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MerTa cTaTTi — po3pobka Mogeni Ans BU60pY NPOEKTHUX NapameTpiB LOMOMIXKHUX CUCTEM aepoANHaMIYHNX
cucTeM BifiBeAeHHs 3 op6iTh. [ns HopmanbHOI poboTW aepoAgvMHaMivHa cucTema BiiBEAEHHS 3 0pbiTu, 3aneXxHo
Bif Ti Knacy, OCHaLLyETbCA TakKMMKU cucTeMamu 3abe3neyeHHs: po3ropTaHHS; HadyBaHHs i 36epiraHHsa Ha 6opTy
KOCMiYHOro 06'eKTa, L0 3HIMAeTbCA 3 op6iTW. CucTema PO3ropTaHHsS aepofvHaMIYHUX CUCTEM, LLO po3ropTa-
I0TbCS, CKNafaeTbecs 3 ABOX KOMMOHEHTIB: CUCTEMW PO3rOPTaHHs LUOr/, B AKil 36epiraloTbCs i pO3ropTaoTbes
YOTWPU CKPYYeHi LLOru, i LWNWHAEeNs 36epiraHHs aepoayHamiyHOro Kpuia, Ha KA HamMOTYHTbCA HYOTUPY KBaf-
paHTV NNiBKOBOro Matepiany. HagyBaHHA aepofviHaMiYHMX CUCTEM MOXE 34iACHIOBATUCA KinbKoMa crnocobamm:
3a [I0NOMOrol0 cMcTeMu 36epiraHHs i nogadi rasy B 060/10HKY; 3a AOMOMOrO0 3a/MLLIKOBOrO TUCKY; 3a A0MOMO-
roto cyb6nimallii NopoLLKoNoAiGHOT pevyoBMHU. HaBefeHO XapaKTepUCTUKM CY6IiMOBaHUX PEYOBUH Ta iHEPTHUX
rasis An19 HaflyBaHHs. HaBe[leHO METOAMKY BU3HAYEHHA NapaMeTpiB rasy Ans HaflyBaHHs 3 ypaxyBaHHSM BMVBY
(hparMeHTiB KOCMIYHOrO CMITTS Ha aepoAuHamiyHy cuctemy. [lo MaTepianis, WO BUKOPUCTOBYHOTLCA ANS BUTO-
TOBMIEHHA CMCTeMU 36epiraHHa aepofyHamiuyHOl CUMCTEMU BifBefeHHS, BUCYBalOTbCH Taki BUMOIW: CTiliKiCTb
maTtepiany o Ail KOCMiYHUX YNHHWKIB; CTIMKICTb 40 AMHAMIYHMX HaBaHTaXXeHb Ha eTani BUBEAEHHS KOCMIYHOro
06’ekTa Ha OpbiTy; CTiliKicTb A0 TemmepaTypHuX Aedopmaliii maTepiany. Po3pobneHo maTemaTuyHy Mofenb
BMOOPY MapaMeTpiB JOMOMIXXHMX CUCTEM aepOAMHAMIYHUX CUCTEM /1S 3BEleHHS! KOCMiYHMX 06'EKTIB 3 OpbiTL.
Lia mMogenb BK/OYaE: OLIHKY Mach CUCTEMW PO3rOPTaHHS; 3a/IeXKHOCTI A1 BU3HAUEHHS Macy CUCTEMW HafyBaH-
Hsl aepoAMHAMIUHMX CUCTEM Pi3HUX KOHirypauiid; OLiHKy TOBLUMHM MaTepiany ra3oBoro 6anoHa pisHUX KOHi-
rypawiii; 3a71eXHoCTi 418 BU3HAYeHHS Macy cucTeMun 36epiraHHa aepoaMHaMiuHOl cUCTeMU BifBefEHHS 3 0p6iTK
Pi3HMX KOHdirypauiii.

KntoyoBi cnosa: KOCMiYHWIA 06°€KT, aepofnHaMiyHa cucTema BifiBefieHHs 3 OpbiTK, JOMOMIdKHI cucTe-
MU, NPOEKTHI NapameTpn, MaTeMaTnYHa MOZENb.

The goal of this work is to develop a model for selecting the design parameters of auxiliary equipment for
aerodynamic deorbit systems. For normal operation, an aerodynamic deorbit system, according to its class, is
equipped with the following support systems: for deployment, inflation, and storage onboard the space object to
be deorbited. The deployment system consists of two components: a mast deployment system, in which four
rolled-up masts are stored and deployed, and an airfoil storage spindle, on which four quadrants of a film material
are wound. Aerodynamic systems can be inflated in several ways: using a system of gas storage and supply to the
shell, using the residual pressure, or using the sublimation of a powder substance. The characteristics of sublima-
ble substances and inert gases for inflation are given. The paper presents a methodology for determining the in-
flating gas parameters taking into account the exposure of the aerodynamic system to space debris fragments. The
following requirements are imposed on the storage system materials: resistance to space factors, resistance to
dynamic loads in orbital injection, and resistance to thermal deformations. A mathematical model for selecting the
auxiliary system parameters of aerodynamic deorbit systems is presented. This model includes deployment system
mass estimation, relationships for determining the inflation system mass for aerodynamic systems of various
configurations, wall thickness estimation for gas cylinders of different configurations, and relationships for de-
termining the storage system mass for aerodynamic deorbit systems of different configurations.

Keywords: space object, aerodynamic deorbit system, auxiliary equipment, design parameters, mathemat-
ical model.

Introduction. For normal operation, the aerodynamic deorbiting system
(ADS), depending on its class, is equipped with the following support systems:
deployment; inflation and storage on board the space object being deorbited.

The deployment system is used in the case of deployable aerodynamic sys-
tems, it consists of a set of auxiliary mechanisms required to extend the mast to
which the thin-film membrane is attached.

For issues related to the inflation system, inflatable structures can be separated
into three primary categories [1]: continuously inflated (CI) structures that need to
maintain gas pressure over the life of the mission, rigidized inflatable (RI) struc-
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tures that require inflation gas only during the initial deployment, and single infla-
tion (SI, nonrigidized in this context) devices, such as the Apollo flotation collars
and Mars Pathfinder landing bags. CI structures will invariably leak, necessitating
gas replenishment throughout the mission. It is not expected that a SI system con-
cept will prove optimum for the range of sizes and categories anticipated for these
inflatable structures and devices.

In general, an optimum inflation gas will meet the following criteria, provid-
ing guidance for initial screening of candidate inflation gases and their stor-
age/supply systems [1]: 1) low molecular weight, 2) noncontaminating to the
spacecraft instrumentation and environment, 3) noncondensing within the antici-
pated range of operating temperatures and pressures (either in the structure or sup-
ply system), 4) nonreactive with structural elements, and 5) reliably and controlla-
bly deliverable from a low-mass, high-density storage system.

The storage system is a container in which the ADS is placed in a folded form
with a closed lid, and when it is necessary to move away, the lid is unchecked, the
aerodynamic element is deployed and the space object starts to move away from
the orbit.

1. Deployment system parameters

The deployment system of deployable aerodynamic systems consists of two
components: a deployable mast deployment system in which the four twisted masts
are stored and deployed, and an airfoil storage spindle around which the four quad-
rants of film material are wound. The deployment system of deployable masts con-
sists of coils, pressure rollers and an electric drive. Thus, the mass of the deploy-
ment system m  is determined using the following expressions:

Mps =M +Mpp +Mg +My, (1)

where m,, is the mass of coils on which deployable masts are wound; m,, is the
mass of pressure rollers; mg is the mass of the spindle on which the aerodynamic
element is wound; m,,, is the mass of the electric drive that starts the deployment
mechanism. We assume that deployable aerodynamic systems have similar de-
ployment mechanisms.

2. Inflation system parameters

Inflation of the ADS can be carried out in several ways:

— a) with the help of a gas storage and supply system to the shell;

— b) using residual pressure;

— ¢) with the help of sublimation of a powder substance.

When using the first method, the mass of the inflation system m, is deter-

mined by the sum of the gas mass m, and the mass of the gas storage and supply
system to the shell mg :

mpg =mMg + Meggg - 2)

When using the second and third methods, the mass of the inflation system
will be determined by the gas mass m,, or the mass of the powder substance m, ,
respectively:

Mg =Mg =Mpg - 3)
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The gas mass m,, required to ensure the excess pressure p ., of the inflatable
element with a volume V., , is determined from the Clapeyron-Mendeleev equa-
tion [2]:

m

PtV :_GROTatm ) (4)
2]
v
my, = PrpY mlg ’ (5)
ROTatm

where u, is the molecular mass of the gas; R,is the universal gas constant,
R, =8,31,£|,>K/(M0nb-K); Py is the excess pressure in the shell, which is deter-

mined by the formula [3]:
Pard
Ppp =——, (6)
2
where p,. is the atmospheric density; V' is the spacecraft velocity.

When choosing a gas for inflation, it is necessary to take into account the pe-
culiarity of the neutrality of the gas to the material of the shell of the aerodynamic
element of the system. For space inflatable systems with a forced inflation method,
inert gases can be used, which are used in rocket engine supercharging systems,
the molar masses of which are given in Table 1.

Table 1 — Molar masses of inert gases for inflating

Gas Helium Neon Argon Xenon
Molar mass, | ;4 553 20.179 39.948 131.29
mol/kg

The successful use of powder substances for inflating space inflatable systems
was demonstrated on the Echo spacecraft [4]. Substances whose characteristics are
listed in Table 2 can be used as sublimating substances.

When choosing a substance for inflation, it is necessary to take into account a
number of nuances: it should correspond to the requirements for pressure and tem-
perature; the melting temperature must be higher than any temperature expected
while the ADS is packed inside the container to prevent liquid flow that could un-
balance the spacecraft payload; the lowest molecular weight should be chosen to
minimize weight requirements; it must be non-toxic for safe use.
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Table 2 — Characteristics of sublimable substances for inflating

Sublimation parameters

Density . |Boiling|  Heat of Vapor pressure
Molecular 3| Melting . s porp '
Substance weight kg/m point, K poll(nt, subllrzlatlon, log p :A'—B;
T
kgxK
8 6090
d-Camphor 152.23 | 1000 | 4515 477 | 5.073x10 26.571—T
8 8326
Naphthalene | 128.16 | 1145 | 353.22 | 490.9 |6.739x10 31.948—T
Benzoic acid | 122.12 |1265.9| 394.7 |602.22 8
T
Anthracene 178.22 1250 490 627 8
10.339x10 36.530 — 12436
T
Anthraguinone| 208.2 1419 559 652 8
g 12.307x10 40.145_1572&

The mass of the powder substance m 4 is calculated according to the formula:

_Pp zpY srMps ©)
RT,

atm

PS

where p,g is the molecular mass of the powder substance.

With the forced inflation method, the shell is inflated by supplying gas from
the gas storage tank. The mass of the gas storage and supply system m g is de-

termined using the expressions:
Messs = Mese T Megs + Mg 8

where my, is the mass of the gas storage container; myg is the mass of the gas

supply system to the shell, according to [5], for a single-component gas, it has been
accepted m,,;, =0.01...0.2 kg.

When moving in low Earth orbits, the inflatable elements of the ADS are ex-
posed to fragments of space debris, which, when interacting with the shell, form
holes in it and thus break the airtightness of the inflatable element. When design-
ing the inflating system of the aerodynamic system, it is necessary to assess the
influence of fragments of space debris (FSD).

The assessment of the effect of FSD on ADS is carried out using the algo-
rithm:

— determination of the minimum size of the FSD d,,, capable of penetrating

the shell thickness & ;
— calculation of the collision frequency N of the ADS shell with the FSD;
— assessment of pressure losses in the ADS shell.
To determine the minimum size d . of the FSD capable of penetrating a shell

with a thickness &, the ballistic equation [1] is solved:
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)0,947368

o =(006022:¢ - B, (e ) o

where d .. is the FSD diameter; H , is the Brinell hardness of the target material;
p,, p, are the densities of FSD and film materials; ¢ is the sound velocity in
FSD material, for aluminum ¢ =5,1km/s; V' is the FSD velocity (average velocity
isV ~10km/s).

On the basis of the found value, the frequency of collisions of the ADS shell
with the FSD is calculated [1]:

N=S,-Q(d,), (10)

d. <d <d (11)

max !

where S, is the surface area of the inflatable elements of the ADS; @ (d, ) is the

average flow of FSD with a diameter at a given flight altitude calculated using the
MASTER-2009 space debris environment model [6]; d . are the minimum

and maximum size of FSD in MASTER-2009.
After that, an assessment is held of pressure losses inside the ADS shell due to
the effect of FSD during ¢, . Based on the values d, and the calculated flow

Q(di) for the ADS with the surface area S, of the inflatable elements, the area
of the formed holes S, in the shell is calculated over time {

min ’

=f - d; (d,)dt . (12)

0 i=l

min s d,, is the maximum size of FSD, the
flow of which is calculated using MASTER-2009; N (di) is the frequency of col-

lisions of the diameter FSD with the shell, which is determined from the expres-
sion [1]:

where d; is the minimum size, d, =d

N(di)zQ(di)'SSA' (13)

where S,; is the surface area of the ADS shell.
The amount of gas that can flow out of the opening with the area S, of the in-
flatable element of the ADS is obtained by the formula [7]:

_tL 1 b, Dy
el E b o
where p,, p, is the gas pressure in the shell and exosphere, respectively; T,, T,
are the temperatures of gas in the shell and exosphere, respectively; R — universal
m2 xkg
KxMol -
inflation system of various conflguratlons, Table 3 shows the main dependencies.

gas constant, R =8, 3144621 . To determine the weight of the ADS
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Table 3 — Relationships for determining the mass of the inflation system of aerody-

namic systems of various configurations

ADS configuration

The mass of the inflation system

2
(‘%/](0.755 St )ua

«Sphere» S m
IS ROTA GSSS
PV’ (0 0L/S? )
«Round shield» - ( 2 ] SV e o
IS ROTA GSSS
PV (o 011/S? )u
«Dihedral panels» I 2 ' Mjre .
IS ROTA GSSS
P (0017 S3 )u
«Prism Triangle» I 2 ' MTe .
IS ROTA GSSS
PV (0.015 S ) g
«Prism Square» S 2 m
IS ROTA GSSS
Vi<
«A cone made of (pAZ ](ZVTO )Ma
tori» m, = - +m
IS ROTA GSSS
A4 ?
«A cone made of tori 0 5 s, Mo
with spheres placed Mg = Zmzs Y U T Messs
inside» n=1 ol a
V 2
v [pAZ jVIEn 2]
«Bulk sail» m = ; RT, T Mggss

Table 3.4 shows: m,, is the mass of the inflation system; p, is the atmos-
pheric density; V' is the orbital velocity of the SO; S,, is the cross-sectional area;
L, is the molecular weight of the gas for inflation; R, is the universal gas con-
stant; T, is the atmospheric temperature; m, . is the weight of the gas storage
and supply system to the inflatable element of the system; V, is the volume of

the n-th torus, is determined by the following expression:

Vs, =2,467d, dg (15)

SO !
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where d, is the diameter of the n-th torus; d, is the diameter of the deorbit
space object; V', is the volume of the n-th inflatable element, in this case it is the
volume of the spherical shell and is determined by the expression:

V,; =0,5236d7, (16)

where v is the total number of spherical shells, which is determined by the follow-
ing ratio:

D =ngs + N, (17)
Mlgsss = Mo + Mg | (18)
Mase =San -85 Par (19)
Mlgss = Mpg, + Mg+, (20)

where ngy, is the number of spheres placed in the inflatable shield; ng, is the

number of spheres placed in the torus shell; m is the mass of the gas storage

and supply system for inflation; m,, is the mass of the gas supply system for in-

flation; m,, is the mass of the inflation pressure regulator; m,g is the mass of

pressure sensors; m,, is the mass of the valves; V. is the volume of AE inflatable

elements; m,. is the mass of the gas storage cylinder; 55 is the thickness of the gas
GSC

cylinder material; p,," is the density of the material from which the gas cylinder is

made.

We assume that the gas cylinder has several configurations: sphere, torus, cylin-
der. The working pressure in the cylinder is orders of magnitude higher than the am-
bient pressure, and the thickness of the cylinder material is calculated according to

the momentumless theory. Formulas for calculating material thickness 85°° and sur-
face area S$° of gas cylinders of different configurations are shown in Table 4 [8].

Table 4 — Material thickness of gas cylinder in different configurations

Gassﬁ;’:o'g 9er | Cylinder material thickness, m |  Surface area of the cylinder, m®
Cylinder 5s¢ =pwpzﬂ S =157d2, +3142d .1
c
Pwrpdesc (dT —dgsc )
Torus & = S$X =9.87d,d55°
u M ZG(dT _dGSC) SA TYCS
Sphere 5ese =pwzﬂ SO —3.142d2,
c

The formulas in Table 4 indicate: d . is the diameter of the cylinder; p,,, is
the working pressure in the cylinder; o is the tensile strength of the cylinder mate-
rial; d, is the torus diameter; 1. is the length of the cylinder; d;° is the cross-
sectional diameter of the torus cylinder.
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The practice of designing gas cylinders for launch vehicle propulsion systems
shows that aluminum and titanium alloys [9] are used for their manufacture, the
characteristics of which are given in Table 5.

3. Storage system parameters

The following requirements are imposed on the materials used to manufacture
the ADS storage system: material resistance to space factors; resistance to dynamic
loads at the stage of launching a space object into orbit; resistance to temperature
deformation of the material. Material selection and assessment of the possibility of
its use at the initial stages of design is based on the analysis of some basic material
characteristics, such as parameters characterizing strength and stiffness properties,
and mass characteristics. A variety of metal alloys, polymeric and composite mate-
rials are used in the design of space technology elements. Table 5 shows some
characteristics of the main structural materials.

Table 5 — Characteristics of structural materials of
rocket and space technology

) Density Modulus of
Material p,kg/m? elasticity o,,,Pa
Metals
Aluminum alloys
AlMg-6 [10] 2640 7.1x10°
1420 [10] 2470 7.5x10°
1460 [10] 2600 8x10°
2090 [10] 2590 7.6x10°
8090 [10] 2560 7.7x10°
Titanium alloys
Ti-6Al-4V [11] 4430 1.14x10"
I&Ai'ﬂgf[”lzz]zr 4650 1.15x 10"
[Tl';]lov‘ZFe‘%' 4650 1.1x10"
Q'{ffﬁéﬁ%sn_ 4540 1.25x10%
Composite materials

Honeycomb struc-
tures with alumi- 37 1.1x10"
num filling [15]
glzgtt’l‘l’; f['lbg 1500 1.8x10"
Fiberglass plastics [16] 2100 5.7 x10%

To determine the mass of the storage system, we will assume that it is made in
the form of a cube. The parameters of the storage system are determined by the
volume of the aerodynamic element in the folded state and the volume of the mate-
rial of the inflating system. In general, the mass of the storage system mg, is cal-

culated using the following relationship:
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= 6(\/V wie TV e TV esss ) s " Pss (21)

where V. is the volume of material of inflatable elements; V.. is the material
volume of deployable elements; V.., is the volume of the gas storage and supply
system to the inflatable element; §,,., is the thickness of the storage system mate-
rial; p,. IS the density of the storage system material. We assume that at the ini-

tial design stage of the ADS, the material thickness of its onboard storage system
is the same as the material thickness of the structure of the space object being de-
ployed. Table 6 shows the main dependencies for determining the mass of the
ADS storage system of various configurations.

Table 6 — Dependencies for determining the weight of the
ADS storage system of different configurations

ADS .
configuration Weight of the storage system
2
«Sphere» Mg =68 65 P uss (\/ 48,0, +V gsss )
«Round 2
shield» Mg =608 6P uss (Q/l 22488, +1.388S 0,55 +V gsss )
«Dihedral 2
panels» Mg =68 6P pss (%/1 06S /8, +1.58 8, pr +Vgsss )
«Prism 2
Triangle» Mg =68 6P uss (%/1 34488, +2.657S 8, pr +V gsss )
«Prism 2
Square» Mg =68 6P pss (%/1 34288, +2.654S 8,15 +V gsss )
«A cone made 2
of tOfI» mSS MSS pMSS (%/ SATS + SSAIM )SMIE +VGSSS )
«A cone made
oftoriwith | o5 (4(Saars + S + Saus £ Bz +V, )2
SphereS placed SS MSS F MSS SATS SAIM SAS MIE GSSS
inside»
2
«Bulksails | Mg =68y6Pyss ((Ssurs + Saans +Ssus ) +Vasss )

Table 6 shows: S, is the surface area of the torus shells; Sg,,,, is the sur-
face area of the inflatable masts; S, is the surface area of the sphere shell which

placed inside in the torus shell; % is the sphere shell number in ADS «A cone
made of tori with spheres placed inside»; v is the sphere shell number in ADS
«Bulk sail».

Conclusions. For normal operation, the aerodynamic deorbiting system, de-
pending on its class, is equipped with the following support systems: deployment;
inflation and storage on board the space object being deorbited. The deployment
system of deployable aerodynamic systems consists of two components: a deploy-
able mast deployment system in which the four twisted masts are stored and de-
ployed, and an airfoil storage spindle around which the four quadrants of film ma-
terial are wound. Inflation of the aerodynamic systems can be carried out in several
ways: with the help of a gas storage and supply system to the shell; using residual
pressure; with the help of sublimation of a powder substance. Characteristics of
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sublimable substances and inert gases for inflating are shown. A methodology for
determining the parameters of the gas for inflation is presented, taking into account
the effect of space debris fragments on the aerodynamic system. The following
requirements are imposed on the materials used to manufacture the aerodynamic
deorbiting system storage system: material resistance to space factors; resistance to
dynamic loads at the stage of launching a space object into orbit; resistance to
temperature deformation of the material. Mathematical model for selecting auxilia-
ry systems parameters of aerodynamic systems for space objects deorbiting is de-
veloped. This model include: mass estimation of the deployment system; relation-
ships for determining the mass of the inflation system of aerodynamic systems of
various configurations; material thickness estimating of gas cylinder in different
configurations; dependencies for determining the weight of the aerodynamic deor-
biting system storage system of different configurations.
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