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SUBSTANTIATION OF SCIENTIFIC
AND METHODOLOGICAL
APPARATUS FOR CALCULATING
THE AERODYNAMIC
CHARACTERISTICS

OF UNMANNED AERIAL VEHICLE
DURING FLIGHT AT SUPERSONIC
SPEEDS IN ITS CONCEPTUAL
DESIGN

The article presents the results of analyzing and
generalizing the theoretical data on the method of disturbed
pressures for performing estimates of the main aerodynamic
characteristics of an unmanned aerial vehicle at supersonic
speeds. The presented scientific and methodological
apparatus are proposed for the calculated data on the
main aerodynamic characteristics. The mathematical
model presented is built for an ideal environment, so to take
into account the viscosity forces, the paper synthesizes the
mentioned mathematical model of linear aerodynamics of
supersonic velocities, which is implemented by combining
the method of disturbed pressures and engineering methods.

The basic relations and equations of the closed system of
integral equations, the features of the proposed numerical
implementation, and some results of test calculations are
presented.

Keywords: aerodynamic characteristics,
pressure method.
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INTRODUCTION

The rapid development of unmanned aerial vehicles in
recent years is directly related to the use of more and more
advanced technologies in the war of the russian federation
against sovereign Ukraine. It should be noted that this has
become an obvious phenomenon not only in the aggressor
country and our country, but also in other countries of the
world. The rapid expansion of the nomenclature of unmanned
aerial vehicles (UAVs) has made it possible to solve a wide
range of combat and special tasks on the front line and in
the depths of both territories. However, all currently known
domestic and foreign models are subsonic aircraft, most of
which are quadcopters with a maximum flight speed of about
100 km/h and extremely limited time and range of use, which

is a consequence of the use of electric motors and limited
capacity batteries.

At the same time, the experience of using UAVs in combat
operations has shown that one of the main indicators from the
list of technical characteristics among the determining ones,
such as range, duration, weight of the warhead, effective
scattering plane, hit probability, etc. is the flight speed of an
unmanned aerial vehicle (UAV). High speeds allow UAVs
to spend less time in the area of enemy air defense fire and
reach their targets more quickly and in general, increase the
effectiveness of their combat use.

An example of this is the positive experience of our side
using the Tu-141 Strizh reconnaissance UAV as a carrier
platform, equipped with a high-explosive fragmentation
warhead and used as a kamikaze UAV at the airfield near
the city of Engels, Saratov region of the russian federation.
As a result of a surprise attack on the airfield, several stra-
tegic enemy aircraft were destroyed and damaged. And
although the maximum speed of the mentioned UAV does
not exceed the Mach number M < 0,9 at low flight altitude,
the efficiency of such a relatively high-speed aircraft was
obvious.

It should be emphasized that in the technical literature and
scientific publications, information has recently appeared
regarding the intensification of work on the development
of supersonic UAVs in some countries, including Ukraine
[1, 2] for the performance of various tasks in operational-
tactical and strategic operational areas zones of the depth
of the enemy’s defense construction. This formulation of
the question implies in-depth research on the design of the
optimal aerodynamic layout of future prospective models,
and this is directly related to the need to study aerodynamic
characteristics (ACs) at both subsonic and supersonic speeds,
which must be available already at the stage of conceptual
design and the possibility of operational to receive them to
work out the composition of the sample with the required
qualities.

If a sufficiently developed scientific and methodological
apparatus (SMA) has been created for preliminary estimates
of ACs at subsonic speeds [3—6], then for estimation
calculations of ACs at supersonic speeds, which would allow
numerical methods to obtain not only integral results [7],
but also the spectrum of the main ACs at the maximum,
including distributed pressures and derivatives of kinematic
parameters [8] approaches, extremely limited.

The aim of this work is to substantiate, based on the
generalization of theoretical data from various authors, a
numerical method for evaluating the main ACs of UAVs at
supersonic speeds for prompt design and layout decisions
at the stage of conceptual design and testing of the above
UAV using the developed methodology for the numerical
implementation of the constructed MM.

RESEARCH RESULTS

In this paper, based on the analysis of known approaches to
research and analysis of the main aerodynamic characteristics
of UAVs at supersonic speeds, we propose an SMA based
on the synthesis of a mathematical model (MM) of linear
aerodynamics for an ideal continuous medium, which is
numerically realized by the method of disturbed pressures
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and engineering methods for calculating aircraft and their
components based on generalized analytical materials based
on the results of multivariate experimental and analytical
studies by well-known authors. The basic relations and
equations of the closed system of integral equations, features
of numerical realization and some calculation results are
presented.

The problem of UAV flowing around an ideal fluid with a
constant supersonic velocity is considered U,,. It is believed
that the angle of attack of the UAV « is small (a <<1),
therefore, it can be taken into account in the calculations
sina = a.

Taking into account the mentioned UAV, we will present
it in the form of a system of schematic basic elements i with
an area S; of each of them. Collectively, all elements from S;
must represent the shape of the UAV in plan, for example,
in the horizontal plane, fig. 1 [8].

Fig. 1. Schematization of the UAV. Coordinate system

For the convenience of the solution and subsequent
numerical implementation, we choose a rectangular left
coordinate system Oxyz (Fig. 1), where

x=Xb", y=vp",z=2b", (1

where x, y, z — dimensionless coordinates; X, Y, Z —
dimensional coordinates; b — characteristic linear size (ave-
rage aerodynamic chord — b,).

Let’s assume that the fluid motion is vortexless and not
vulnerable to external forces.

For convenience, let us introduce the disturbed pressure
coefficient

P=0,5(p—p)PVy) ", )

where p — pressure at the point under consideration, p, —
undisturbed pressure, p — medium density, ¥, — is the
transport velocity of the medium.

For the stationary flow of an ideal fluid, the wave equation
satisfied by the distribution of the function p, is as follows:

3

2 2 2
(1M)6p 6127 650
oy® 0Oz

In accordance with the task under consideration, we will
take into account the areas in the general scheme, Fig. 1:

S = ZS,» — the surface of the base element is the discon-

1

tinuity surface for the feature p;

2 — the surface of the vortex sheet, which descends from
the rear edges of the aircraft;

o — the area disturbed by the aircraft, excluding the
surface X;

¥’ — undrilled area.

The following boundary conditions and assumptions are
used for the marked areas:

onS (Z—¢) ¢ =—o — condition of nonleaking surface S; (4)
Y

onX Ap =0-no pressure drop, (5)

where Ap = p, — p, — difference of dimensionless pressures
from below p, and above p, at a specific point with co-
ordinates (x, y, z) on the surface S;

in the area of o — continuity of function p and ((;E)G;

in the area of X' — no pressure p =0 and (%)Zr =0; (6)

the surfaces of compression jumps appearing at the su-
personic edges coincide with the surfaces created by the
characteristics;

the Chaplygin-Zhukovsky condition is fulfilled at the
subsonic trailing edges

lim p(x,,z) = p(x", y,2), (M

X—>X

where x* — is the coordinate of the trailing edge.

Output relations
For the continuity equation (3), we will use the solution
[9] in the form:

H dp
Ap(x y,Z)——— II p xl B as -

—[RG
Il

where (x;,,,2) —
excitations;

lg,l . — contours of the base of the sealing strip on the wing
edge of the UAV when the surface of the sealing strip is
selected from the side S and o accordingly.

If the source point (x;, y;, z;) lies inside the selected Mach
cone, then H = 1, if it is the other way around, i.e. the point
is the source (x;, y;,z; ) lies outside the selected Mach cone,
then H = 0 [9, 10].

In equation (8), from the boundary conditions (4), the

o

values of (%) s> and derivatives (@) and (—) are related
oy oy y

X1,V12 2

coordinates of the point — source of

by the Cauchy-Lagrange integral as [8]:

(—) - —( ) 9
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From the analysis of the above, it turns out that in the

e
right-hand sides of equations (8) the unknowns are (—) o5
oy

and (—¢)1b

Usmg the materials of theoretical studies [8, 11], we can

&
obtain expressions for determining the values of (—) in the
form: y

(L) 5= > ZJ'

where 7 — the number of rows of cells along the axis Ox,
in which it is assumed Ap = const; Ap — the difference in
relative loads (pressures) between adjacent cells along the
axis Ox.

o¢

To obtain an expression for the definition (6_) 5, We will

xl)

(x
Ap(xl,yl,Zl) dx;, (10)

- (z-2)

use the results of work [11] regarding the obtained ratios for

the function (6_]9)
oy

o¢

(),b=——joAp(x1,yl,z1) s, an

here the inner integral is understood as its main value [8].
Based on the fact that

K* _ 1
_EJ‘J.HAP(XI’.VI’ZI) FdS =

, (12)
(x—x) dS
2 ox .”HAp(x]’y"Z‘)(Z_Z]) R
we will get
(‘ﬁ),h:—ﬂ HAP 3.2 1));ds (13)

Thus, the given expressions (10), (13) together with (8)
form a closed system of equations (14), which allows to
determine the values Ap in the calculation points of the
surface S the aircraft or on its entire surface:

@ (x—x)
@ 3 Zj ooy 2) T,
1
s "’)lh joAp(xl,yl, z) ((x le)) —ds, (14)
H 0
Ap(x y!Z) __S.[;.‘E ’51 Vi z1 IJ.I E _)xl V1.4 1‘

The mentioned system of equations (14) is proposed to
be solved by the method of successive integration [8—17].

For the first approximation, we will set the distribution of
values Ap, (x, y,z) from the following equation:

A, (x,y,2) === I E —(—)xl i

Ay

(15)

XV 21

By distribution Ap, (x,, y,, z,) we will further define (—) s

and (— ¢), for which expressions (10), (13) are used.

For the second approximation, we obtain the following
expression:

Ap, (x,y,2) = Ap, (x, y,2) =

. (16)
__”_(_)n N7 __J. (a¢ X157 dz,

To determine Ap,(x, y,z), calculate it again (5_) and

e
we ﬁnd Ap;(x,,2).

The number of approximations is determined by the given
accuracy of the calculation. The structural block diagram
of the algorithm for the numerical implementation of the
technique is presented in the form shown in Fig. 2.

——),, by distribution Ap, (x, y,z), and then by equatlon (16)

Input of initial and geometric data
M, a,p...1, 4, by S..., X0, Yos...
]

Calculation of geometric parameters of the grid
of base planes S, S, (horizontal and vertical)

vi=1
Calculation of distributed loads Aﬁf& o) Apz(l()x 79
in calculation points of base planes S}, S,
(in the first approximation i = 1)

i=i+1

>

Y

Calculation of distributed loads Aﬁf?r bo)? Aﬁ;’()x 7o)
in settlement points (x, y, z) base planes Si, S>

(i) _ _ 1(i)
Ap/(Xyz) Ap/(XJZ) Ap(w )’J 1,2
(in the i approximation)
Yes

e =Ap) - ApLY <A

J(x,3,2)

Calculation of totals C*,m",x,,C/,m/,m™ ,m* ,m?
and distributed Ap(x, vy APy aerodynamlc
characteristics on base planes S}, S»

Fig. 2. Structural block diagram of the algorithm
for the numerical implementation of the methodology
for calculating the aerodynamic characteristics of UAVs
at supersonic speeds

During the numerical implementation of the given SMA,
the integrals in expressions (8), (10), (13) are represented
by finite sums:

4Az, & 0 H
J, = Bay @ 8"’
Yy R

T o=

)
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Z Z(—)l, R (13)
_ 13 U AS (x —x); Hy
LR Y S
Az 3 H,
J, = 47[,1(2_ ~ ;Apl,(x Wyl @)

It should be noted that in expression (16) two integrals
p 0
have integrand functions (5‘0) and (6_¢) with singularities
v

near the subsonic front edges.

In the future, we will use the method, proposed in [9] to
eliminate the peculiarities in the numerical implementation
of mathematical models.

The linear formulation of the problem implies the pos-
sibility of using the superposition method when calculating
the disturbed pressure by representing it as a linear sum of
solutions obtained in partial problems:

N
D = 1_75/,5,- € a,p,0,0,0... .
Jj=1

2

Solution features problems «, f have been discussed
above, as for non-stationary problems (with rotation, etc.),
the aircraft is modeled here also by flat basic elements in the
horizontal and vertical planes.

Let’s introduce dimensionless angular velocities:
= o.b V",

— -1 = -1
o, =olV, o, =0lV], o

z

(22)

where Vy — undisturbed flow velocity, / — wingspan, b, —
CAX.

In the future, we will mark the base surfaces in the ho-
rizontal plane with the index 1, and the index 2 — in the vertical
plane, leaving the zone markings with the same symbols. The
general statement of the problem was considered above, which
concerns the specifics of determining the boundary conditions
of non-flow on the surfaces of the basic elements S, S, then
this condition has the form:

o¢

(6111,2

)y = 23)
where «,, local angle of attack, ¢ — dimensionless potential
of perturbed velocities, n,, — normal to the surface S,
respectively.

For the case of @, the problem, condition (23) takes the
form:

0 _ 0 _
( afh‘ - 6.6z, D, = a0, - e
for the task case o,
6‘”)3] —o, @), —G6-x: @9
Oz
for the task case @,:
(a¢>s —at-x), D, —0 @6

1 2

o

Here x,, y,,z, — are the coordinates of the center of mass
of the aircraft.

Taking into account (9), conditions (24—26) can be written
as:
P

for the task case w:  (=-); = 0, (6_)S2
' z

0, (27

for the task case @, (@)S =0, (@)sz = 2m,; (28)
oy oz !

Dy, =2, (2
Oy 0z

It follows from (8) that the nonleakage boundary condition
should be used both in the form of (24)—(26) and in the form
of (27)—(29), with the base element S, n = y, [ = z and
for the S, I =y

In the first approximation, the load Ap with (15) is deter-
mined by integrating only the information known from the
boundary conditions, taking into account the above. During
numerical integration, instead of integrals, expressions (17,
18) for the final sums are used in the form:

for the task case w._: )g, = 0. (29)

n =z,

4Az,
Ji= Vs ;R(ﬁ
(30)
St

i=1

RESEARCH RESULTS

Numerical studies of the total and distributed aerodynamic
characteristics according to the above methodology were
carried out on a triangular wing with an extension A =4 for
cases of subsonic and supersonic leading edges for numbers
L1< M <2,0.

The maximum number of approximations was set to at
least 10, the number of design points on the wing surface
where the loads were determined was at least 100, parameter
values n and m in the studies varied from 2 to 50.

The parameters of the calculation grid cells were selected
in accordance with the recommendations of [8—10] and
were as follows 0,42—0,735 and 0,5 relative to the axes x,
z accordingly.

Figs. 3—5 show the results of the calculations in
comparison with the exact solutions [8]. Thus, Fig. 3 shows
the load distribution Ap” along the relative span Z ina
certain section x = const for different Mach numbers in the
case of a subsonic leading edge (M=1,4) and in the case of
a supersonic leading edge (M=2,0).

/g —— /
e —calculation (3" approximations
12,0 T |p & M=14"/
8.0 — exact solution
’ M =20
4’0 / ‘
v v T Le~-T - T3 [F%v“T ™
0 ol
02 03 104 05 06 07 08 09 7

Fig. 3. Dependence of the derivative Ap“(Z)
of the triangular wing with A =4 for numbers
M=1,4 and M=2,0
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Fig. 4 shows the results of calculations of the dependence
of the derivative coefficient of the lifting force on the
angle of attack C; = f(M) at Mach numbers for the third
approximation.

Cy (M) I I
K e —calculation (3" approximations)
6,0 -
\\
4,0 — ¢
a |

2,0 -

—|exact solution

[ |

0
1,0 1,1 12 13 14 15 16 1,7 M

Fig. 4. Dependence of the derivative C7 (M) f
the triangular wing from A =4 in the supersonic speed
range

It should be noted that during calculations already after
the third approximation, the obtained results coincided very
well with the results of the exact solution.

Calculated non-stationary aerodynamic derivatives
C?, m? ,m for triangular wing with 1 =4 at supersonic
speeds in comparison with the results [8] are shown in Fig. 5.

C};: — exact solution
© calculation
4 § C@;
- (CF Ly =4
) \h
I B e |
m A
0 ‘.___..__..---ﬁfi.
B L — LI
m\; R “» ~ sz z_I
0 1,25 1,5 1,75 M

Fig.5 Calculated aerodynamic derivatives (C*, m{* ,m")
of a triangular wing

For example, Fig. 6 shows the geometry of a hypothetical
supersonic UAV with a swept wing of average elongation,
which in the calculations was equal to A = 4,82. Calculations
were performed with numbers 1,1 < M <2,0. Fig. 7 shows
the obtained results of the main aecrodynamic characteristics.

>

y »
0 z

1=4,82
Xo

20

A 4
x [

Fig. 6. Diagram of a hypothetical supersonic UAV

Cy 102, e
X.10 ~L 2= 4,82
F a_—1
3 —Cy /\‘\
—
1 X,
m
—0,5 - - \_‘ ==
m.10° 125 15

1,75 M

Fig. 7. Calculated main aerodynamic characteristics
(Cj,mj X F) of a hypothetical UAV at supersonic speeds

Sufficient consistency of the results of the test calculations,
compared with the exact solution for the above examples,
indicates the efficiency of the given mathematical apparatus
and calculation methods and the possibility of its use for
applied research.

It should be noted that, in aggregate, the presented
SMA for the computational assessment of supersonic aero-
dynamics is built by analogy with the SMA of subsonic
aerodynamics [18, 19], where, along with the methods of
numerical realization of aerodynamic characteristics in an
ideal environment, engineering calculation methods [20, 21]
are used to take into account the influence of the viscosity of
the real environment on the basis of generalized analytical
materials based on the results of multivariate experimental
and analytical studies by well-known authors.

CONCLUSIONS

1. Based on the analysis of known approaches to the
calculation of the main aerodynamic characteristics at
supersonic speeds, the method of disturbed pressures is
chosen as a variant of the numerical implementation of
the mathematical model. The general formulation of the
problem of supersonic aerodynamics, boundary conditions,
constraints, integral relations and features of numerical
realization are presented.

2. The proposed SMA belongs to the same class of prob-
lems - boundary integral equations, as well as the SMA of
subsonic aerodynamics, the mathematical models of which are
implemented by the method of discrete features. This approach
is aimed at universalizing the general methodology for a
comprehensive assessment of the aerodynamic characteristics
of UAVs to obtain the necessary calculation data using a
common algorithm.

3. Methodological studies were carried out and corrected
initial data were selected for further numerical studies.
As examples, the results of numerical calculations of the
total and distributed main aerodynamic characteristics of
bearing surfaces of different geometries are presented in
comparison with the exact solutions at supersonic speeds. As
an example, we present calculations of the main aerodynamic
characteristics of a hypothetical supersonic UAV.

Sufficient consistency of the results of the test calculations
compared to the exact solution indicates the efficiency of the
presented mathematical apparatus and calculation methods
and the possibility of using SMA in general for applied
research.
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4. In total, the given SMA for the calculation of supersonic
aerodynamics is built in full analogy with the SMA of
subsonic aerodynamics, where, along with the methods of
numerical implementation of aerodynamic characteristics
in an ideal environment, engineering methods are used for
calculating the aerodynamics of aircraft and their components
in the supersonic speed range based on generalized analytical
materials based on the results multivariate experimental and
analytical studies by well-known authors, which makes
this SMA universal and suitable for automating the tasks of
complex studies on working out the aerodynamic layouts of
UAVs.
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3ipka A.JL., PaccTpurin O.0.

OBI'PYHTYBAHHA HAYKOBO-METOAUYHOI'O
ATTIAPATA PO3PAXYHKOBOI OIIIHKH
AEPOINHAMYHUNX XAPAKTEPUCTHUK
BE3INIVIOTHOT'O JIITAJIBHOI'O ATTAPATA ITPH
MMOJIBOTI HA HAJI3BYKOBUX IIBUJAKOCTSAX
1T YAC MO0 KOHIIENTYAJIbHOT'O
IMPOEKTYBAHHSA

Y emammi nasedeno pezynomamu ananizy ma y3azane-
HeHHs BIOOMUX TMeOPEeMUYHUX OAHUX U000 YUCETbHO20 Me-
Mooy 30ypeHuUx MUcKig 05 30ICHeHHs OYIHOUHUX PO3PAXYH-
K8 OCHOBHUX aepoouHamiunux xapakmepucmux bnJIA npu
nonbLOMi HA HAO36YKOBUX WUBUOKOCHISX.

ocsio sacmocysanns bnJIA y x00i 6otiosux ditl noxasas,
0 0OHUM 3 207108HUX NOKA3HUKIG 3 NEPENiKY MEeXHIYHUX Xa-
PAaKmepucmux cepeo 8U3HAYANbHUX, MAKUX K. OANbHICMb,
mpuganicme, mMaca 6otiosoi yacmuHu, eheKMmueHa NIOWUHA
po3citosanns, € i weuoxkicms nonvomy. Peanizayis eucoxux
wieuoxkocmeil 0038055€ MiHIMIzyeamu nepebyeanus bnJlA
y 30HI 0il 602HE8UX 3aC00I8 NPOMU-NOBIMPAHOL 0OOPOHU
NPOMUBHUKA Mma OibU ONepamueHo 0ocsaeamu Yini.

Ocmannim wacom 3 ’A618€MbCs iHpopmayis wooo akmu-
sizayii podim 3 po3poONeHHs 8 0esaKUX KPAiHaxX, Y MOMY YUuciui
i 6 Ykpaini, naoseyxoeux bnJIA ons euxonanms pisnoma-
HIMHUX 30044 8 ONepamusHO-MAaKmuyHill ma Cmpame2iuHil

OnepayitiHux 30Hax 2iubuHu no6y006u 0OOPOHU NPOMUEHU-
ka. Taxa nocmanoska numanHs nepeddaiae 00CiONHCeHHs
3 8UDOPY ONMUMATLHO20 AePOOUHAMIYHO2O KOMNOHYBAHHSL
3pasKis, wo be3nocepednvbo Nog a3ame 3 HeoOXiOHicmI0 00-
CHIOXHCEHHS aepOOUHAMIUHUX XAPAKMEPUCMUK K HA 0038)-
KOBUX MAK | HA HAO38YKOBUX WGUOKOCHISIX.

Haseodenuii naykogo-memoouunuil anapam nponoHyemo-
€51 07151 OMPUMAHHSL PO3PAXYHKOGUX OQHUX NPO OCHOBHI aepo-
OUHAMIYHI XAPAKMEPUCIMUKU 3 MEeMOI0 NOCTIOYI0H020 NpU-
UHAMMA A60 KOPUSYBAHHS KOHCIPYKINUBHO-KOMNOHY8ANHUX
Ppiutens 6 X00i KOHYenmyaibHo2o npoekmysannsi. Haeedena
mamemamudha mooeib no6yo0osana 0Jisl i0eaibHozo cepe-
dosuwya, momy OJis1 8PAXYEAHHS CULL 8 SA3KOCMI 6 pobomi
30ilICHEHO CUHMe3 32a0aHOT MamemMamuyHoi Mooeni NiHitIHoT
AepOOUHAMIKU HAO38YKOBUX WBUOKOCMEN, W0 YUCETbHO ped-
JII308AHA 34 PAXYHOK KOMOIHayii memoody 30ypeHux muckie
ma iHIHCEeHePHUX MEMOOUK PO3PAXYHKY NIMATbHUX.

Haseoeno ocroeri cniesionouienns ma pigHAHHSA 3aMK-
HeHOi cucmemu iHmMe2parbHux pigHaHb, 0COOIUBOCI 3a-
NPONOHOBAHOI HUCENbHOT peanizayii ma OesKi pe3yibmamu
mMecmosux po3paxyHkie.

Kniouogi cnosa: aepoounamiuni xapaxmepucmuxu, me-
Mmoo 30YypeHux muckie, SpaHuyHi yMosu, iHmezpaivti pie-
HAHHAL.
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