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Mera crarTi — po3pobka Mojesi s BHOOPY MPOEKTHUX MapaMeTpiB aepoJMHAMIYHHX €JIEMEHTIB CHCTEM
BifBeeHHS 3 opOiTH. [l BUpiIIeHHS IPOOIeMH 3aCMiUeHHS HABKOJIO3EMHOT0 IIPOCTOPY NMPOIIOHYETHCS BiIBOIH-
TH 3 OpOITH BimpaiboBaHi KOcMiuHi 00’ ekTH. HalOinpIn 3acMiYeHUM € PEerioH HU3bKUX HABKOJIO3EMHHX OpPOIT.
OpHi€r0 3 MEPCIIeKTUBHUX CHCTEM BifBEICHHS KOCMIUHHMX 00’€KTiB 3 HH3bKHX HABKOJO3EMHHUX OpOIT € aepoau-
HaMiuHi CHCTeMH BiJBeAeHHs. Taki CHCTEMH IOCUTh HAJiliHi i JenIeBi, ane BOHM MAIOTh 1 HEIOMIKH, a caMe IyT-
JIMBICTB [0 BIUTMBY (DAaKTOPiB KOCMIYHOTO MPOCTOPY. BHKOHAHO AEKOMITO3HLIIO aepoauHaMidHKX cucteM. B pe-
3yJbTaTi JEKOMIIO3UIIii BU3HAYCHO i€papXiuHy CTPYKTYpY CHCTEMH, sSiKa Ma€ HACTYIHI PiBHI: PIBEHb IiICHCTEM,
piBeHb eleMeHTIB, piBeHb IapamerpiB. IIpoBeneHo aHai3 MaTepianiB Ul BUTOTOBICHHS KOHCTPYKTHUBHUX elle-
MEHTIB aepOANHAMIYHOrO enemMeHTa cucteMd. C(HOPMOBAHO KOMILIEKC MPOEKTHUX MapaMeTpiB aepoOANHAMIYHUX
cucreM. JlaHMH KOMIUIEKC BUKOPHCTAHO IIPH PO3pO0LIi MaTeMaTHYHOI MO/iesli BHOOPY MapaMeTpiB aepoIiHHaMid-
HOTO eJIeMEHTa CHCTEM BiJBEACHHs Pi3HUX KJIACIB, a caMe: MOHOOIOYHHX, KapKacHO-HALyBHUX, CHCTEM, SIKi (op-
MYIOTBCSl LIIAXOM TpaHC(OpManii KOHCTPYKLIT KOCMIYHOTO 06’€KTa B aePOAMHAMIYHY CHCTEMY, BUCYBHUX CHC-
TeM. B Mozeni BH3HAaYEHHS TOBIIMHU MaTtepialy BPaxoBaHO HACTYMHI (aKTOpH: BIUIMB KOCMIYHOIO BaKyymy Ta
aTOMapHOT0 KHCHIO Ha Marepial 0OO0JIOHKH, BIUIMB HA/UTHIIKOBOTO THCKY Ha 000J0HKY. Takox B Mojerni Bpaxo-
BAHO MOXHOKH: y BU3HAUCHHI OaNiCTHYHOrO KOC(ili€eHTY aepOoJHHAMIYHOI CHCTEMH 3 KOCMIYHUM 00’€KTOM, LIO
BIZIBOIUTHCS, Y BU3HAYCHHI iHAEKCY COHSIYHOI aKTHBHOCTI Ta y BH3HAYeHHI KOHIIEHTPALi aTOMapHOro KHCHIO.
Jlana MateMaTH4YHA MOJENb BUOOPY HMapaMeTpiB aepOAMHAMIYHOI CHCTEMH A03BOJIsIE OymayBaTH HOMOTPAMH IS
BU3HAUCHHS IIApaMeTPiB CHCTEM BiJBEIECHHSI KOCMIYHUX 00’ €KTIB Pi3HUX KIIACiB 3a Macolo Ta opOiT JucioKaii.

Knwouosi cnoea: kocmiynuil 00 ’ckm, cucmema 6i0gederHs 3 opoimu, aepoOUHaAMiuHUil eemMeHm, KOMIIEKC
NPOEKMHUX NAPAMEMPIE, MAMEMAMUYHA MOOEb.

The goal of this paper is to develop a mathematical model for choosing the design parameters of deorbit
systems’ aerodynamic elements. To solve the problem of near-Earth space debris, it is proposed to deorbit used
space objects. Low-Earth orbits are most clogged. Aerodynamic systems are among the most promising systems
for space debris removal from low-Earth orbits. They are quite reliable and cheap, but they are sensitive to expo-
sure to space factors. In this paper, aerodynamic systems are decomposed to identify their hierarchic structure,
which has the following levels: a subsystem level, an element level, and a parameter level. Materials for the struc-
tural components of an aerodynamic element are analyzed. A set of design parameters for aerodynamic systems is
formed and used in the development of a mathematical model for choosing the parameters of an aerodynamic el-
ement for deorbit systems of various classes: monoblock ones, frame inflatable ones, ones formed by transforming
the structure of a space object into an aerodynamic system, and telescopic ones. The material thickness determina-
tion model accounts for shell exposure to the space vacuum, atomic oxygen, and excess pressure. It also accounts
for errors in determining the ballistic coefficient of an aerodynamic system with a space debris object to be deor-
bited, the solar activity index, and the atomic oxygen density. The mathematical model for aerodynamic system
parameter choice allows one to construct nomograms for determining the parameters of deorbit systems for space
debris objects of various classes from their mass and orbit parameters.

Keywords: space object, deorbit system, aerodynamic element, set of design parameters, mathematical
model.

Introduction. The state of near space today is in a critical condition due to its
pollution. Humanity faces the problem of keeping it in a state suitable for practical
use. This requires some effort to develop modern technologies to prevent the
growth of space debris fragments in outer space by deorbiting space objects that
have expired [1]. Aerodynamic systems are one of the most promising techno-
logies for the deorbiting of spent space objects. Passive means, which include this
technology, practically do not require fuel and on-board energy for their operation.
A characteristic feature of these systems is the creation of a braking force by
increasing the ballistic coefficient of the spacecraft. Therefore, such systems are
quite reliable and cheap.
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Earlier, we classified these systems [2] and proposed a methodology for their
designing [3]. Using the classifier and methodology, this paper proposes to
develop a model for aerodynamic element design parameters selecting of deorbit-
ing systems.

As you know, the structure and functioning are the most important properties of
the system. The functioning of the system is clearly determined by the structure.
According to [4]: "structure (lat. structura — structure, connection) is a strong,
relatively stable connection (relationship) and interaction of elements, parties, parts
of an object, phenomenon, process as a whole." An ordered set of elements that make
up a technical system is grouped by systems of lower levels of complexity. The
hierarchical structure of the aerodynamic deorbiting systems (ADS) and the
composition of the corresponding project parameters are shown in fig. 1.
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Fig. 1 — Hierarchical s‘tructure of ADS

In fig. 1 is shown: I, I, Il — levels of systems, subsystems and elements, re-
spectively; t, is the space object orbital lifetime; S,, is the cross-section area of
the aerodynamic element; m,; is the ADS mass; m,. is the mass of the aerody-
namic element; S, is the total surface area of inflatable elements; S, is the
cross-section area of deployable elements; V,,,.,- is the volume of inflatable ele-
ments; V,,z- is the volume of deployable elements; m,,. is the mass of inflatable
elements; m., is the mass of deployable elements; V. is the volume of deploy-
ment system; m, is the mass of deployment system; m_  is the mass of gas for
inflation; m,,- is the mass of gas storage and supply system to the shell; m,, is
the mass of inflation system; R is the volume coefficient of deorbited mass un-
der the action of atomic oxygen in near-Earth space; o, is the material thickness
of deployable elements; p,,-- is the material density of deployable elements; a.,
is the width of a deployable element; |, is the length of a deployable element;
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m,, is the mass of deployable elements; o,,,. is the material thickness of inflata-
ble elements; p,,,. is the material density of inflatable elements; d . is the di-
ameter of an inflatable element; |, is the length of an inflatable element; P, is
the excess pressure in an inflatable element; x is the molecular mass of gas for
inflation; V. is the volume of inflatable elements; P, is the internal pressure in
the gas storage due to inflation; Vo, is the volume of the gas storage tank; pog,-
is the density of the gas storage tank material; mg,,- is the mass of the gas stor-
age and supply system to the shell; S, is the surface area of the storage system;
Oucs 1S the material thickness of the storage system; p,,, is the density of the

material of the storage system.

The following initial data are used to calculate the parameters of the deorbit
system: the lifetime, the mass of the deorbited space object and its cross-sectional
area, the cross-sectional area of the aerodynamic element. The latter is calculated
according to the following model [5]:

2mKA\/g-X (e.z)
= - +Syko: 1)

t, 3ppeCX

. . 2
X(e,z): 3-e eXp(Z) 1+7£+5e;+i.(1+%+i+izj , (2)
4l 4(z)+8el (z) 6 16 2z 12 4z 4z

M

where C, is the coefficient of aerodynamic resistance; p , is the density of the
atmosphere at the perigee of the orbit; 1, (z)— Bessel functions of order k=0 and

1 and argument z =ae/H e — orbital eccentricity; p— gravitational parameter

p.pe ’
of the Earth; m, , — spacecraft mass; a— the semi-major axis of the orbit; H -
height of the dense atmosphere.

In general, the mass of the aerodynamic element is determined using the ex-
pressions:

M 45 = Sps0unsPuns + SnreSupsPures » (3)

where m,, is mass of AE; S,,,is the surface area of inflatable elements;
Syns 1S the material thickness of inflatable element; p,,,,, is the material density of
inflatable elements; S, ., is the surface area of deployable elements; &, is the
material thickness of deployable elements; p,,»5 is the material density of deploy-

able elements.

These parameters are calculated according to the following algorithm and cor-
responding mathematical models.

The analysis of the ADS design schemes, the descriptions of which are given
in [2], showed that polymer film materials are used for the manufacture of aerody-
namic elements, the characteristics of which are given in Table 1.
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Table 1 — Characteristics of polymer film materials

;??ilgi?r?ttg? r%(;-ss Density Mod_u I'us of
Material loss o kg/m’ iash;:y

R,,cm*®/atom np?
Mylar 3,01-10 [6] | 1390[7] 3,38-10° [7]
Upilex-S 9,22-10* [6] | 1470[10] 9,1-10% [10]
Kapton-H 3-107% [6] 1420 [8] 2,76-10[8]
PTFE 1,42-10% [6] | 2150 [6] 1,75-10" [9]
Kapton-Al,O3 2,5-10% [11] | 1390 [8] 3,38-10° [g]
Kapton-FN 5.107% [11] 1530 [12] 2,48-10°[12]

The design value of the material thickness of inflatable

and deployable ele-

ments is determined by the formula:
Syrie =Supe =8y +(8c +8, )-(1+3), (4)

where §,,,. Is the estimated material thickness of inflatable elements; §,,.- is the
calculated material thickness of deployable elements; 3, is the minimum thickness

of the film material at which the shell maintains its integrity under the influence of
internal pressure, since the internal pressure in the ADS shell is several times of
magnitude higher than the external pressure of the Earth’s atmosphere, the deform-
ing moments can be neglected, thus the minimum thickness of the film material is
calculated using known expressions from the theory of momentless shells; &, is
the thickness of the material that will be removed from the shell due to the influ-
ence of space vacuum (sublimation); &, is the thickness of the material that will

be removed from the shell due to the influence of atomic oxygen; § is the calcula-
tion error, which is determined using the expression:

8=08g +8p, +Oax, (5)

dgy Is the error to determine the ballistic coefficient, according to [13, 14], we
take (600 — 1000) km for the entire range of orbital altitudes; & _is the error to
forecast the solar activity index, according to [15, 16], we take (600 — 1000) km
for the entire range of orbital altitudes; & ,, is the error to determine the concentra-
tion of atomic oxygen, according to [17, 18], we take (600 — 750) km for the range
of orbital altitudes, (750 — 1000) km for the range of orbital altitudes.

Thus, the coefficient of error to determine the material thickness of inflatable
and deployable elements for the range of orbital altitudes of 600-750 km will be
equal to &,, =0,02, and for the range of orbital altitudes of 750-1000 km will be
equal to 5,, =0,25.

For a spherical film element, the minimum thickness of the film material 3,
will be defined as [19]:
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P, .r
8=, ©)

where P, is the excess pressure in the shell of the inflatable element of the ADS;
ro is the radius of the spherical inflatable element; cis the tensile strength of the
material, according to [20], for the polyimide material, we accept o =7,5-10"I1a.

For a cylindrical film element, the minimum thickness of the film material &,
will be determined as [19]:

P,r
8y =———, ()
2c
where 1, is the radius of the cylindrical inflatable element.

For a toroidal film element, the minimum thickness of the film material &,
will be determined as [19]:
S = PHTrCT (er _rcr) (8)
0 )
26(r; —rgr)
where r; is the cross-sectional radius of the toroidal inflatable element; r is the

radius of the toroidal inflatable element.

The impact of the space vacuum on the polymer material leads to its loss, pri-
marily due to its sublimation. The rate of change in the thickness of the polymer ma-
terial under the influence of sublimation &, is determined by the expression [21]:

t
Prar Hram
o, =1S ’ dt, 9
° t'[ " Pam \ 27N 1 KgT g,

where S, is the surface area of the ADS; p,,, . is the saturated gas pressure of the
sublimated material is determined by the formula [22]:

* o
p;,r =0,0007181-e v, (10)
A,B are the coefficients, taken according to [23] to be equal to A =3,B =3000;
Py 1S the density of sublimated film material; p,,, is the molecular mass of the
film material; N , is the Avogadro's number, N , =6,022-10%mol™; k; is the
Boltzmann constant, k, =1,38-:10J/K;; T, — temperature of the film materi-
al surface, which is calculated according to the formulas [24] in the shady and

sunny parts of the orbit:
Trnm, =¢ S2E + Sl s (gj’ (11)
’ S, S, \e¢

S, is the projection area of the spacecraft onto the plane perpendicular to the di-

rection of the Earth's radiation, for unoriented flight, we take it equal to the area of
the middle cross-section S,, ; J ; is the intensity of the Earth's radiation; o is the

material absorption coefficient; ¢ is the emissivity of the material; S, is the sur-
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face area of the spacecraft; ois the Stefan Boltzmann constant,
c6=5,67-10° Wm?K*; S, is the projection area of the spacecraft on the plane per-

pendicular to the direction of the radiation of the Sun reflected from the Earth;
J , is the intensity of the radiation of the Sun reflected from the Earth;

S,J S.J
T, =22 4 (Sada S C)m' (12)
' Spo S, €

S, is the projection area of the spacecraft on the plane perpendicular to the direc-
tion of the Sun’s radiation; J . is the intensity of the Sun’s radiation.

As is known [24], the environment around the space vehicle during its move-
ment at altitudes of up to =800 km is aggressive towards polymer films and coat-
ings of the space vehicle. In near-Earth orbits, the factors that determine the
change in the chemical, thermo-optical and mechanical properties of polymers are
high-speed atomic oxygen flows. The change in film thickness under the influence
of atomic oxygen is determined by the formula:

tL
8y = [Re @yt (13)
to

where R is the volumetric coefficient of film mass loss, which is determined by
the formula [25]:
Re =10%(9,5-83-e"%7), (14)

y is the erosion coefficient; ®,, is the atomic oxygen flow is found from the ex-
pression [25]:
D, =po, 'VKA‘ > (15)

Po, Is the atomic oxygen concentration at the orbit altitude h; ; V., is the space-

craft velocity at the orbit altitude h, , for a circular orbit is determined using the
expression:

VKA = i’ (16)

r, is the radius vector of the spacecraft; h, is the altitude of the spacecraft orbit;

h =r; =R, (17)

R, is the radius of the Earth, R, =6371km.

For the ADS class using the transformation of the structural elements of space
objects, the AE parameters are not calculated, since it is assumed that the functions
of the AE will be performed by the transformed structural elements of the space
objects.

Monoblock systems parameters. Structurally, monoblock ADSs consist of
AE, IS and SS. In this work, a sphere is chosen as a typical AE of a system of this
class. The "Sphere" ADS configuration consists of a spherical AE. So, AE parame-

40



ters of this configuration are: diameter of AE d, ; volume of AE V, ; mass of
AEm,..

The diameter of the sphere can be expressed in terms of the area of the median
cross-section S,, , which for unoriented flight is equal to:

Sw = (18)
S, =3,141593-d2, , (19)
de, =113/S,,, (20)

where S, is the surface area of the sphere.
The volume of the sphere is determined from the ratio:

Vg ~0,5236d2, =0,755,/S,, . (22)
The mass of AE is determined using the formulas

Mue =4Sy, Sype Pune » (22)

where p,,,- is the material density of inflatable elements; 3, is the material
thickness of an inflatable element.

Frame-inflatable systems parameters. Frame-inflatable ADSs structural-
ly consist of a combination of inflatable elements (for example, inflatable masts)
and a membrane made of thin-film elastic material.

The following configurations of frame-inflatable ADSs are considered in the
work:
"Round Shield";
"Two dihedral panels™;
"Prism Triangle";
"Prism Square";
"A cone made of tori";
"A cone made of tori with spheres placed inside™;

o "Bulksail".

The configuration of the "Round shield” ADS consists of 4 inflatable elements
(3 inflatable masts and a torus shell) and one deployable element (a flat round
shield).

The AE parameters of this configuration are: shield diameter of AE d, ; vol-

ume of inflatable elements V,,. mass of AE m, .

The initial data to calculate the mass of the ADS in the form of a flat round
shield are: the ADS median cross-section area S,, ; length of the inflatable masts

| s » Which is equal to the diameter of the round shield d, ; diameter of inflata-
ble masts d,,,, depends on the length of the inflatable mast |,,, and is defined as
d,, =0,0351,, .

The mass of AE m,. in the form of a flat round shield is determined by the
ratios:
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My =My +Mpe, (23)
Mye =1,224S,,8,,c Prie » (24)
Mpe =2,776S ), 81pe Purpe - (25)

The volume of inflatable elements is calculated as follows:
Ve =V; +3/,,. =0,01 S,;";, , (26)

where V; is the volume of the torus shell; V . is the volume of the inflatable sling.

The "Two dihedral panels” ADS configuration consists of 2 inflatable ele-
ments (2 inflatable mast-ribs) and 2 deployable elements (4 faces).

The AE parameters of this configuration are: length of the inflatable mast
| 1 » Dy which the length of panel | ;, is determined; diameter of the inflatable
mast d,, , it has been accepted d,,,, =0,035l ,; ; width a,, of the polymer ma-
terial web of each dihedral panel, while I, =1, and a,; =0,12l mass of
AE m,..

The mass of AE m,. in the form of two dihedral panels is determined by the
ratios:

an

My =My +Mpe, (27)
My =0,531S,, 8ye Pume » (28)
Mpe =3,469S ), 8/pc Py - (29)

The volume of inflatable elements V,,. is calculated using the formulas:

Ve =N, ~0,01L/S; | (30)

where V,,,, is the volume of inflatable mast.

The ADS configuration "Prism Triangle" consists of 6 inflatable elements
(3 inflatable masts-ribs of the pyramid and 3 inflatable masts-sides of the base of
the pyramid) and 3 deployable elements (3 faces of the pyramid).

The initial data to calculate the mass of the AE in the form of a three-sided
pyramid are: diameter of inflatable masts d,,,, depends on the length of the inflat-

able mast |,,, and is defined as d,,, =0,035l,,, ; flat angle A at the top of the
pyramid is 60°; area of the median cross-section S,, of the ADS. The AE parame-
ters of this configuration are: length of the base of the pyramid a, ; mass of AE
M, -

The mass of AE in the form of a three-sided pyramid is determined by the re-
lations:

My =My +Mpe, (31)
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Mye =SnueSnne Prne - (32)

Mpe = Sppe Snpe Pripe (33)

Spue =Suy =6(2-7-0,017585 ) = 0,663, (34)

where a, is the length of the base side of the triangular pyramid; S, is the sur-

face area of inflatable masts;

Sy e =S, = p22A2 ~1,305a2, (35)

S, is the area of the faces of the pyramid; p, is the perimeter of the base of the
pyramid
P, =34, (36)

A, is the length of the apophemum (height of the face) of the pyramid

2
A;Ja@—%:O,S?ao. (37)

Let's express the length of the base of the pyramid in terms of the area of the
median cross-section of the ADS:

S
S, =—, 38
y = (3
Si =Snue +Spee =1,9658, (39)
a, =1,427,[S,, . (40)

The volume of inflatable elements V. is calculated using the formulas:

Ve =0V,,, ~0,017,/S? (41)

where V,,,, —the volume of inflatable mast.

The configuration of the ADS "Prism square" consists of 8 inflatable elements
(4 inflatable masts-ribs of the pyramid and 4 inflatable masts-sides of the base of
the pyramid) and 4 deployable elements (4 faces of the pyramid).

The initial data to calculate the mass of the ARS in the form of a four-sided
pyramid are: diameter of inflatable masts d,,,, depends on the length of the inflat-

able mast and is defined as d,,, =0,035l ,,, ; flat angle A at the top of the pyramid
is 60°; area of the median cross-section of the ARS S,, . The AE parameters of
this configuration are: length of the base of the pyramid a, ; mass of AE.

The mass of AE in the form of a triangular prism is determined by the rela-
tions:
Mue =My +Mpg, (42)

Mye =SaueSnue Prke » (43)
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Mpe =Sppednpe Pree » (44)

Spue =Suw =8(2-7-0,017585 ) =0,8845, (45)

where a, is the length of the side of the base of the triangular pyramid; S,,, is
the area of inflatable masts;

A
Snpe =S¢ = p22 =1, 7435’ (46)

S, is the area of the faces of the pyramid; p, is the perimeter of the base of the
pyramid
P, =42, (47)
A, is the length of the apophemum (height of the face) of the pyramid
2

A, = aé—%:O,B?ao. (48)

Let's express the length of the base of the pyramid in terms of the area of the
median cross-section of the ARS:

S
Sy ==1, (49)
Sn =Snme +Snpe :l965ac2)’ (50)
a, =1, 235JSM . (51)

The volume of inflatable elements V. is calculated using the formulas:

Ve =6,, ~0,015/S3 (52)

where V- is the volume of inflatable mast.

ADS "Cone made of tori" is made in the form of a conical shell made of tori
shells. The number of tori is selected based on the conditions to ensure the re-
quired area of the median cross-section. The ADS parameters of this configuration
will be: diameter of the 1st torus dTl; diameter of the nth torus dTn : mass of AE

m . . The mass of AE in the form of a conical shell composed of toric shells is de-
termined by the following relations:

My =Myg, (53)
Mye =SnueSnuePrne » (54)
SnHE = S/'17'o + San ) (55)

where S, is the surface area of the torus shells
Snro = Z:Snron 1 (56)
n=1

n is the torus shell number; i is the number of torus shells in AE;
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Spro, =19,74d o, (57)
d,, is the diameter of the removed spacecraft;
Srrro, =9,87d;. d o, (58)
dTn is the diameter of the nth torus shell;
d, =d; +0,74d,,, (59)
Suc is the surface area of inflatable slings
Shuc =3-3,14159d .1 ¢, (60)

d,. is the diameter of the inflatable slings, we accept d,. =0,1d,,; |, is the
length of the removed spacecraft, we accept 1,,, =0,5d ., .

ADS "Cone made of tori, with spherical shells placed inside" are made in the
form of a conical shell, made of toric shells, inside which spherical shells are
placed. The number of tori is also selected based on the conditions for ensuring the
required cross-section area. The ADS parameters of this configuration will be: di-
ameter of the 1st torus d; ; diameter of the nth torus d, ; the diameter of the

spherical shell placed inside the torus d, ; the number of torus shells n ; number

of spherical shells m ; mass of AE m,. . The mass of an aerodynamic element in

the form of a cone made of tori, with spherical shells placed inside is determined
by the following ratios:

Mue =Mye, (61)
Mye =SaueSnue Prke » (62)
SnHE = Snro + San + Snc ) (63)

where S, is the surface area of the torus shells, which is determined using rati-
0s (56 — 59); S, is the surface area of inflatable slings is defined using an ex-
pression (60); S, is the surface area of the spherical shells, which are placed in-
side the toric shells, is determined as follows:

Shne ZZ(mnndczw )’ (64)

n=1

where n is amount of torus shells; i is the number of torus shells; d, is the di-
ameter of the spherical shell is defined as follows:
4S,, —nd
dop =, —2—HK9 65
co o (65)
S, is the ADS cross-sectional area; d,, is the diameter of deorbiting space ob-

ject, for a cylindrical shape, we will apply that in the diameter of its base, for the
shape of a cube and a parallepiped, it will be added that in the diameter of the cir-
cle described above; m,, is the number of spherical shells of the nth torus shell is

calculated using the scheme shown in Fig. 2 and the following ratios:
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m :M, (66)

d is the outer diameter of the nth torus shell is determined as follows:

N306

d, =d, +dg, (67)

d, is the diameter of the nth torus; d,, ~is the inner diameter of the nth torus shell
is calculated using the expression:
d, =d, —dg- (68)

d, — cross-sectional diameter of the torus; d, — diameter of the spheri-
cal shell, which is placed in the torus shell; d, — diameter of the torus; ¢
— angle of placement of spherical shells in the torus shell

Fig. 2 — Structural diagram for calculating the number of spherical shells

ADS "Bulk sail" structurally consists of 3 round membranes, which are placed
orthogonally to each other, to which are attached toric shells, inside which spheri-
cal shells are placed. To increase the rigidity of the structure, inflatable masts are
orthogonally attached to the diameter of the shield, which also contain spherical
shells inside. Let us assume that the cross-sectional diameter of the torus shell d,,

coincides with the cross-sectional diameter of the inflatable mast d,,,, and is de-
fined as d,, =d,;, =0,035d,, , where d,, is the diameter of the membrane of the

round shield. The AE parameters of this ADS configuration are the following list:
the diameter of the membrane of the round shieldd,, ; the mass of the aerodynam-
ic element m . .

The mass of the aerodynamic element m,. is determined using the expres-

sions:
My =My +Mpe, (69)
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where m,,- is the mass of inflatable elements; m,. is the mass of deployable ele-

ments.
The mass of inflatable elements is defined as:

My =My + My, (70)
My =3SI7HLL{ '5MHLL: *Pury T Ny Sncmu '5MCHLL( " PMmcHL (71)
Spy =011/, (72)
N, =3—du g7 (73)

“ilt"0,035d,, ’
Shchy = 0,00385d,6, , (74)
M7o =3Sp70 *Suro * Puro +Newro *Sncro * Oucro * Pucro » (75)
S0 =0, 3575d,§, , (76)

d,, +0,035d
Nero = ﬂ( e Y ) ~ 279, (77)
0,03%d,,

Sero =0,00385l f,w , (78)

where m,. is the mass of inflatable elements; m,, is the mass of inflatable
masts; m;, is the mass of toric shells; S, is the surface area of the inflatable
mast; J,,,, Is the thickness of the material of the inflatable mast; p,,.,, is the
density of the material of the inflatable mast; ng,, is the number of spherical
shells placed in inflatable masts; S, is the surface area of the spherical shell,
which is placed in the inflatable mast; 6,,,,, is the thickness of the material of
the spherical shell, which is placed in the inflatable mast; py,,,, is the density of

the material of the spherical shell, which is placed in the inflatable mast; S,;, is
the surface area of the torus shell; 6,,,, is the thickness of the material of the torus
shell; p,,7o is the density of the material of the torus shell; n.;, is the number of
spherical shells that are placed in toric shells; S,.;, is the surface area of the
spherical shell, which is placed in the torus shell; 8,,.;, is the thickness of the ma-
terial of the spherical shell, which is placed in the torus shell; p,,.; is the density

of the material of the spherical shell, which is placed in the torus shell.
Also, in its composition, the aerodynamic element has the following 3 round
membranes. The mass of the deployable elements m,. is determined as follows:

Mee =3Sny - Oum * Pum - (79)
S,y =0,7854d (80)
where S,,, is the membrane surface area; ¢,,, is the thickness of the membrane

material; p,,, IS the density of the membrane material.
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It is assumed that the deorbiting space object with the help of this system, will
move around the orbit in a non-orientational way. For non-orientational orbital
motion, it was expressed the medial cross-section area S,, of the aerodynamic el-

ement of the ADS using the following expression:
Sy :8’7%=1,5287df” , (81)

where S, is the total surface area of the aerodynamic element.

Next, we will express the diameter of the membrane in terms of the area of the
average cross-section of the aerodynamic element of the ADS:

d, =0,8L/S,, . (82)

Parameters of deployable systems. Deployable ADSs are made in the form
of square sails. The sail consists of 4 retractable masts and a fabric canvas. The AE
parameters of ADS this configuration: length of the base of the sail a, ; mass of
AE m,..

The mass of AE is determined using ratios

Mg =4Sy Oype Pupe +Mge - 2,83(Sy, (83)

where S,, is the medial cross-section area of the AE; p,, is the material density
of deployable elements; o,,,- is the material thickness of deployable elements;

Mg is the linear density (mass per unit length) of retractable elements, we take
Mg =0,025kr/m .

1.4. Parameters of the aerodynamic element of the transformed aerody-
namic deorbit systems. When using the method of transforming the structure of a
space object into an aerodynamic system, the mass of the system will be deter-
mined by the mass of the deployment system

Muce =Mep - (84)

In order to calculate the limits of applicability of this method, the area of the
median cross-section in this case will be determined by the overall characteristics
of the spacecraft:

SM =0, 25(35/7/(0 + SnKo )v (85)

where S, is the area of the side panels of the spacecraft; S, is the total sur-

face area of the spacecraft.
For the option of the spacecraft layout in the form of a square prism, the area
of the side panels will be determined as:

SEI‘IKO = 43-21 (86)

where a is the length of the face of the side panel.
The total surface area of the spacecraft in this case will be determined as:

Spxo =68, 87)
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For the option of the spacecraft layout in the form of a rectangular prism, the
area of the side panels will be determined:

Senko =4ab, (88)

where b is the width of the face of the side panel.
The total surface area of the spacecraft in this case will be determined as:

Syo = 222 +dab. (89)

Conclusions. The aerodynamic systems were decomposed. As a result of the
decomposition, the hierarchical structure of the system is determined, which has
the following levels: subsystem level, element level, parameter level. The analysis
of materials for the manufacture of structural elements of the aerodynamic element
of the system is carried out. A set of design parameters for aerodynamic systems
has been formed. This set was used in the development of a mathematical model
for selecting the parameters of the aerodynamic element of deorbiting systems of
various classes, namely: monoblock, frame-inflatable, systems formed by trans-
forming the structure of a space object into an aerodynamic system, deployable
systems. The model for determining the material thickness takes into account the
following factors: the effect of space vacuum and atomic oxygen on the shell mate-
rial, the effect of overpressure on the shell. The model also takes into account er-
rors in determining the ballistic coefficient of the aerodynamic system with the
space object being deorbited, in determining the solar activity index, and in deter-
mining the atomic oxygen concentration. This mathematical model for selecting
aerodynamic system parameters allows to build nomograms for determining the
parameters of space objects' deorbiting systems of different mass classes and dis-
location orbits.
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