fied by time averaging to its large values after computing.

RESEARCH RESULTS AND THEIR DISCUSSION

The cutting out shape of the double-membrane gliding parachute changes significantly in the
air flow (fig. 2), its wing takes a stable dome shape of span [, with the camber height f, which makes
10-20% of the initial span /. Obviously, the stated deformation influences the integral wing aerody-
namic performance. This paper proposes a technique that allows you to assess the influence of the
canopy dome shape on its aerodynamic characteristics and give formulae for a curved wing recalcula-
tion.
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Fig. 2. The dome shape of the wing of the gliding parachute

As it has been shown in [15], the aerodynamic performance of the parachute cutting out shape
is calculated with acceptable accuracy, applying the method of discrete vortices with closed frames as
in the free streamline flow (small angles of attack) as in the separation flow.

Here we are going to illustrate how it will be possible to obtain the wing aerodynamic perfor-
mance with the known camber height by a computational scheme for a cutting out shape.

First, let us explore the case where the parachute wing has a small extension A. Generally
speaking, for the most of practicable DGPs, the elongation does not exceed 2. (So, for a gliding para-
chute system of PO-9 series A = 1.24, for PO-9-2 and PO-9-7 A = 1.7). The sail-wings, which elonga-
tion value can reach 3+4, are the exception. The following symbols are used for analytical studies in
the given article. The dimensionless aecrodynamic performance, assigned to the area in the design of
the curved wing S,,, will be designated as ¢, and c,, as the symbol for the aecrodynamic characteristics,

assigned to the area in the design of the original wing S (cutting out shape). Then we have

c,=——,C, =— (D)

where g is the air pressure, Y is the DGP normal force. When describing the parameters the subscript
"u" indicates that one or another characteristic refers to a curved wing, for example, ¢, = :—P;c is the

coefficient of normal force for a curved wing, attributed to the non-curved wing area.
It is known that for small extension wings, the slope of lift curve is expressed as [16]

¢t == =kA )

In the area where the aerodynamic performance is linear, it is possible to write (hereinafter, to
reduce the entry, the subscript "a" in the designations for the lift coefficient is omitted):

Cpy =2¢  =pag 3)
2
Substituting ¢y into (3) according to (2) and taking into account that A, = ;—Z, we get:
Sy, 12 12
yuz?kgd:k—a. (4)

C
S
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For non-deformed wing
lZ
cyzcj‘fa:k?a. (5)

Hence follows the following ratio

o _ ()" ©)

Cy l

This formula is true for the wings of small elongation at small angles of attack.
In a similar way, for wings of very large elongation which curve slope of lift can be considered
weakly dependent on A value, we obtain:

Sy _ L
=5 %)

Cy

Let us analyze the curvature effect on parachute wing drag. We will first make an analysis for
small extension wings in the linear region. Taking into account the dependence for the drag coefficient
(polar equation):

Cx = Cy, + AcS, (8)

where ¢, is the wing profile drag, Acf, is the drag dependent on lift. So, we have the following for a
curved wing:

2
— (& Fox2 \Su _ =2 (Su)" S _ i S .2
Cxu = (Cxon + Ancyn)? = Cxou + Ancyn (?) g = Cxou + Angcyn- (9)

1

Since at small angles of attack you can take ¢, = ¢y a, so, A = —;. Then, considering (2), we get:

5
_ 15 2 _ S 2
Cxn = Cxon + ﬁs_ncyn = Cxon + k_lﬁcy“’ (10)
— S 2
Cx = Cxy + 712Gy (11)

Since the value of drag at zero lift depends only on the profile shape, so, ¢, = ¢y,. Then

S 5 , S 2 _ S 2, S o 1\2 Ccyu, o
Co . +—=C. Cxot772Cyu 7 Cyt—5C (_) )41
Cxn _ X0 kl% yu _ 0 kll/[ y kl y Kkl y _ 1 + Iy (Cy)
- S 2 - S 2 - CXO
C — -
X Cx0+kl2 Cy Cx0+klz Cy K C2+1
kiz2 Y

To convert the denominator, we use (11), and consider (6) in the numerator, after that we final-
ly have:

o1 0 L ea- () )
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Formula (12) shows how the drag coefficient of the curved wing changes compared to the non-
curved wing. The second addend appears when the wing has the drag equal to ¢, (for ideal liquid, it is
observed when the wing curves along the chord). It is clear that the wing camber along the chord
slightly attenuates the effect of curvature. If c,q = 0 (there is no chord curvature), then the dome-
shaped wing drag coefficient changes in the same way as the coefficient of lift.

Conducting the similar argumentation for the wing of big elongation, we get:

Cxu Ly Cxo0 lu

The given formulae, obtained for small angles of attack, were later checked by numerical calcu-
lations under various flow conditions. A straight wing was taken as the initial carrying surface, coin-
ciding in the shape and size with the lower surface of the parachute PO-9 (A = 1.24). The aerodynamic
characteristics ¢y, Cyq Of this wing were calculated under its deformation over the cylindrical surface
(fig. 2).

Figure 3 shows the dependences of ¢, coefficient of this wing from the angle of attack o in the
free streamline flow for various deformations. Figure 3 shows clearly the slope of the lift curve of the
deformed wing decreases when its span varies from 100 to 70% from the initial value and with the in-

crease of camber height f = %from 0 to 20% of span / respectively. The wing drag coefficient without
curvature along the chord depends on the canopy dome shape as well as the coefficient of lift.

C
va L=1_|
09 |~
0,8 L
=
0,4
0

o
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Fig. 3. Dependence of wing coefficient c,,, on the angle of attack o in the free streamline flow
for different values of span [,

2
Figure 4 shows the same dependencies, as Figure 2 does, after dividing them by (IT”) — the re-

calculation coefficient from formula (6). Now it is obvious that all the dependencies practically coin-
cide, which indicates the possibility of recalculating the aerodynamic characteristics of the dome-shape
canopy of small elongation according to formula (6) in the free streamline flow within the range of
a < 10° angles of attack.
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Fig. 4. Dependence of wing coefficient c,, on an angle of attack a in the free streamline flow
for different values of span [, after recalculation, using formula (6)

In case the wing surface is additionally curved along the chord (Figure 5, where PO-9 para-
chute median surface, which is the surface of two curvatures, is shown), in the free streamline flow, it
is possible to recalculate the aerodynamic characteristics in conformity with formulae (6), (13), as it is
illustrated in Figures 6 and 7.
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Fig. 6. Lift coefficient of PO-9 parachute median surface considering
its dome shape (wing with double curvature)
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Fig. 7. To the possibility of recalculation of the lift coefficient for a dome-shaped wing with double curvature

In some cases, it is necessary to take into account the possibility of the flow separation from the
surface of the parachute wings. Figure 8 shows the dependencies of ¢, coefficients in case of the sep-
aration flow of deformed wings when the span decreases from 100% to 85% from the original value
due to their deformation. During the calculations, it was found out that the recalculation of coeffi-
cients, using formula (6), does not lead to positive results in the separation flow.
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Fig. 8. Lift coefficient for the dome-shaped wing in the separation flow

Figure 9 represents the dependencies of aerodynamic performance of the deformed wings after
oy Ly )
dividing by n coefficient. You can see that the curves are almost congruent.
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Fig. 9. To the possibility of recalculation of the lift coefficient of dome-shaped wings in the separation flow

It turns out that in the separation flow, the conversion calculation of the aerodynamic coeffi-
cients can be conducted, using formula (7) obtained for wings of large elongation. It can be explained
by an insignificant influence of edges effects compared to the interaction effect of the vortex sheets in
the separation flow over the parachute wing. Figure 10 and Figure 11 illustrate the formula application
for the conversion calculation of the drag force coefficient (13), derived for a large elongation wing to
recalculating the similar coefficient for a small elongation wing in the separation flow. It is clear that
the use of this formula is quite justified.

Thus, the numerical simulation justifies the use of formulae (7) and (13) to recalculate the aer-
odynamic characteristics obtained for the parachute cutting shape on the dome-shaped wing in the flow
separation.

0,8

0,6

0,4

0,2

10 15 20 25 30 35 (74

Fig. 10. Drag coefficient of a dome-shaped wing in the separation flow
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Fig. 11. To the possibility of recalculating the drag force coefficient of the dome-shaped wings in the separation flow
CONCLUSION

This paper provides the investigation results of influence of the median surface curvature (dome
shape) of a double-membrane gliding parachute on its basic aerodynamic performance (normal force co-
efficient c,,, and drag coefficient c,,) at various values of the parachute dome, its elongation and angles

of attack. The results were obtained, using the DGP mathematical model that was developed by the au-
thors, as in the free streamline flow as in the flow separations from the parachute surface.

It is shown that in the free streamline flow at the high angles of attack and the parachute signif-
icant curvature (I, up to 0,7), the normal force coefficient decrease comes to up to 50%. When taking
into account the flow separation, the flow pattern changes significantly and c,, coefficient decrease
does not exceed 10%.

As a result of the calculated data and the analytical studies processing, allowing us to estimate
the aerodynamic performance value, taking into account parachute curvature, were obtained. Such an
approach enables you to utilize the simplified conversion formulae while designing the DGP and avoid
solving the non-linear problems of the elasticity theory, taking into account quite accurately (the error
does not exceed 3—5%) the curvature of wing span-wise.

Thus, the authors proposed the solution algorithm for aerodynamic problems when conducting
the investigation of parachute optimal shapes and sizes: at the first stage, aerodynamic performance for
the flat median surface of the parachute, as in the free streamline flow as in the separation flow, are
calculated. Then the parachute dome shape is taken into account by means of utilizing the proposed
conversion calculation coefficients. It is obvious that the DGP design the final problems should be
solved in a general setting, using complete mathematical models.
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BJAUAHUE APOYHOCTHU HAPAINIOTHOI'O KPBIJIA HA ET'O
APOAUHAMMNYECKHUE XAPAKTEPUCTUKHU

B.B. OB‘{I/IHHI/IKOBI, 10.B. l'[eTpOBZ, L1.®. Taunes’

"Mockosckuii eocyoapcmeenHulll mexHudeckutl ynugeepcumem umenu H.D. Baymana,
2. Mockea, Poccus

’Mockoesckui 20Cy0apcmeeHHblll MeXHUYeCKUull yHugepcumem paxcoancKol asuayuu,
2. Mockea, Poccus

JByxo60moukoBsie maHupytorrue napanrots! (JI1I1) HaxomsaT mmpokoe MmpakTHdecKoe MPUMEHEHHE, B TOM YUCIIE TS PeIICHHs
3a/1a4 TPy30IepeBO3KHU. JJaHHBII MapaIioT SBISLETCS MATKIM KPBUIOM, (JopMa KOTOPOTO TIOIEPKUBACTCST HAOETAFOIIIM ITOTOKOM
Bo3ayxa. C TOYKM 3pEeHHS pacduera M aHal3a a’pOIMHAMHYECKUX XapaKTepHCTHK B mpouecce dkcrryatarmu I seisercs
CJIOJKHEHUIIIEH a3poynpyroil cucteMoi. BelunciieHne a3poarHAMUYECKUX XAPaKTEPUCTUK TAKOW CHUCTEMbI BO3MOYKHO TOJIBKO C
MPUBJICICHAEM METO/IOB HENMMHEHHON a’pOIMHAMUKH W HEJMHEWHOW TeopuM ympyrocti. B maHHONM paboTe mccremyroTcs
A3pOITHAMUYECKIE XapaKTEPUCTUKH YCTAHOBUBIIMXCS TEOMETPHUUECKUX (POPM pasiMIHBIX IJIAHUPYIOLIUX HMapaIoTOB C yIETOM
MX apOYHOCTH KaK 10 XOpAe, Tak M 1o pa3Mmaxy. [Ipu 3ToM 00BeMHBIN MpOQUIb Mapairora MOJAEIUPYETCS €ro CPEeAMHHOM
MOBEPXHOCTHIO. [IpoBe/ieHHbIe aBTOpaMy HCCIEA0BaHMS MTOKA3aIM, YTo Takas aspoymnpyras moaens I mo3onser nomyyars
PEe3yJIbTaThl, MPABUIIBHO OTPAXKAIOLINE KaueCTBEHHbIE A((EeKThI OTPHIBHOIO M 0e30TPBIBHOTO 00TeKaHust. J{yst pereHns 3a1a4u 00
00TEeKaHUH TUTAHUPYIOIIETO MapaloTa IIOTOKOM BO3/IyXa C Y4ETOM €r0 apOYHOCTH HMCIIONB3YETCs] METOI IUCKPETHBIX BUXPEH C
3aMKHYTBIMH PaMKaMH, KOTOPBIH ITO3BOJISIET BEMUCIIATE a3pOMHAMUYECKHE XapaKTEPHCTHKHU MapalliOTOB B IIMPOKOM JHara3oHe
VIJIOB aTakH, a TaKKe MMEeTcs BO3MOXKHOCTh MOJIENIMPOBAaHMsS OTpbIBAa MOTOKAa. PaccMarpuBaercst oOTEeKaHWE CpPEIMHHOM
MOBEPXHOCTH YCTaHOBHBIIEHCS (DOPMBI TBYXOOOJOYKOBOTO TUIAHHPYIOIIETO MApallfoTa ITOTOKOM HICaTbHON HeC:KMMaeMOi
JKUOKOCTH. [IpOHMIIaAeMOCTh TKaHW TApAIIIoTa HE YUYUTHIBACTCA, TaK KakK BepxHee W HinkHee mosotHuma I BemomHsroTCs
60 U3 c1abo MPOHMIIAEMOH, TMO0 M3 HEPOHMIIAEMOH TKaHH. [Ipu OTpBIBHOM OOTEKaHMH a’pOIMHAMUYCCKUE KOI(D(PHUIEHTHI
OTIPEeNIeIISIOTCS IyTeM YCPEIHEHHs 10 BPEMEHH IOCIIe pacdeTa 0 ero OompInnx 3HadeHHd. [IprBOISITCS pe3ynbTaTel pacyeToB
asponrHaMudeckux xapakrepuctuk AT mpu pa3migHOM 3HAYSHHH €r0 apOYHOCTH KaK IMpH 0e30TPhIBHOM O0TEKaHHH, TaK U MPH
Haimuuu OTpbIBOB. IlomydeHsl pacyeTHble KOI(QUIMEHTHI, MMO3BOJISIONIME YUYECTh BIMSHHE apOvHOCTH MapallioTa Ha ero
a3poJIMHAMUYECKHE XapakTepucTHKU. [IpeanmaraemMas MeTOJUKA MOXKET MHCIIONB30BAaThCSl UL ONEPATHBHBIX — OLICHOK
a3POAMHAMUYECKUX CHJI Ha 3Talle MPOSKTUPOBAHMS U TIPY IUIAHUPOBAHHHU TPYOHOTO SKCIIEPUMEHTA.

KnioueBble cioBa: as’pojyHaMuKa, IMApaIlioT, ABYXOOOJIOUYKOBBIM IUIAHUPYIOLIMHA MapailioT, METOJ IHMCKPETHBIX BUXpEH,
ApOYHOCTH MAPAILIOTA, a9POAMHAMHYECKIE KO HUIMEHTHL.
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