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Abstract—The method of solving the problem of technical appearance of aerospace plane is considered.
The generalized criteria of estimation, restrictions and assumptions are given. The mathematical model of
movement of an aerospace plane on rebound trajectory is described. The results of calculation of
aerodynamic and trajectory characteristics of aerospace airplane with the use of proposed programs
computer simulation are presented. The calculation of aerodynamic characteristics is performed using the
computer simulation system ANSYS FLUENT. For the computer aerodynamic modelling the electronic
three dimensional (3D) model of the speaker in the SolidWorks program, corresponding to the size and
configuration of the general view drawing is developed. In the Workbench environment the calculation
grid of the modeling area is developed, which together with the calculation grid of the surface of the
modeling object is 1304186 knots and 7325935 elements.

Index Terms—Aerospace plane; mathematical model; computer-aided design; rebound trajectory.

I. INTRODUCTION

With the expansion of human activities in the
near space, it became apparent that the maintenance
of orbital stations should be carried out by airplane-
type aerospace vehicles.

The most cost-effective concept of a transport
system for orbital stations is a system consisting of an
aerospace plane (AP) and an acceleration rocket
booster or launch vehicle. The aerospace plane delivers
the goods and crew to the orbital station and returns to
the ground in the planning mode after the target task is
completed, and the acceleration rocket accelerator or
booster launches the AP into the low orbit.

Design at the initial stages begins with the
definition of the general appearance, mass and
geometric dimensions of the AP, and ends with a
synthesis of possible variants of the AP, differing
aerodynamic scheme and layout. The final stage of
the AP design is to evaluate the possible variants of
the AP appearance according to the established

criteria (parameters), taking into account the
limitations.
The most important generalized parameters

influencing the appearance of the AP are:

¢ planning parameter 6, = C,/ (G / S) — ratio of
the lifting force coefficient on the flight angle
of the attack to the unit load on the wing in
the plan;

o lift-drag ratio K = C, / C, — ratio of the
coefficient of lifting force to the coefficient of
force of the frontal resistance.

The 6, and K parameters affect:

e temperature level (with the increase of the

parameter o, the temperature of aerodynamic
heating decreases);

e lateral range of descent Z ~ K*;
¢ inclination of the landing glide 0 ~ arctg(1/K);

e landing velocity V ~,[2/(p0},) , where p is

the density of the atmosphere.
The parameters o, and K are constrained as a
permissible maximum normal overload of n,

which is assigned based on the physical capabilities
of the person and the strength of the design of the AP.

For the selected variants of an AP the
aerodynamic relat and balancing characteristics, and
also longitudinal, lateral and on-list stability in the
given range of numbers Mach stagnation airflow
M., angles of attack of a, sliding angles [ and
angles of the roll y are calculated.

Checking of the selected variants of the speaker
for compliance with the specified requirements and
limitations is performed according to the results of
mathematical modeling of the flight trajectory in the
atmosphere taking into account the restrictions
imposed on control functions and parameters
trajectory.

The following is a mathematical model of the arc
descent trajectory in the atmosphere with the results
of the calculation of aerodynamic and trajectory
characteristics of the AP, which can be used in the
development of software for the CAD system.

II. BASELINE DATA AND CONDITIONS OF THE
PROBLEM SOLUTION

As the object of the study is considered an AP,
executed under the scheme "lifting body" (Fig. 1).

The aerospace plane is in orbit of the Earth
satellite, the plane of which coincides with the plane
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of the equator. At some time the apparatus under the
influence of the braking pulse of thrust descends
from an orbit and with the known value of a vector
of velocity approaches to a conditional boundary of
an atmosphere before the beginning of a section of a
descent trajectory.
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Fig. 1. General view of the AP

Control of the speaker on the descent path is
carried out through two channels: by changing the
velocity angle of the roll y,(f) and the angle of attack
o). When simulating the motion of an au on the
descent trajectory of the program changes of the
specified angles are selected from the conditions
10° < ol?) < 45°, v,(f) < 80° (according to statistics)
and taking into account the limit on the maximum
value of normal overload n, <5 (set).

As the initial conditions of movement at the
moment of time ¢ = 0 input of an AP in an
atmosphere at height Hy, = 100 km the following
values are accepted: earth velocity Vo = 7500 my/s,
the vertical angle of path 6, = — 4°, the horizontal
angle of the path yo = 0, latitude ¢y = 0 and
longitude Ay = 0. The thrust of the mid-flight engine
equals O (planning descent).

As a casting surface, the ellipsoid of the rotation
(Krasovsky ellipsoid) with the center of the Earth,
passing at a height of 20 km above the Earth's
surface, is adopted.

The final longitude Ag, to determines the final
longitudinal range of descent Dy, and the final
latitude of the @g, to determine the final crossrange
Dc.f-

Aerodynamic characteristics of the AP are set in
tabular and calculated in the calculation model of
movement with the help of interpolation functions.

The parameters of the standard atmosphere are
also tabled in accordance with the standard values [1].

The equations of motion took into account the
nonsphericity field of gravity of the earth and its
rotation around its own axis.

The return mass of the AP is my = 9600 kg.

Because many AP and control parameters are not
known at the initial design stage, the task should be
simplified.

At the simplest statement of a problem when the
speaker is considered as a material point, and its
trajectory passes in one plane, from all aerodynamic
coefficients it is enough to define factors of lifting
force C,, force of a frontal resistance C, and the
longitudinal moment .

III. CALCULATION OF THE AERODYNAMIC
CHARACTERISTICS OF THE AP

The calculation of aerodynamic characteristics is
performed using the computer simulation system
ANSYS FLUENT.

For the computer aerodynamic modelling the
electronic three dimensional (3D) model of the
speaker in the SolidWorks program (Fig.2),
corresponding to the size and configuration of the
general view drawing (see Fig. 1) is developed.

In the Workbench environment the calculation
grid of the modeling area is developed, which
together with the calculation grid of the surface of
the modeling object is 1304186 knots and 7325935
elements (Fig. 3).

)

Fig. 2. 3D AP model

Fig. 3. Design grid of the AP model

The static pressure distribution fields on the AC
surface for mach M = 0.8 and the angle of attack
o = 24 ° are shown in Fig. 4, for the number of
Mach M = 1.5 and the angle of attack oo = 4 © are
shown in Fig. 5.

As a result of the simulation of the approach
flow, the values of the aerodynamic force
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projections on the vertical axis of the OY and the
longitudinal axis OX of the coupled coordinate
system (CS), as well as the longitudinal

aecrodynamic moment relative to transverse axis OZ
to determine

coupled CS, which serve the

aerodynamic coefficients.

Fig. 4. Distribution of static pressure on the surface
of the AP at M = 0.8 and o = 24°

Fig. 5. Distribution of static pressure on the surface
ofthe AP at M= 1.5 and a. = 4°

235

The coefficient of frontal resistance of the C, and
lifting force C, in the coupled CS, as well as the
coefficient of longitudinal moment m, determined by
the formulas:

C. = 2X)(piV*Smia),
Cy= VPV Smia)s
m.= (2M.)/(pV*SwmiaLy),

where X is the force of the frontal resistance in the
coupled CS; Y is the lifting force in the coupled CS;
M. is the longitudinal moment relative to the
transverse axis OZ the coupled CS; p;, is the density
of the atmosphere at the given altitude; V is the
velocity of the approach flow; Sy is the
characteristic area; L, is the characteristic length.

The conversion of aerodynamic forces from the
coupled CS into velocity CS is performed by the
following formulas:

Cy.= C cosa. + C, sina,
Cy, = C, cosa. — C, sina,,

where C,, is the coefficient of lifting force in the
velocity CS, C,, is the coefficient of force of the
frontal resistance in velocity CS, a is the angle of
attack.

The degree of longitudinal static stability of the
AP is determined by the formula: m./ C,= — (xcp —
Xem) / Ly where x.,, is the center of pressure of the
AP, x.n is the position of the AP mass centre.

Aerodynamic quality of the speaker is
determined by the formula: K = C,,,/ Cy,.

Graphs of the dependencies of aerodynamic
forces and moment and the maximum aerodynamic
quality in the velocity CS are shown in Figs 6 and 7.
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Fig. 6. Coefficients C,,, C,, and m. depending on angles of attack and referenced numbers of Mach (at fixed rudders)
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Fig. 7. Maximum lift-drag ratio AP K,,x depending on referenced Mach numbers (at fixed rudders)
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IV. CALCULATION OF THE DESCENT TRAJECTORY
IN THE ATMOSPHERE

A.  Model of the AP movement

The type of equations of movement of the center
of mass AP is determined by the selected CS and
composition of the active forces. In the mathematical
model under consideration, the speaker moves above
the surface having the form of an ellipsoid of rotation
with the equatorial radius R, = 6378.160 km and the

polar radius R, = 6356.863 km (Krasovsky ellipsoid).
The movement of the AP relative to the Earth takes
place under the influence of gravitational force, full
aerodynamic force, thrust force of engines and forces
caused by noninertial system of reference. The
system of differential equations of motion in the
trajectories CS taking into account the rotation of the
Earth, the noncentrality of gravity and in the absence
of wind in the atmosphere, supplemented by the
equation of mass change AP, has the form [2]-[4]:

; . . P . L
V=-cpV’—g sin0+g_sinycos0+—=+ RQ’ cos p(sin O cos @ — cos Osin psiny),
m

=0 pVcosy, + v_s cos0— 2 sin sin6+i+29cos cosy +
i “\R V Vv x Vm PeosK

Q2

cosQ

-(cosBcos @ +sinBsin @siny),
P

z

. opV . V cos0 cosy

x=—— siny, — tgpcosy + g, -
cosO

R =V sin0,

. VcosO .

¢ = smy,

X_Vcos@ cosy.
R cos<p’

m=-m,,

c

where V is the Earth velocity (in the absence of wind
coincides with the air); 6 is the angle of inclination of
the trajectory; y is the angle of the path; ¢ is the
geographical latitude; A is the geographic longitude;
m is the weight of the airplane; m, is the throughput
weight fuel; p is the density of the atmosphere;
Q ~ 0.727-10" s is the angular velocity of the
rotation of the Earth around its axis.

The radial and transversal components of the
gravitational acceleration vector g, lying in the

meridian plane, are determined by the formulas [1]:

2
.26.32785-10"
o 39861679:10" 3 3

g R? 2 R

(Ssin’ 1),

% -26.32785-107*

g =3 sin,

R4
where g, is the radial component of the gravitational
acceleration vector; g, is the transversal component
of the gravitational acceleration vector; R is the
distance from the center of the Earth to the AP.

The projections of the thrust force vector of
engines, rigidly fixed and oriented along the
longitudinal axis of the AP, are calculated according
to the following formulas:

—2Q(sin @ —cos @siny tg0)

Vecos® mV cosO

Q2

Sin (pcosQcosy,
VcosO PeoSpeosy

P,= Pcosa; P,= Psino. cosy,; P.= Psina. siny,,

where P = Py, m. is the force of engine thrust; Py, is
the specific thrust.

The coefficients c,, 6, and aerodynamic quality X
are determined by the following formulas:

Can CyflS Cyfl
x :7, Gy = 5 5
2m 2m C

xa

(¢

where C,,, C,, are the coefficients of aerodynamic
force of frontal resistance and lifting force in velocity
CS; S is the characteristic area of AP.

B. Calculation of trajectory parameters

The Mach number is calculated as the ratio of the
air velocity of the AP, which in the absence of wind
coincides with the velocity relative to the Earth, and
the sound velocity at this altitude: M = V/a, where
sound velocity a is associated with the air

temperature T ratio: a = 20.0463/T .

Altitude H over the surface of the Earth, which
has the form of an ellipsoid of rotation with the
above parameters, is calculated by the formula:

R
H=R- . .
J1-0.0066934cos’¢
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The components of the overload vector in the
projections on the connected longitudinal and normal
axis of the AP are determined by the ratios:

P ’ .
n, = + S pr (C},asma—Cmcosa),
8o &oin
2
n,= S i(C},acosowCmsinOL),
8o

where gy ~ 9.81 m/s” is the gravitational acceleration
on the Earth's surface.
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Final longitudinal distance D¢, km:

D, =(R, +20)A,, =(6378.16+ 20)% ~1970,

where R, is the equatorial radius of Earth; Ag, is the
final angle of geographical longitude.
Final crossrange D¢, km:

D, =(R, +20)p,, =(6376+ 20)2'762 =635,

where R, is the radius of Earth inplane local
meridian; conducted from a center Earth under the
corner of 5.68° (Fig. 12); g, is the final angle of
geographical latitude.

Earth surface

Rp=6356,863 ki

20k

Re=6378,160 kM

Fig. 12. Krasovsky ellipsoid

Fig. 9.

When an AP enters the atmosphere at a velocity
close to the first cosmic velocity (8000 m/s) there is a
phenomenon of aerodynamic heating. This leads to
great temperatures on its surface and can lead to the
destruction of the structure. To reduce the influence
of this factor, a rebound trajectory was chosen as the
descent path. At such a decrease the AP "is reflected"
from dense layers of atmosphere and gradually resets
velocity at each "reflection". This allows it to cool
when moving on the upper sections of the trajectory,
dispelling energy in the form of radiation.

The simulation results are shown in Figs 8-11.
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Fig. 11. Projection of cross-axis acceleration force vector 7,(f)

depending on time
V. RESULTS

As a result of modeling the AP motion during
descent in the atmosphere, the following parameters
were obtained at the final of the descent: height Hy, =
=20 km; speed Vg, = 565 m/s; angle of inclination of
the trajectory 05, = —15°; latitude angle @g, = 5.68;
angle of geographical longitude Ag, 17.64;
maximum vertical overload 7,m. = 3.14; longitudinal
range Dy = 1970 kmy; lateral range Dy, = 635 km.

The values of the parameters of the AP movement
at the end of the descent trajectory are obtained taking
into account the restrictions imposed on the control
dependences of the angle of attack a(f) and roll angle
v.(?), as well as the maximum value of normal
overload 7, m.. However, the restrictions that should
be imposed on other parameters of motion, for
example, on the final speed, were not taken into
account Vg, trajectory final angle Og, at maximum
speed head ¢ and heat flow at a critical point on the
surface of the speaker g, max.

Since the descent trajectories with rebound are
unstable in the sense that they can significantly
change their profile with a small change in the
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control dependences in the process of descent descent in the atmosphere, may differ from those
control [2], in addition to the above conditions, originally obtained in the direction of decreasing.
when the AP is descent in the atmosphere, the
dependence of the altitude on time should also be REFERENCES

limited: H;™ — H™" < AHj per, J < Jmax, where H™,  [1] A. A. Lebedev and L. S. Chernobrovkin, The dynamics

H; min are max1mum and minimum rebound helghts of the flight of unmanned aerial vehicles. Moscow:

Aijer is the acceptable rebound value; j is the total Mashinostroyeniye, 1973, 616 p. (in Russian)

number of bounce paths. [2] Yu. N. Lazarev, Managing the trajectories of
VI. CONCLUSIONS aerospace vehicles. Samara: Samar. Scientific Center

of the RAS, 2007, 274 p. (in Russian)

The necessit'y of comp uter-'aided design at the [3] L. M. Shkadov, R. S. Bukhanova, V. F. Illarionov
aerospace technical appearance is proved. ’ ’ ’

For the problem solution it is used the computer
simulation system ANSYS FIUENT, SolidWorks
program. The use of this software permitted to get

and V. P. Bad, The mechanics of the optimal spatial
motion of aircraft in the atmosphere. Moscow:
Mashinostroyeniye, 1972. (in Russian)

good results for given example. [4] V. A. Yaroshevsky, Entrance into the atmosphere of
The values of the final longitudinal and lateral spacecrafi. Moscow: Nauka, 1988. (in Russian)
ranges, taking into account all the above restrictions Received January 15, 2020

imposed on the parameters of the AP motion during

Brykalov Andriy. Candidate of Science (Engendering).

Faculty of Air Navigation, Electronics & Telecommunications, National Aviation University, Kyiv, Ukraine.
Education: Kharkov Aviation Institute, Kharkov, Ukraine, (1984).

Research area: computer-aided design systems, aecrodynamics.

Publications: 15.

E-mail: and4918@ukr.net

A. B. BpuxanoB. ABTOMaTH30BaHe IPOECKTYBAHHSI HA eTani TeXHIYHOro aHaji3y 30BHIIIHBOI0 BHIVIAAY
aepPoOKOCMIYHOIO JiTaKa

PosrmsinyTo cmoci0 po3B's3aHHS 3agadi OLIHIOBAaHHS TEXHIYHOI'O BHIVIAY aepoKOCMidHOro Jjitaka. HaBenmeno
y3arajibHeHi KpUTepii OI[iHIOBaHHs, 0OMeXeHHs 1 JormynieHHs. On1Mcano MaTeMaTuiHy MOJENb PyXY aepOKOCMIYHOTO
JiTaka 3a TpaekTopiero pukomiery. llpencraBieHO pe3yiabTaTH pPO3PaxyHKY aepoJUHAMIYHUX Ta TPAaEKTOPIl
XapaKTEePUCTUK aePOKOCMIYHOrO JiTaka i3 3aCTOCYBaHHSM 3alPONOHOBAHUX MPOrpaM KOMIT FOTEPHOI'O MOJIEITIOBAHHSI.
Po3paxyHOk aepoAvHaMiUYHHX XapaKTEPUCTUK BUKOHYETHCS 32 JIOIIOMOTOI0 CHCTEMH KOMITIOTEPHOTO MOJIETIOBAHHS
ANSYS FLUENT. [lnsi KOMIT'FOTEPHOTO aepOAMHAMIYHOr0 MOJCIIOBAHHs PO3pOO/ICHa eleKTpOoHHA TpuBUMipHa (3D)
MOJIeIIb aePOKOCMIYHOrO Jlitaka B rporpami SolidWorks, mo Bignosizae posmipy Ta KoHQIrypauii 3araabHOro BuIy
mamonka. Y cepenosuiti Workbench pospobiena oGumcimoBanibha CiTka 00NacTi MONCNIOBAHHS, ska pas’oM i3
00YHMCITIOBAIIFHOIO CITKOO TIOBEPXHI 00’ €KTa MOIeNntoBaHHs cTaHOBUTH 1304186 By3miB Ta 7325935 enemeHTis.
Karo4oBi ciioBa: aepoKoCMiUHUIA JTiTaK; MaTEMAaTHYHA MOJIENb; KOMITIOTEpHE IPOSKTYBAHHS; TPAEKTOPIsl PUKOIIETY.
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A. B. BpukajioB. ABTOMaTH3MPOBAaHHOe MPOEKTHPOBaHHE HA JTane TeXHHYECKOr0 aHAIN3a BHEIHEro BHUIA
23POKOCMHYECKOro camMoJieTa

PaccMoTpeH croco0 pemieHus 3aJadd OLEHKH TEXHHUYECKOro OOJMKa a’pOKOCMHUYECKOro camosera. IIpuBeneHsl
00001IeHHbIE KPUTEpPUH OIEHKH, OrpaHHdeHus W jgomymieHus. OnmcaHa MaTeMaTudeckass MOJENb JBIKECHHS
a’pPOKOCMMYECKOI0  caMmojeTa II0  pHKoUIeTHpymomed  Tpaektopuu. IlpencrtaBieHsl — pe3ysibTaThl — pacuera
a’pOIMHAMHUYECKHX U TPAaeKTOPHBIX XapaKTEPHCTUK adPOKOCMHYECKOr0 CaMojieTa C HCIOJBb30BAHUEM IPEIIOKEHHBIX
MpOrpaMM  KOMITBIOTEPHOTO ~ MOJAENUpOoBaHMs. PacyeT a’poAMHAMHYECKHX  XapaKTEePUCTUK  BBINOJHSETCS  C
HCTIONIB30BAaHUEM  CHCTeMBI  KoMmmbloTepHoro  MmozenupoBanus ANSYS FLUENT. [Ing  KOMIIBIOTEPHOrO
a’pPOJMHAMHYECKOI0 MOJIEITUPOBAHUS pa3paboTaHa EeKTpOHHAast TpexMepHast (3D) Moaesb a3pOKOCMUYECKOTO caMoJIeTa
B mporpamme SolidWorks, cooTBeTcTByIOIIas pazmepy M KOoH(Hrypauu ueprexa obmero Buaa. B cpene Workbench
pa3paboTaHa pacuyeTHass ceTka O0JacTH MOJENUPOBAHMSA, KOTOpas BMECTE C PACUETHOH CETKOM IOBEPXHOCTU
MoJIeMpytoliero oorekra cocranisier 1304186 y3moB u 7325935 anemMeHTOB.
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