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Аbstract—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—Аerospace 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 y = Cy / (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; 

 lift-drag ratio K = Cy / Cx – ratio of the 
coefficient of lifting force to the coefficient of 
force of the frontal resistance. 

The y and K parameters affect: 
 temperature level (with the increase of the 

parameter y the temperature of aerodynamic 
heating decreases); 

 lateral range of descent Z  K2; 
 inclination of the landing glide   arctg(1/K); 

 landing velocity V   2 / y , where  is 

the density of the atmosphere. 
The parameters y and K are constrained as a 

permissible maximum normal overload of 
maxyn , 

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 
М, angles of attack of , sliding angles  and 
angles of the roll  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 а(t) and the angle of attack 
(t). 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  (t)  45, а(t)  80 (according to statistics) 
and taking into account the limit on the maximum 
value of normal overload 

max
5yn   (set). 

As the initial conditions of movement at the 
moment of time t = 0 input of an AP in an 
atmosphere at height H0 = 100 km the following 
values are accepted: earth velocity V0 = 7500 m/s, 
the vertical angle of path 0 = − 4, the horizontal 
angle of the path 0 = 0, latitude 0 = 0 and 
longitude 0 = 0. The thrust of the mid-flight engine 
equals 0 (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 fin to determines the final 
longitudinal range of descent Df.l, and the final 
latitude of the fin 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 m0 = 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 Cy, force of a frontal resistance Cx and the 
longitudinal moment mz. 

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     
 = 24  are shown in Fig. 4, for the number of 
Mach M = 1.5 and the angle of attack  = 4  are 
shown in Fig. 5. 

As a result of the simulation of the approach 
flow, the values of the aerodynamic force 



118                                                               ISSN 1990-5548   Electronics and Control Systems  2020. N1(63): 116-121 
 
projections on the vertical axis of the OY and the 
longitudinal axis ОX of the coupled coordinate 
system (CS), as well as the longitudinal 
aerodynamic moment relative to transverse axis OZ 
coupled CS, which serve to determine the 
aerodynamic coefficients. 

 
Fig. 4. Distribution of static pressure on the surface 

of the AP at M = 0.8 and  = 24 

 
Fig. 5. Distribution of static pressure on the surface 

of the AP at M = 1.5 and  = 4 

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

Сх = (2X)/(hV2Smid), 

Сy = (2Y)/(hV2Smid), 

mz = (2Mz)/(hV2SmidLf), 

where X is the force of the frontal resistance in the 
coupled CS; Y is the lifting force in the coupled CS; 
Mz is the longitudinal moment relative to the 
transverse axis ОZ the coupled CS; h is the density 
of the atmosphere at the given altitude; V is the 
velocity of the approach flow; Smid is the 
characteristic area; Lf  is the characteristic length. 

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

Cxa = Cx cos + Cy sin, 

Cya = Cy cos  Cx sin, 

where Cya is the coefficient of lifting force in the 
velocity CS, Cxa is the coefficient of force of the 
frontal resistance in velocity CS,  is the angle of 
attack. 

The degree of longitudinal static stability of the 
AP is determined by the formula: mz / Cy= − (xc.p – 
xc.m) / Lf, where xc.p is the center of pressure of the 
AP, xc.m is the position of the AP mass centre. 

Aerodynamic quality of the speaker is 
determined by the formula: K = Cya / Cxa. 

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. 

 
Fig. 6. Coefficients Сха, Сyа and mz depending on angles of attack and referenced numbers of Mach (at fixed rudders) 

 
Fig. 7. Maximum lift-drag ratio AP Kmax depending on referenced Mach numbers (at fixed rudders) 

Kmax   DELTA = 0 

M 
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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 Re = 6378.160 km and the 

polar radius Rp = 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]: 
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where V is the Earth velocity (in the absence of wind 
coincides with the air);  is the angle of inclination of 
the trajectory;  is the angle of the path;  is the 
geographical latitude;  is the geographic longitude; 
m is the weight of the airplane; mc is the throughput 
weight fuel;  is the density of the atmosphere;        
  0.72710-4 s-1 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]: 

24
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where gr is the radial component of the gravitational 
acceleration vector; gz 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: 

Px = Pcos; Py = Psin cosa; Pz = Psin sina, 

where P = Psp mc is the force of engine thrust; Psp is 
the specific thrust. 

The coefficients x, y and aerodynamic quality K 
are determined by the following formulas: 

, ,
2 2

ya yaxa
x y

xa

C S CC S
K

m m C
     , 

where Cxa, Cya 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: 20.0463a 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: 

21 0.0066934cos
pR

H R 
 

. 
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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: 
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where g0  9.81 m/s2 is the gravitational acceleration 
on the Earth's surface. 

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.
 

 
Fig. 8. Velocity V(t) and altitude H(t) depending on 

time 

 
Fig. 9. Angle of flight path (t), angle geographical latitude 

(t) and geographical longitude (t) depending on time 

 
Fig. 10. Velocities angle of bank а(t) and angle of 

attack (t) variation program depending on time 

 
Fig. 11. Projection of cross-axis acceleration force vector ny(t) 

depending on time 
 

Final longitudinal distance Dl.f , km: 

lf fin
17.64( 20) (6378.16 20) 1970,
57.3eD R       

where Re is the equatorial radius of Earth; fin is the 
final angle of geographical longitude. 

Final crossrange Dc.f , km:  

cf 1 fin
5.68( 20) (6376 20) 635,
57.3

D R       

where R1 is the radius of Earth inplane local 
meridian; conducted from a center Earth under the 
corner of 5.68 (Fig. 12); fin is the final angle of 
geographical latitude. 

 
Fig. 12. Krasovsky ellipsoid 

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 Hfin = 
= 20 km; speed Vfin = 565 m/s; angle of inclination of 
the trajectory θfin = −15; latitude angle fin = 5.68; 
angle of geographical longitude fin = 17.64; 
maximum vertical overload nymax = 3.14; longitudinal 
range Dlong = 1970 km; lateral range Dlat = 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 (t) and roll angle 
a(t), as well as the maximum value of normal 
overload ny max. However, the restrictions that should 
be imposed on other parameters of motion, for 
example, on the final speed, were not taken into 
account Vfin, trajectory final angle fin, at maximum 
speed head qmax and heat flow at a critical point on the 
surface of the speaker qh 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 
control [2], in addition to the above conditions, 
when the AP is descent in the atmosphere, the 
dependence of the altitude on time should also be 
limited:  Hj

max – Hj
min  Hj per., j  jmax, where Hj

max, 
Hj

min are maximum and minimum rebound heights; 
Hjper is the acceptable rebound value; j is the total 
number of bounce paths. 

VI. CONCLUSIONS 
The necessity of computer-aided design at the 

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 
good results for given example. 

The values of the final longitudinal and lateral 
ranges, taking into account all the above restrictions 
imposed on the parameters of the AP motion during 

descent in the atmosphere, may differ from those 
originally obtained in the direction of decreasing. 
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