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Tocne npexpawenus sxcnayamayuu Medxcoynapoornou xocmuueckou cmanyuu ¢ 2028 e., Poccuiickast
Dedepayusi naanupyem paseueamsv NPOeKm HAYUOHATbHOU opbumanvHou cmauyuu. Poccutickas opou-
manvHas cmanyus 6yoem OMAUYAmMbCa OM C80e20 NpeouleCmeeHHUKA 00abulell NPaKmu4ecKol Hanpasg-
nenHocmovio. OOHOU U3 3a0ay, 6031a2AeMblX HA CIMAHYUI, AGIAEHCA 3aNYCK U YNpAGieHue ePpynnuposKu
MATBIX CNYMHUKO8 OUCTHAHYUOHHO20 30HOUPOBAHUSA 3eMau, a makdice 83aumooelicmaue u 00Caylicusanue
NePCNeKMUBHbIX CINYMHUKOBBIX SPYNNUPOSOK. Tak Kak 603MOMCHOCMU MAHE8PUPOBAHUA OPOUMATLHOU
CMAaHYUU 8eCoMA OSPAHUYEHBI, A HEUCHPABHIL ANNAPA MOMCEM HAXOOUMbCS 8 3HAUUMENLHOM YOdIeHUU
om Heé, Mo 01 NOBbIUEHUS MPAHCNOPIMHO-MEXHUYECKUX BO3MOICHOCIEN CIMAHYUU NPEeONdazaemcs uc-
1n016308amb OECNULOMHBIL KOCMONIAH.

B pabome npedcmasnenvi 06a aspoouHamuieckux 0OauUKa KOCMONIAHA, 8 pe3yibmame a3poouHamuye-
CKO20 U 8eC08020 AHAIU308 KOMOPLIX ObLI COeNaH 8blO0p 8 NOb3Y NeP8020, ONUCAHbL KOMNOHOBKA Anna-
pama u areopummsl €20 pabomsl Ha opoume u cnycke  ammocgepy.

Lenvio uccnedosanus A6nAemMca CpagHenue napamempos mpaekmopuu npu Ccnycke annapama ¢ pas-
JUYHBIX opOum cxooa. [[ns amozo chopmyruposana 3a0aua no onpedeneHuio 3asUcUMoCmu niouaou Ko-
puoopa 6xo0a om HA4AIbLHLIX napamempos. B ceorw ouepeds, niowadv xopudopa 6xoda onpeoeninics
SPAHUYHBIMU YCTIOBUAMU, 3ABUCAUWUMU O IKCNITYAMAYUOHHBIX NAPAMEMPO8 KOCMONIAHA.

s onpedenenus napamempos 6x00a HANUCAHA PACYEMHAsl NPOSPAMMA, peularouas oupgepenyuans-
Hble YPABHEHUs OBUIICEHUSL IeTNAMENbHO20 annapama memooom Diliepa 8 obwem cayuae u memooom Pyn-
ee — Kymma 6 pacuémnom cyuae.

B xauecmee pezynsmamog uccnedosanus npedcmasiena 3a8UCUMocms HI0WA0U Kopuoopa 6xooa om
8bICOMBL OPOUMBL CX00A, A MaKdice epaguiecKue 3a6UCUMOCTU OCHOBHBIX NAPAMEMPO8 OJil PACHEMHO20
cayyast.

Kniouesvle cnosa: xocmonnan, Poccuiickas opoumansnas cmanyus, 08udceHue 6 NiOMHbIX CNOAX am-
Mocgepul, mpaekmopus, ancopumm GyHKYUOHUPOBAHUS.
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After cessation of operation of the International Space Station in 2028, the Russian Federation plans
to develop a national orbital station project. The Russian Space Station will differ from its predecessor in a
greater practical aspect. One of the tasks assigned to the station will be the launch and management of a
group of small satellites for remote sensing of the Earth, as well as the interaction and maintenance of pro-
spective satellite groups. Due to the limited maneuverability of the orbital station and the potential for a
malfunctioning device to be at a significant distance from it, the use of an autonomous spaceplane is pro-
posed to increase the transportation and technical capabilities of the station.

The research presents two aerodynamic designs of the spaceplane, and one of them is chosen based on
the results of the aerodynamic and weight analysis. The spaceplane configuration and algorithms for its
operation on the orbit and descent to the atmosphere are also presented. The goal of the research is to
compare the trajectory parameters during the descent of the spacecraft from different descent orbits. For
this purpose, a task was specified to determine the dependence of the area of the descent corridor on the
initial parameters. The area of the descent corridor is determined by the boundary conditions, which de-
pend on the operational parameters of the spaceplane. A computational program is written to solve differ-
ential equations of flight dynamics of a spaceplane by Euler's method in general and by Runge-Kutta
method in a computational case. The results of the research are presented as the dependence of the area of
the descent corridor on the altitude of descent. Graphical representations of the primary parameters of the
spaceplane descent for the computational case are also provided.

Keywords: spaceplane, Russian Orbital Station, movement in dense layers of the atmosphere, trajec-
tory, algorithm of functioning.

Introduction

After the cessation of operation of the International Space Station (ISS) in 2028, the Russian Fed-
eration plans to develop a national orbital station project. The Russian orbital station (ROS) will differ
from its predecessor in being more practical. For this purpose, the ROS will be placed in orbits above
250 km with an inclination of 98°, which will allow it to:

— control the ice situation on the Northern Sea Route, Antarctica and the waters of the World
Ocean;

— monitor the environmental situation in the territory of the Russian Federation;

— monitor the ionosphere, climate and microphysical processes;

— explore the Earth's magnetic field;

— register the disturbances in the Earth’s atmosphere within the given timeframe [1].

In addition, the ROS (Fig. 1) is assigned to launch and manage a constellation of small satellites for
remote sensing of the Earth, as well as interaction and maintenance of promising satellite
constellations [1].

Puc. 1. Poccuiickas opOuTanbHas CTaHIUS

Fig. 1. The Russian Orbital Station
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Since the maneuvering capabilities of the orbital station are very limited, and a faulty vehicle may
be located at a considerable distance from it, it is proposed to use an unmanned spaceplane to increase
the transport and technical capabilities of the ROS. This type of device is a glider that has a full set of
acrodynamic controls in addition to standard gas-dynamic ones and has a hypersonic lift-to-drag
coefficient greater than one. The spaceplane obtains the following number of advantages:

— the vehicle is capable of covering a wide range of orbits due to the presence of a more developed
propulsion system (PS) compared to satellites and orbital stations;

— the reusability of the spaceplane, combined with a low load factor at the atmospheric reentry site,
makes it possible to deliver to Earth for repair both individual faulty satellite elements and entire
small-sized vehicles;

— the vehicle significantly saves financial resources, as it allows to solve problems with fewer tar-
geted funds;

— the spaceplane allows to reduce financial resources for search and rescue operations due to
landing at the airfield “like an airplane”;

— the vehicles’ multitasking nature permits it to be used as a platform for organizing research

activities and testing technologies under the conditions close to deep space [2].
This research task was set to design a spaceplane for transport and technical support of a promising
orbital station. To realize the task, an analysis of the aerodynamic configurations of such vehicles was
carried out, an algorithm for the operation of the device was developed, and the parameters of entry
into the atmosphere were determined taking into account the boundary conditions.

Aerodynamic configuration Ne 1

The model was constructed using the cross-sectional method with a set of spatial curve guides, us-
ing the external appearance of the X-37B apparatus as the source material [3].

Figure 2 demonstrates the resulting acrodynamic configuration Ne 1

Puc. 2. Asponunamuueckasi KoMnoHoBka Ne |

Fig. 2. Aerodynamic configuration No. 1

This geometric appearance is made according to the “normal” balancing scheme with a low-
mounted wing of the “ogival delta” type and a V-shaped empannage.

The elongated fuselage provides a high aerodynamic quality index, has a massive nose blunting to
form the strongest shock waves during hypersonic flow, which reduces thermal loads on the surface of
the vehicle, and a pronounced widening in the aft section forms a shaded area for the vertical
empennage when entering the atmosphere [4].

The selected “ogival delta” configuration provides increased lift at high angles of attack, and the
positive V-angle provides increased lateral stability of the orbital aircraft. The wing is set relative to
the course with a zero angle of attack [5].

At atmospheric entry points, the selected V-shaped empennage, due to the ability to control three
channels at once, provides increased maneuverability characteristics and also forms a streamlined
profile of the aircraft at high angles of attack.
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With this balancing scheme, the aircraft is controlled using three main aerodynamic planes: the
balancing flap, the vertical empennage and the ailerons.

Balancing and setting the required angle of attack in atmosphere dense layers during hypersonic
movement is performed using an aerodynamic (balancing) flap. Control via the yaw and roll channels
is carried out by means of the combined deflection of the two vertical stabilizer fins; pitch control in
the late stages of atmospheric flight, in turn, is realized by means of their differential deflection;
control via the roll channels is realized by means of differential deflection of the ailerons. The
combined deflection of the ailerons provides the vehicle with the necessary lifting force at the moment
of landing [5].

After constructing a 3D model of the spaceplane, an approximate aerodynamic study was
conducted in SolidWorks CAD, resulting is the law of change in aerodynamic quality due to the Mach
number:

K =2,0005- M%7, (1)

Further, a weight analysis was performed in the first approximation using the relative masses of
similar vehicles, considering the form factor of the aerodynamic configuration. The results of the
weight analysis are presented in Table 1 [6].

Table 1
Weight analysis results of aerodynamic configuration No. 1
Vehicle dry . Oxidizer mass
weight Vehicle launch mass Fuel mass (UDMH) (AT)
Parameter value, kg 4450 12400 2115 4335

Aerodynamic configuration Ne 2

The model was constructed using the “section” method with a set of spatial guide curves; the HL-
20A1 variant [7] was taken as the initial data for constructing the 3D model of the apparatus.

Fig.3 demonstrates the resulting aerodynamic concept of FD-2.

\

Puc. 3. Asponunamuueckast KOMIoHOBKa Ne 2

Fig. 3. Aerodynamic configuration No. 2

FD-2 glider is designed using a “lifting body” aerodynamic configuration with additional swept
wing consoles installed at an angle of 44.65°, as well as a keel installed in the aft part of the aircraft.

The fuselage of this shape provides high flight characteristics due to the large aerodynamic surface,
and also creates a massive shadow area with lower thermal loads in the upper part of the apparatus.
The overall blunt profile forms the strongest shock waves during hypersonic flow, which reduces
thermal loads on the surface of the vehicle as a whole [4].

Two additional wing consoles increase the aerodynamic quality of the aircraft, due to the increase
in aerodynamic surfaces, and also contribute to its self-balancing at the required angles of attack equal
to 30 to 45°, due to the pre-selected angle of positive V installation. The sweep of the additional
consoles reduces drag, which also improves the aerodynamic quality of the vehicle. The sweep angle
at the leading edge is 55°. The vertical empennage keel ensures the directional stability of the aircraft
during the atmospheric portion of the flight. The keel sweep is 52° [8].

236



Part 2. Aviation and spacecraft engineering

Control of the vehicle with this aerodynamic concept is carried out using three main aecrodynamic
planes: the balancing flap, the vertical empennage and the elevons. Balancing and setting the required
angle of attack in “non-self-balancing” modes are carried out using an aerodynamic flap. Control
through the pitch and roll channels is done using the joint deflection of two elevons of the additional
wing consoles; pitch control in late atmospheric stages, in turn, is performed using their differential
deviation. To control the yaw channel, the rudder is used in the vertical direction.

After constructing a 3D model of the spaceplane, an approximate aerodynamic study was carried
out in the SolidWorks CAD system, resulting in the law of change in aerodynamic quality from the
Mach number:

K =2,3344- M "2, )

Further, a weight analysis was carried out to a first approximation using the relative masses of
similar devices, taking into account the form factor of the aerodynamic configuration. Table 2
demonstrates the results of the weight analysis [6].

Table 2
Weight analysis results of aerodynamic configuration No. 2
Vehicle dry weight Vehicle launch mass Fuel mass (UDMH) Ox1d(12€:;)mass
Parameter valu, 4450 8760 1415 2895

kg

Choosing the final concept of the future spaceplane

The choice of the future spaceplane concept is determined by the following basic parameters:

— mass characteristics;

— energy characteristics;

— aerodynamic characteristics;

— overall parameters;

— manufacturing complexity.

According to the results of the weight analysis, the vehicle with aerodynamic configuration No. 2
turned out to be 3640 kg lighter than with aerodynamic configuration No. 1. This is explained by the
significantly lower capacity of the fuel tanks of configuration No. 1, due to the more complex shape of
the fuselage in the aft and middle parts. Figure 4 presents internal configuration of the two
aerodynamic concepts.

The vehicle with aerodynamic concept No. 1 has larger fuel tanks compared to No. 2, which allows
it to cover a significantly larger range of orbits, thereby significantly increasing the transport and
technical capabilities of the ROS.

The aerodynamic characteristics of concept No. 2, according to the results of calculating the
determination of the aerodynamic quality, turned out to be 5% higher, this is explained by the larger
wing area, and the insignificant increase is due to the smaller elongation of the fuselage.

Puc. 4. KoMIIOHOBKa TOTUTMBHBIX OTCEKOB 000HMX a3pOIMHAMHUYECKUX OOJIMKOB:
1 — 0ak roproyero; 2 — oJ€3HbI Ipy3; 3 — 0aK OKUCIUTENSL

Fig. 4. Configuration of the fuel compartments of both aecrodynamic concepts:
1 — fuel tank; 2 — payload; 3 — oxidizer tank
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Aerodynamic configuration No. 2 has large overall dimensions in height and width, inferior to
concept) No. 1 only in length, which makes it more difficult to fit under the nose fairing halves of the
carrier-vehicle. The less stable shape of the aft part prevents the placing shape No. 2 on standard type
adapters, which forces the use of a specialized bed.

Both aerodynamic models have a complex airframe design, but model No. 2, due to the specific shape
of the fuselage, is equipped with profiled fuel tanks, which significantly complicates the assembly technol-
ogy of the final aircraft.

Summarizing all of the above, the choice has been made in favor of aerodynamic configuration
No. 1, since this scheme has high energy parameters combined with good aerodynamic qualities, ac-
ceptable overall dimensions that allow it to be placed under the head fairings of existing rockets, and
fuel tanks that are easier to manufacture.

Algorithm for a spaceplane functioning in the orbit
The spaceplane work cycle under the program of towing a malfanctioning satellite consists of the
six main stages presented in Fig. 5.

Puc. 5. Pabounii UK KOCMOILUIaHA

Fig. 5. Spaceplane duty cycle

3

1. Transfer to orbit “a”. Having received a flight mission, the spaceplane undocks from the ROS.
The on-board digital computing complex (ONDC) determines the parameters of the elliptical transfer
orbit and the magnitude of two pulses. Further, with the help of correction engines (CE), the vehicle is
guided, and the main propulsion system implements the first impulse at the apogee and the second im-
pulse after re-guiding at the perigee of the transfer orbit.

2. Phasing for rendezvous with a malfanctioning satellite. After transition to orbit “a”, the on-board
center determines the phasing time for transition to the area where the malfanctioning satellite is lo-
cated. Minimization of phasing time is achieved by a higher orbital speed, since orbit “a” is signifi-
cantly lower than orbit “6”.

3. Transfer to orbit “6” and capture of a faulty satellite. After the phasing time has expired, the
spaceplane's ONDC makes transitions along an elliptical orbit. The CEs deploy the spaceplane along
the course of movement, and the main propulsion system implements the first impulse at the perigee
of the transfer orbit. Next, a turn occurs with the CE help and the second braking impulse is realized at
the apogee of the elliptical orbit. After completing the transition, a sighting device extends from the
cargo compartment to detect the device, and a manipulator arm also deploys to capture the damaged
vehicle.
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3

4. Transfer to orbit “6”. Having captured the satellite and placed it in the cargo bay, the ONDC
begins calculating the parameters of the transition to orbit “6”, after which a transition similar to that
described in paragraph 3 is implemented.

5. Phasing for approaching the ROS. After transition to orbit “b”, the ONDC determines the phas-
ing time for transition to the orbital region where the ROS is located. Minimization of phasing time is
achieved by a lower orbital speed, since orbit “B” is located significantly higher than orbit “6”.

6. Transfer to orbit “6” and docking with ROS. Further, the spaceplane with the damaged satellite
makes the transition according to an algorithm similar to point 1. After the transition is completed, the
spaceplane performs a docking maneuver to the orbital station

Spaceplane design

Based on the aerodynamic concept, a layout diagram of the spaceplane was designed, shown in
Fig. 6. The basis of the spaceplane design is the glider. It forms aerodynamic contours, absorbs loads
in all phases of flight, serves the spacecraft body and includes systems and elements that ensure
descent and landing. Due to the design, the glider can be divided into several main parts:

—nose fuselage;

— mid fuselage;

— aft body;

— two wing consoles.

Each of the above elements consists of a spar-frame set reinforced by a shell.

The layout of the spaceplane includes the following main elements and systems:

—bow (1) and stern (8) correction engine(CE) blocks;

— on-board digital computing complex (ONDC) with a battery(2);

— sighting device (3);

— manipulator arm (4);

— fuel system (9);

— basic propulsion system (7);

— electric drives of aerodynamic control (6).

000t

1 2 5 6 8

Puc. 6. KomnonoBouHas cxema KOCMOILIaHa:
1 — HOCcOBoOI1 Oitok BuraTeneit koppekiuu; 2 — BLIBK ¢ akkymyssitopHoii 6aTapeeii;
3 — BU3HpYIOIIEE YCTPOUCTBO; 4 — pyKa-MaHUIYJIATOP; 5 — TOIUIMBHAS CUCTEMA; 6 — AIEKTPOTIPHUBO,IBI
a’pOAMHAMHUUYECKHUX OPTaHOB YIIPABIEHHUS; / — MaplIeBas CHIIOBas yCTAHOBKa;
8 — KOpMOBOH OJIOK JABHUTaTeNeH KOPPEKIUH

Fig. 6. Spaceplane layout diagram:
1 —bow block of correction engines; 2 — on-board digital computing complex (ONDC) with a battery;
3 — sighting device; 4 — manipulator arm; 5 — fuel system; 6 — electric drives of aerodynamic
control; 7 — basic propulsion system; § — aft block of correction engines
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CE blocks are designed to control the spaceplane outside atmospheric areas. They are represented
by bow and stern units, combinations of inclusions of which provide control over all three channels:
yaw, pitch and roll. CE units are powered by locally located small fuel tanks of the displacement
supply system [9].

The ONDC with a battery is located in the bow of the vehicle. Two rechargeable batteries provide
operation of the on-board electrical network and the main computer. The batteries are recharged from
the orbital station or solar panels installed on the cargo compartment doors. The on-board computer
itself is represented by four main blocks with equal delegation of the main spaceplane systems and two
backup ones.

The sighting device is installed in a hinged suspension, which provides full visibility in the upper
hemisphere of the spaceplane, on a telescopic rod. The device itself consists of two telescopic cameras
in the light and thermal range and a laser rangefinder. The sighting device is protected by a ceramic
panel on the top acting as a hatch cover.

The manipulator arm consists of three movable joints that provide capture of the satellite at a
distance of up to 5 m from the spaceplane, and articulated units in the elbows of the device allow for
capture in the upper hemisphere of the vehicle. The base of the manipulator is rigidly fixed in the
cargo compartment of the orbital aircraft, and the control computer is also located there [10].

The fuel system is represented by two main oxidizer and fuel tanks and four small ones located in the
bow and stern parts of the vehicle. Small tanks are powered from the main tanks by an electric pump,
thereby forming a power supply system for the CE units.Using the main lines, fuel is supplied to the
main propulsion system. To implement fuel intake in all flight modes, both “rocket” (funnel suppressor
on the bottom of the tank) and “aircraft” (through a system of intakes on the shell) fuel intake are pro-
vided.

The basic propulsion system is represented by the C5.92 engine, rigidly mounted in the frame.
Power is provided using a turbocharged unit, the exhaust gas of which is thrown overboard the space-
plane [11].

Electric drives of the aerodynamic controls provide control of the vehicle in the atmospheric sec-
tion. They are represented by two electric drives for deflecting the ailerons, two electric drives for de-
flecting the rudders and one high-power electric drive for deflecting the balancing flap.

Atmosphere entry procedure

After completing a mission, the spaceplane begins its descent into the atmosphere. Before the start
of descent, the spaceplane in orbit “A” makes a turn against the movement for the subsequent imple-
mentation of the braking impulse. The entry into the atmosphere itself consists of 4 main stages,
shown in Fig. 7 [12].

»A |

Optimal braking

Aggressive braking

\ —_— 77 77 77. 77 77 7 77 7 77. 77 77 777

Puc. 7. Tpaextopus Bxona B armocgepy

Fig. 7. Atmospheric entry trajectory
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1. Transition to the descent trajectory. At point I of the descent orbit “A”, having previously de-
termined the landing area on the Earth’s surface, a braking impulse is carried out and a transfer ellipti-
cal orbit “I"” is formed, which is an extra-atmospheric section of the entry trajectory. The transition is
made to an imaginary circular orbit “b”, the altitude of which is selected to guarantee sufficient time
for the spaceplane to remain in the atmosphere to ensure landing.

2. Entry into the atmosphere. At point 2, the vehicle enters the planet’s atmosphere (the atmosphere
is indicated by “B”). Immediately after entry, an “aggressive” braking maneuver occurs, the essence of
which is that the device sets an angle of attack equal to 90°. The angle is set using the bow and stern
CE blocks. As a result of this maneuver, the elliptical trajectory “I""” under the influence of drag
forces is modified to the descending branch of a parabola.

3. Movement along a wave-like trajectory. At point 3, the “aggressive” braking maneuver is com-
pleted and the angle of attack is set, ensuring maximum aerodynamic quality at the corresponding
Mach number. The setting itself is carried out using aerodynamic controls. As a result of the combined
action of drag and lift forces, the trajectory is deformed to a wavy descending curve.

4. Completion of the ballistic section of the descent. At an altitude of 20 km above the Earth's sur-
face, the spaceplane, impulsively launching the propulsion system, goes into horizontal flight and,
gradually dropping the altitude and remaining speed, heads to the landing airfield.

Statement of the analysis problem

To carry out calculations within the framework of the second approximation, it is necessary to ana-
lyze the spaceplane entry trajectories in order to obtain temperature flow parameters and overload val-
ues at each moment of time that satisfy the operating conditions [13].

The descent trajectory for each mission is individual and is determined by parameters (location of
the landing airfield, weather conditions, and others), which are not possible to take into account, but it
is possible to set the parameters of the entry corridor. Boundary trajectories are determined by the op-
erational and strength parameters of the spaceplane, such as maximum overload and maximum ther-
mal load [8].

The maximum possible thermal load on the shell of the descent vehicle is realized during a rebound
flight path, when the spaceplane leaves the planet atmosphere several times and returns to it again.
During such a flight, due to the small dissipation of thermal energy in outer space, the aircraft remains
in an overheated state for a long time. Therefore, as boundary conditions for the temperature load,
we will take the first trajectory, in which the vehicle does not leave the Earth’s atmosphere.
In other words, the height of the peak of the first wave should not exceed 100 km. This is achieved
through short-term “aggressive” braking, the time of which will be minimal within the framework
of this task and as a result of which, for a given trajectory, the maximum orthodromic range will be
realized [8].

We are considering the maximum overload value at the atmospheric reentry site to be 1.9. This is
explained by the presence in the cargo compartment of the evacuated satellite, which was not secured
according to its operating instructions. This overload is achieved by long-term “aggressive” braking,
the time of which will be the maximum in this task. Also, due to the duration of “aggressive” braking,
a minimum orthodromic range will be realized with this trajectory.

Figure 8 presents the resulting visualization of the entry trajectory. The size of this corridor is char-
acterized by the area Sy ;,, which completely depends on V, and 6, at the point of entry into the atmos-
phere. The parameters at the entry point, in turn, are determined by the trajectory of the extra-
atmospheric section I, which completely depends on the value of the descent orbit “A”.
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Therefore, summing up all of the above, the purpose of this analysis is to determine the dependence
of the area of the entrance corridor S, ;, on the value of the descent orbit “A”.

Entry point

/

Maximum temperature

/ overload

Maximum overload

Puc. 8. Cxema xopumopa Bxoaa

Fig. 8. Diagram of the entrance corridor

Solution to the reentry problem
The research studied a range of descent orbits with altitude values of 150-500 km with a step of 50
km. The altitude of entry into the atmosphere, as well as the conventional boundary of the atmosphere
itself, was equal to100 km, and therefore, the atmospheric parameters were starting from this value
[14]. The differential equations of motion for the problem solved are below [15]:

mﬂz—Xa —Gsin0, 3)
dt
2
mvﬁzYa —Geosh+—Y_cosh. 4)
dt Ry +H

The solution for the selected orbits was carried out in the Maple computer mathematics system
using the Euler method, the general implementation of the method is presented in the form of the
following equation [15]:

yk = yk*l + hyk,p (5)
where v, = f (X1 Vi) -

The following initial conditions were accepted as the design case: descent orbit altitude H,p,s = 300
km, “aggressive” braking time t = 370 s. Differential equations are presented in formulae (3) and (4).

The solution for the chosen trajectory was performed in the Maple computer mathematics system
using the Runge—Kutta method, the general implementation of the method is presented in the form of
the following equation [15]:

Ay=%(yg+2(y'3+y'c)+yb), (6)

where

)/;1 :f(xA’yA);
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'—fx+ﬁ o 1,
VB A2’J’A )’sz

'—f(x LA ﬁj
Yc 4 Z’yA )’32’

va zf(xA +h,y, +y’ch)-

The temperature of the nose cone was determined by solving the following equation for 7;,, [15]:
eol +ol,, —ol =0, (7)

where ¢ — effective emittance; o — emissivity for an absolute black body; a — heat transfer ratio; T o
representative temperature.

Calculation results

The obtained area values from various rendezvous orbits are summarized in Table. 3, the
dependence of the area on the descent orbit is also shown in the form of a graph (Fig. 9).

Table 3
Results of calculating the corridor area from various rendezvous orbits

H,ps, km 150 200 250 300 350 400 450 500
Sirxo km 192206 184004 168875 169286 155478 157247 154654 147724

()

The results of the parameters for the design case (Hy, = 300 km, t = 370 s) are presented in the
form of graphical dependencies (Fig. 10).

250000
200000 .
...... ...,
et L
150000 CRE SRR L S .
SK.BX’ mz
100000
50000
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100 200 300 400 500 600
Hops, KM

Puc. 9. I'paduk 3aBUCMOCTH TUIOIIAIA KOPUIOPA OT OPOUTHI CX0aa

Fig. 9. Dependency graph of the corridor area on the descent orbit
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Fig. 10. Dependency graphs:
a — height from the orthodromic range; 6 — velocity versus time; ¢ — trajectory inclination angle
from time; 2 — load factor from time; 0 — spaceplane nose cone temperature versus time

Conclusion

The research examined two aerodynamic configurations of an orbital aircraft, carried out their
aerodynamic and weight analysis, based on the results of which a choice was made in favor of the first
aerodynamic configuration. The internal layout of the orbital aircraft was designed, and an algorithm
for functioning in the orbit and in the atmosphere was developed.

The solution of differential equations of motion in the atmosphere in the Maple computer algebra
environment was implemented using the Euler method. The result of this decision is the entry corridor
areas for various descent orbits, and, consequently, a variety of working trajectories for the descent of
the spaceplane.

As a design case, we considered one of the possible trajectories with a descent orbit of 300 km and
an “aggressive” braking time of 370 s. The solution to the design case was implemented by the
Runge—Kutta method. Based on the results of solving the program, graphical dependences of the
kinematic, dynamic and temperature parameters of the orbital aircraft on the atmospheric portion of
the movement were obtained.

bubauorpaduueckue cCbIIKU

1. ConoBnéB B. A. PazButne mumoTHpyeMoOi TporpaMMbl KOCMHYECKHX MOJIETOB Ha Poccmiickoit
Opo6uransuoit Cranmuu // XLVIII AxameMudeckne 9TeHUs TI0 KOCMOHABTHKE, ITOCBAICHHBIC TTaMSATH
akagemuka C. I1. Koponésa n qpyrux BBIJAOIIMXCS OTE€YECTBEHHBIX YUYEHBIX — MMMOHEPOB OCBOCHHUS
KOCMHUYECKOro npoctpaHcTBa (23—-26 sHBaps). Mocksa, 2024.

244



Part 2. Aviation and spacecraft engineering

2. Bypan PV [Onekrponnsiii pecypc]. URL: http://buran.ru/htm/maxmain.htm (mzata obpamenus:
13.02.2024).

3. Arthur C. Grantz X-37B Orbital Test Vehicle and Derivatives // AIAA SPACE 2011 Confer-
ence & Exposition. California, 2011. 14 p.

4. Jlox Y. JluHaMUKa U TepMOIMHAMUKA CITycKa B aTMocdepe miaHeT / ep. ¢ airi. E. A. [Nomsko-
Ba u 1p. M. : Mup, 1966. 276 c.

5. Lyndon B. J. Space Shuttle Program Payload Bay Payload User's Guide. National Aeronautics
and Space Administration, 2000. 255 p.

6. IlpoextupoBanue camonéroB / C. M. Erep, B. ®. Mummun, H. K. Jluceiines n ap. M. : Mammu-
HOoCcTpoeHue, 1983. 616 c.

7. Spencer B. Jr., Fox C. H. Jr., Huffman J. K. A Study to Determine Methods of Improving the
Subsonic Performance of A Proposed Personnel Launch System. Virginia : NASA Technical
Memorandum, 1995. 82 p.

8. Jlykamesud B. I1., AdanacreB U. b. Kocmuueckue kpbubsa. M. : JlenTa Crpanctsuii, 2009. 496 c.

9. bypan PV [Omektponnsni pecypc]. URL: http://buran.ru/htm/spiral.htm (mara oOpamenus
15.02.2024).

10. TTapameTpuyeckuil aHalu3 aHU3OTPUAHOTO KOPIyca KOCMHUYECKOrO ammapara Jjisi OYHUCTKH
opouTel 0T KocMudeckoro mycopa / U. J1. benonosckasi, B. B. Komsra, U. C. SIpkos, E. A. SIpkosa //
Cubupckmii aspoxocmudeckuii sxypHai. 2021. T. 22, Ne 1. C. 94-105. Doi: 10.31772/2712-8970-
2021-22-1-94-105.

11. TocymapcTBeHHBIII KOCMHYECKHI Hay4HO-TIPOM3BOACTBEHHBIN LeHTp uMeHH M. B. XpyHuuesa
[Dnexrponnsiit pecype]. URL: http://www.khrunichev.ru/main.php?id=300 (nara obparmienus 16.02.2024).

12. Kenesuskosa A. JI. KomnproTepHoe MoienupoBaHHe CITyCKa OpOUTaIbHOM CTYNEHH KOCMHYE-
ckoii cuctemsl Space Shuttle B mIoTHBIX crogx atMocgepsl 3emin // @U3UKO-XUMHUYecKas KHHETHKA B
ra3zoBoii quHamuke. 2017. T. 18, Beim. 2 [Dnekrponnsiii pecypc]. URL: http://chemphys.edu.ru/issues/
2017-18-2/articles/716/.

13. I'pudurc /x. Hayunsie METOIBI MCCIICIOBAHUS OCAIOTHBIX TTOpoa / Tep. ¢ anri. J. A. EraHo-
Ba, A. B. Unbuna u I'. Y. PataukoBoii. M. : Mup, 1971. 422 c.

14. TOCT 4401-81. Atmocdepa ctangaptras. [Tapamerpsr. M. : Ctarmaptunadopm, 2004. 181 c.

15. Octpocnasckmii U. B., CtpakeBa U. B. Jlunamuka moné€ra TpacKTOPHUHU JIETATEIBHBIX aImapa-
TOB. M. : Mamunoctpoenue, 1969. 500 c.

References

1. Solovev V. A. [Development of the manned space flight program at the Russian Space Station].
XLVIII Akademicheskie chteniya po kosmonavtike posvyashchennye pamyati akademika S. P. Koro-
leva i drugikh vydayushchikhsya otechestvennykh uchenykh — pionerov osvoeniya kosmicheskogo pro-
stranstva [ XLVIII Academic readings on cosmonautics are dedicated to the memory of Academician
S. P. Korolev and other prominent Russian scientists — pioneers of space exploration]. Moscow, 2024
(In Russ.).

2. Buran RU. Available at: http://buran.ru/htm/maxmain.htm (accessed 13.02.2024).

3. Arthur C. Grantz. X-37B Orbital Test Vehicle and Derivatives. 4144 SPACE 2011 Conference
& Exposition. California, 2011, 14 p.

4. Lox U. Dinamika i termodinamika spuska v atmosfere planet [Dynamics and thermodynamics
of descent in the atmosphere of planets]. Moscow, Mir Publ., 1966, 276 p.

5. Lyndon B. J. Space Shuttle Program Payload Bay Payload User's Guide. National Aeronautics
and Space Administration, 2000. 255 p.

6. Eger S. M., Mishin V. F., Liseytsev N. K and other. Proektirovanie samoletov [Aircraft design].
Moscow, Mashinostroenie Publ, 1983, 616 p.

7. Spencer B. Jr., Fox C. H. Jr., Huffman J. K. A Study to Determine Methods of Improving the
Subsonic Performance of A Proposed Personnel Launch System B. Virginia: NASA Technical Memo-
randum, 1995, 82 p.

245



Siberian Aerospace Journal. Vol. 25, No. 2

8. Lukashevich V. P., Afanasev 1. B. Kosmicheskie krylya [Space Wings]. Moscow, LenTa
Stranstviy, 2009, 496 p.

9. Buran RU. Available at: http://buran.ru/htm/spiral.htm (accessed 15.02.2024).

10. Belonovskaya I. D., Kolga V. V., Yarkov I. S., Yarkova E. A. [Parametric analysis of the ani-
sogrid body of the spacecraft for cleaning the orbit of space debris]. Siberian Aerospace Journal.
2021, Vol. 22, No. 1, P. 94-105. Doi: 10.31772/2712-8970-2021-22-1-94-105.

11. Khrunichev state research and production space center. Available at: http://www . khrunichev.
ru/main.php?id=300 (accessed: 16.02.2024).

12. Zheleznyakova A. L. [Computer simulation of the descent of the orbital stage of the Space
Shuttle space system in the dense layers of the Earth's atmosphere]. Fiziko-khimicheskaya kinetika v
gazovoy dinamike. 2017, Vol. 18, No. 2. Available at: http://chemphys.edu.ru/issues/2017-18-
2/articles/716/ (In Russ).

13. Griffiths J. Nauchnye metody issledovaniya osadochnykh porod [Scientific Method in Analysis
of Sediments]. Moscow, Mir Publ., 1971, 422 p.

14. GOST 4401-81. Atmosfera standartnaya. Parametry [Siandart atmosphere. Parameters].
Moscow, Standartinform Publ., 2004. 181 c.

15. Ostroslavskiy 1. V., Strazheva 1. V. Dinamika poleta traektorii letatel'nykh apparatov [Flight
dynamics of the trajectory of aircraft]. Moscow, Mashinostroenie Publ., 1969, 500 p., ill.

Komsra B. B., Pyanay H. C., 2024

Koabra Bagum BajleHTHHOBMY — JOKTOp MEIarornvecKHX HayK, KaHAMAAT TEXHUYECKHX Hayk, mpodeccop,
npodeccop kadeapsl JNeTaTenbHBIX anmnapatoB; CHOUPCKHN TOCYNApCTBEHHBIH YHHBEPCUTET HAYKH M TEXHOJOTHIM
umenn akanemuka M. @. PemrerneBa. E-mail: xolgavv(@yandex.ru.

Pynnay Hukura CepreeBuu — cryaeHT; CHOMPCKUI TOCYJapCTBEHHBIH YHUBEPCUTET HAYKH W TEXHOJOTHU MMe-
HU akagemuka M. @. Pemernéna. E-mail: nik290200@mail.ru.

Kolga Vadim Valentinovich — Dr. Sc., professor, Cand. Sc., Professor of Department of Aircraft; Reshetnev Sibe-
rian State University of Science and Technology. E-mail: kolgavv@yandex.ru.

Rundau Nikita Sergeevich — student; Reshetnev Siberian State University of Science and Technology. E-mail:
nik290200@mail.ru.




