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DESIGN OF CIRCULAR AIR INTAKES FOR SUBSONIC TURBOFANS

The subject matter of this article is the process of subsonic air intake shaping for high-bypass ratio turbofan at
the airplane preliminarily designing stage. The goal was to improve a mathematical model of V. I. Polikovskii
method of subsonic air intake shaping for high-bypass ratio turbofan. The tasks are to consider the presence of
cant of inlet cross-section, required to perform effective operation at airplane cruising angle-of-attacks; to in-
crease the radius of curvature of the air intake lip to provide air flow near it without flow separation, which
was definitely determined and could not be increased in the existing method; to improve constant length ve-
locity gradient law (used in this method) so that too large duct expansion angles near the air intake outlet
cross-section can be avoided; to consider the engine inlet spinner presence. The methods used are analytical
and digital mathematical methods, implemented in MathCAD and Microsoft Visual Studio systems. The follow-
ing results were obtained: based on the proposed method, new calculation module for the Power Unit software
version 11.8 has been developed (C-language Win32 UNICODE application) with a friendly user interface.
Conclusions. The scientific novelty of the results obtained is as follows: 1) mathematical model (algorithm and
its program implementation) for circular turbofan air intake shaping has been improved considering cant of
the inlet cross-section, air intake lip rounding with two radiuses, presence of engine inlet spinner, and zero ex-
pansion angles in the diffuser outlet cross-section; 2) adequacy of calculation results using the improved
mathematical model is shown using comparison with shapes of circular turbofan air intakes, developed by the
leading aviation companies.

Keywords: air intake; turbofan; air intake shaping; constant length velocity gradient; air flow; preliminarily

designing.
Introduction

Air intake shaping is an important stage of power
plant designing of almost any airplane. The shaping is
done repeatedly: they vary flight mode and some de-
signing parameters (including the power plant arrange-
ment) with the goal to find the most effective version;
when initial data are corrected in the process of the pro-
ject development and additional experimental investiga-
tion performing. In addition, an air intake operation is
analyzed at various flight modes, under various angles-
of-attack and angles-of-sideslip, and also in emergency
and off-normal situations. The iterations are extremely
numerous at the preliminarily designing stage. Thus,
development of simple, rather exact and quick-
implemented calculation method for conditions of lim-
ited initial data, which allows to reduce expenses of
time and intellectual assets to perform an air intake pre-
liminarily design for a future airplane, is complicated
and rather actual problem. The same method provides
exactness enough to perform term and diploma projects.

Method of V. I. Polikovskii [1] for turbojet engine
air intake shaping is widely known. With small im-
provements [2] it was used in the past [3, 4] and it has
been used nowadays [5, 6] at least in education process.
On the base of this method, the author has even devel-
oped algorithm of shaping of annular air intakes for
turboprop engines [7].

But it is easy to notice, that modern turbofan air in-
takes considerably differ from ones designed according
to this method [8]. Firstly, to perform effective opera-
tion at cruising angle-of-attack, the modern air intakes
have a definite cant of inlet cross-section. Secondly, to
provide air flow near the air intake lip without flow sep-
aration, they have considerable radius of its fillet, which
is definitely determined and could not be increased in
the existing method. Thirdly, constant length velocity
gradient law (used in this method) frequently results in
too big duct expansion angles near the air intake outlet
cross-section. All this requires some changes in mathe-
matical model and algorithm of shaping for these air
intakes. So, the goal of the research work, which results
are given in this publication, is to improve and test the
method of circular air intake shaping for turbofans (tak-
ing into account all stated above).

1. Problem Statement

In subsonic airplanes with turbofans, having high
by-pass ratio, engines are usually placed in separate
engine nacelles, located under wings with pylons. Cruis-
ing flight Mach number of these airplanes makes
0.75..0.85. These engines distinguish by big air flow
and thereby have considerable frontal sizes, that is ex-
plained by their low specific thrust. Air intake mass
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decrease at their very big diameter (up to 2.0..2.5 m)is
reached by decreasing in relative length, which in exist-
ing structures makes 0.6..0.9 of engine inlet
diameter [9].

High sensitivity of turbofans to pressure losses at
air inlet and short relative length of these air intakes
require careful shaping of the latter. It is performed bas-
ing on application of digital methods for solving of gas-
dynamic equations taking into account gas compressi-
bility, its viscosity, and three-dimensional gas flow.
External outlines and shape of inner duct are optimized
from the condition of getting maximal effective thrust of
power plant at specified degree of flow regularity at the
engine inlet. These shaping should provide not only
minimal external drag at Mach numbers less than criti-
cal one, but also high value of the critical Mach number;
which corresponds to appearance of supersonic flow
zones, closed by shocks, and leading to wave drag ap-
pearance on the outer surface of engine nacelle [9].

As zero approximation for the following digital
simulation of these air intakes, it is possible to use
V. |. Polikovskii method [1, 2], presented below with
small changes.

Initial data for an air intake shaping are: the de-
signing flight speed vy and flight altitude H , the en-

gine diameter by the compressor D, and the air mass
flow G, at this flight mode.

During shaping of a turbofan subsonic air intake,
four problems should be solved: the inlet area determi-
nation; the external outlines shaping; air intake lip shap-
ing, and internal outlines shaping.

2. Determining of Inlet Cross-Section Area
of Turbofan Circular Air Intake

The inlet cross-section area, m?, and its diameter,
m, are determined by the formulas

Vepcom

where v, — is the air speed in the inlet cross-section,
m/s; p.om — IS the air density in the inlet cross-section
taking into account compressibility, kg/m?®:

1/(k-1)
k-1 _
pcom:pH|:1+TM%-I(1_Vg):| =

=Py [1+0.2 Mﬁl(l_vg)]” :

Here pp — is the air density at flight altitude,
kg/m® (when there are no more exact date, it is taken

from GOST 4401-81 «Standard atmosphere. Parame-
ters», ISO 2533:1975 “Standard Atmosphere”);
k=1.4 — is the adiabatic exponent; v, =v,/vy — is
the relative speed in the inlet cross-section, v, =0.2...1.
For low Mach numbers My <0.4..0.5, it is desirable

to use external braking of incoming flow as mach as
possible, thereby the relative speed at the inlet v,

should be appointed low (0.4..0.8). At big subsonic
Mach numbers, v, value is selected mainly basing on

external flow considerations and air duct length. To
decrease total pressure losses in long and curvilinear air
ducts, it is necessary to appoint lower v, value, but for

short air intakes — bigger one [1, 2].

3. Shaping of External Outlines

External outlines and lip are shaped by means of
compromise satisfaction of two conditions simultane-
ously: low external drag and low internal pressure loss-
es. Thus in addition to the outline smoothness, it is nec-
essary to get as big as possible radius of curvature in
mid-section and smooth increase in the radius of curva-
ture along the shell length [1, 2].

There are a lot of analytical dependencies satisfy-
ing these conditions. Elliptical outlines are used in
V. I. Polikovskii method, which practically proof their
good performances for flight Mach number not exceed-
ing 0.75..0.85. In this case, the design is started with
the «skeletal» line in the form of ellipse. Further, an
external outline is put aside normally from this «skele-
tal» line in the form of ellipse too (Fig. 1).

Affluence angle B defines the compromise posi-

tion of the «skeletal» line satisfying the two conditions
simultaneously (low external drag and low internal

pressure losses):
1
=kg [—-1,
p BW{Ve

where kg =22 for round air intake. Though due to

rounded air intake lip, the B angle can be decreased in

comparison to the designing one by the value
ks =5...10°, that allows to get satisfactory outlines

even under low v, and big D, [1, 2].

In real conditions, considerable turn of incoming
air flow can result in big air affluence angles to the shell
lip and cause flow separation from its convex surface.
The problem of its shaping consists in prevention of
flow separation and formation of supersonic flow zones
with shocks on the shell; in other words, prevention of
the factors leading to decrease or complete disappear-
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Fig. 1. Designing Model of Turbofan Subsonic Air Intake

ance of suction force [9]. Thereby, air intake length
should be not less than

L>k; M4D,,,

where L — is the physical length of air intake;
k; =0.5..3.0 —is the experimental factor;

My =Vvh/ay — is the designing flight Mach number;
ay — is the sonic speed at the designing flight altitude
H; D,, — is the mid-section diameter of the engine
nacelle, which is specified as follows [2]:

D, =k, Dey, k,=12..13.
To plot the «skeletal» line, the ellipse equation is
used, which major semiaxis is equal to L, but minor

semiaxis is equal to Dy,o/2:

2 2
X
X,y

AT

External outline is shaped by the ellipse with sem-
iaxes Ls and &. The ordinates of the ellipse are put

aside normally to the «skeletal» line

2 2
X5, Y5 4
2 2 7
Ls o

To avoid flow separation on the air intake lip at all
operational modes, it is necessary to provide outlines of
air intake inlet section smooth enough. Air intake with
following radius of curvature of air intake lip meets this
condition [1, 2]

Pmin = kl\/F_e )

Semiaxes Lg and & are determined by the rela-
tions [1, 2]

k; >0.04..0.05.

§= pIEil’l '

§=0.10...0.25,
5
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(lower values corresponds to bigger designing Mach
numbers).

Semiaxes of «skeletal» line ellipse are calculated
by the formulas

2 2
D,,, =D, 23, L=Dmo=De
2D, tgp

L

L= —
1_(De/Dm0)

4. Agreement of Lengths
of Major Semiaxes of «Skeletal» Line
and External Outline Ellipses

When Lg <L, then further external outline is ex-
tended equidistant to the «skeletal» line ellipse [1, 2].
When it happens that Lg > L, then in mid-section, air

intake shell has certain inclination to the axis, thus it
expands behind the mid-section, that is inadmissible. To
avoid this, it is possible to set the condition Ls <L,

which reduces to the quadratic inequation in & [8]:

\Elee < (kZDeng_ﬁlee )2 - ngz
28° 2D, 5°tgp

Or

(k3D?, ~D2)3 ~(24/mk/k,D,,D, )5+

+(nk?D? —/k, D?tgB) =0,

which solution is obvious & e (—oo; SJ u[SZ; +0),

— Jnk k.D. D
where 5, = et 5t
2 en e
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It is clear from the previous expressions, that to
decrease the air intake length L, it is desirable to select
maximal value of k; =0.05, minimal value of k, =1.2

and minimal value of 3 [0.10...0.25]:

5. Air Intake Length Specifying
from Structural Considerations

Air intake length L can also be specified from
structural considerations. Analyzing real structures, it is
possible to note, that the ratio of air intake length to the
engine diameter makes

kp =L/Dg, =0.5...1.0.

If to express the air intake length from the previous
formulas and to assume air density taking into account
compressibility by mean value of v, then we get for

round air intake

2 2
kpDep, =L = Dino — De =
2D, tgf
— 1 anOmVHVC |:D2 _ 4Ga :|
- mO0 — |
2th 4Ga TPcomVHVe

As the affluence angle is considerably lower than
45°, it is possible (with exactness allowable for pilot
project stage) to substitute tangent of affluence angle
with the angle itself; then we get

kD — 180 Ve 7rpc0mVH\7e><
DU ok V(1-V,) 4G,

B 4G,
x| Dfg—————|.
|: mo npcomVHve:|

Squaring both sides of the equation (to remove
root), we come to quadratic equation in v, :

\7§+2k\7€+c:0,

21.21.212 )
where k= Ga(“ kpkDg, —16200 Dmo)

4050 npcomVHDan
16G2 nk kG, Dan

22 24 4
T PomVHPmo  2025p¢omVHDmo

Its positive root

Ve =—k+Vk% —c

gives the speed in the inlet cross-section, which pro-
vides the air intake length, with some approximation
equal to the specified one kpD,, [8].
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6. Taking into Account Cant
of Inlet Cross-Section

Structural feature of modern subsonic air intakes
of high by-pass ratio turbofans is presence of definite
cant of inlet cross-section y — to provide effective op-

eration at cruising angles-of-attack [9]. Thus air intake
length is proportionally extended or compressed:

L((p) = L(0)+ @ sing ,

where L(0) — is the air intake length in horizontal
plane; ¢ — is the polar angle in front view, counting

from the horizontal axis.
Presence of the cant also changes length of the ma-
jor semiaxis of «skeletal» line ellipse Lg(p) and the

affluence angle B(¢). As a result plotting of the «skele-

tal» line, external outline ellipse, a also internal outline
should be performed for some values of the polar an-

gle ¢.
7. Air Intake Lip Shaping

To avoid flow separation at air intake lip stream-
lining under angle-of-attack or angle-of-sideslip, flow
acceleration is performed in the inlet section. For this
purpose, the area of minimal cross-section is assumed
equal to [1, 2]

B¢ v — (& A

F, =Fnn=ks Fe, ks =0.8..0.9,

that definitely defined radius of curvature of the air in-
take lip (Fig. 2, a)

— De _Dmin
! 2(1—sinB) '

After that, the greater value of air intake lip radius
of curvature was assumed: R = max{p,,;,, Ry} [1, 2].

Thus, radius of curvature was rather low, and flow
speed could reach sound one. To avoid this, in modern
air intakes, rounding with two radiuses is used. Radius
of curvature of air intake lip within the interval
[L—xp;LJ remains equal to p,,;,; but further in the
interval (L—xR;L—xp), it is assumed equal to

R =kgR; (where kg =1...10), that allows to acceler-

ate air flow more smoothly.
Calculation of the parameters is clear from
Fig. 2, b:

YR =Dmin/2+R; Ypc =D¢/2+PminsSinp ;
Xpc =PminCOSP; XR = Xpc +(YR _ch)tang;
Yp =¥Ypc ~PminC0S€; Xp =Xpe —PminSINE ;

& =acos((Yr ~Ype )/(R=Pmin)):

Fig. 2. Determining of air intake lip parameters
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where Xr, ygr — are the center coordinates of radius
R circle; x,¢, y,c —are the center coordinates of radi-

US pmin Circle (it is the radius of curvature of external

outline ellipse in the major semiaxis); X — are the

pr Yp
intersection pint coordinates of the circles.

Now, all the parameters are specified, and it is
possible to plot the «skeletal» line by the ellipse equa-
tion

Then the ordinates of the ellipse of external outline
are put aside normally to the «skeletal» line

2
X5
ys =0, [1——.
3 Lz5
As the «skeletal» line is not manifested in the air
intake structure, the case when D, <Ds3 =D, is

quite acceptable (see Fig. 1).

8. Shaping of internal outlines

Shaping of internal outlines. As it is known, the
main designing idea of short diffusers consists in the
following. As the main pressure gain and the main loss-
es in diffuser are concentrated in their front section
(where speed is high), then it is necessary to provide
diffuser good operation just in this section, even if thus
operation of the tail section with low speed becomes
worse [1, 2].

The main way of the idea implementation is appli-
cation of diffusers with curvilinear generatrix, which
have small expansion angles in the high-speed section
and big ones in the low-speed section. In addition, the
curvature of the walls determines a positive pressure
gradient from the wall to the axis, which reduces danger
of the flow separation. The most successful are curvilin-
ear diffusers with a constant length pressure gradient
(dp/dx =const) and with a constant length velocity

gradient (dv/dx = const ) [1, 2].
The following formulas are used for their plotting

F F
Fle) =t R
1+ F3 -1k 1+[3— Ji
F2_ Finin
min

where F;(x) — is the current diffuser cross-section area;
F

min — 1S the area of the diffuser minimal cross-section,
corresponding to the diameter D,;.; Fy=nD2,/4 —is
the duct cross-section area in the outlet cross-section of
the diffuser (taking into account compressor spinner);
x =x/(L—xg) — is the coordinate, counting upstream

from the diffuser outlet cross-section ratio to its

length [4].
Fig. 3 above shows three considered diffusers of
the same length. It is clear, that the curve

dv/dx =const lies between the line o.=const and the

curve dp/dx = const .

y
?1—2=const

o=const

Fig. 3. Diffuser Shapes

Diffusers with a constant length pressure gradient
are the best for designing of short ducts with the high
rate of braking. They are usually used for inlet ducts of
heat-exchangers and cowlings of reciprocating
engines [1, 2].

Diffusers with a constant length velocity gradient
are widely used for jet engines air intakes. As they have
smoother outlines and provide more uniform field of
speed at the jet engine inlet. But, they are usually long-
er [1, 2].

In pure state diffusers, designed according to the
law dp/dx =const or dv/dx =const from inlet till out-

let cross-section, are sometimes unpractical. Initial
section near the inlet cross-section can give long zone
having too low angles, which causes increase in friction
losses. Outlet section sometimes can get expansion an-
gles, reaching 150° and more, that also unpractical and

results in appearance of a zone, in which losses in dif-
fuser exceeds losses at impact [1, 2].
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Thereby, it is possible to propose functions
(modified by author) to plot curvilinear diffusers. The
modification consists in specifying zero expansion angle
in the diffuser outlet cross-section at minimal difference
of the modified functions from the base ones at the dif-
fuser initial section. Thus, engine inlet spinner (of coni-
cal shape) is also taken into account:

_ F, nd?(X) .
Fpm(x)_\/ (Fz }()— aF
1+ —=——1z(x

Fr%ﬁin
Fopn (%) F; B nd? (%) ;
1+(3_—1jz(§) 45

zZ(X)=(n-1)p—1K"+(n—1)1-p)x" ' +px ;

TCDgon (L —XR )Fr%l in
F3Lc0n(Fr%1in - F32)
TCDgon (L —XR )Fmin
2F3Lc0n(Fmin - F3)

, for Fpm(i)

, for F,(x)

D 1-
d(_) _ con|: Lcon

where n=2..4 — is the power exponent, determining
approximation measure of the modified functions to the
base ones (when n=2, we get the base functions);
p — is the parameter, characterizing tangent inclination
angle to the internal outline generatix near the duct out-
let cross-section, taking into account engine inlet spin-
ner; D.,, — is the engine inlet spinner diameter in the

engine inlet; L., — is the length of the engine inlet
spinner; d(x) — is the current diameter of the engine

inlet spinner.

These curves are shown in Fig. 3 below:

1- Fpn(x), n=2.2;

2— Fpm(x), n=25;

3— Fyn(x), n=22;

4 - Fy(x), n=25.

It is clear from the Fig. 3, that presence of the inlet
engine spinner provides flow cross-section decreasing

and, consequently, small flow acceleration directly in
front of engine.

9. Examples of Calculation Results

The considered method is implemented by Ruslan
Yu. Tsukanov in calculation module of the Power
Unit 11.8 software. The air intake shape is delivered as
a set of arrays of meridional cross-sections, which is
convenient to plot 3D-model. Calculation results ac-
cording to this method are well conform to shapes of
circular air intakes of turbofans, developed by the lead-
ing aviation companies (Figs 4, 5).

For example, Fig. 4, a shows calculation result for
circular air intake of J-18T engine (H=11 km,
M=0.75, G, =427 kg/s) and air intake shape of the

An-124 airplane (Fig. 4, b). Fig. 5, a shows result of
shaping of circular air intake for CFM 56-5A1 engine
(H=11 km, M=0.8, G, =426 kg/s) and air intake
shape of the A-320 airplane (Fig. 5, b).

Apparently, a number of additional (manufacturing,
operational and other) requirements, and also results of
wind tunnel and full-scale test at various modes have
been taken into account in real air intake designing.

Conclusion

1. The method of circular turbofan air intake shap-
ing (directed toward application in practice of multiple
calculations at an airplane preliminarily designing stage
in conditions of incomplete information) is improved.
The improved method takes into account: cant of inlet
cross-section, air intake lip rounding with two radiuses,
engine inlet spinner, and provides zero expansion angle
in the diffuser outlet cross-section.

2. Comparison of the calculation results according
to this method and real air intake shapes, developed by
the leading aviation companies, demonstrated good con-
formation, that is getting the air intake parameters,
which are capable hereafter to meet all set of require-
ments, made to them. Some difference is explained by
the fact, that far extensive set of requirements, and also
results of wind tunnel and full-scale tests have been
taken into account in real air intakes.

3. On the base of the proposed method, new calcu-
lation module for the Power Unit software version 11.8
has been developed (C-language Win32 UNICODE
application) having friendly user interface.

4. For the following improvement of the air intake
designing method, it is necessary to take into account
results of typical air intake wind tunnel tests or digital
flow simulation, to analyze an air intake operation under
the skew streamlining, and also to consider the unit op-
eration in the off-normal and emergency situations, after
that to update the software.
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MNPOPIIIOBAHHA KPYI'OBUX JJO3BYKOBHUX ITOBITPO3ABIPHUKIB
JABOKOHTYPHUX TYPBOPEAKTUBHUX IBUI'YHIB

P. 0. llykanoes

IIpeameTom BHBYEHHS B CTATTi € MpomecH NMpPO(diTrOBaHHS JO3BYKOBHX IOBITPO3a0ipHHKIB JBOKOHTYPHHUX
TypOOpEakTHBHUX JBUI'YHIB Ha €Talli €CKi3HOTO NMpOeKTyBaHHs JjiTaka. LliiI0 € BIOCKOHaNEHHS MaTeMaTH4HOL
Mmozeni meroaa B. 1. TTomikoBchKoro ai1st mpodisItoBaHHS NOBITP03a0ipHHUKIB IBOKOHTYPHUX TypOOpPEaKTHUBHUX JBH-
r'yHiB. 3agadvi: BpaXyBaTH HasBHICTh CKOCY IUIOLIMHHU BXONY, 110 € HEOOXiTHUM sl 3abe3nedeHHst eeKTHBHOI po-
60TH NOBITPO3abipHHUKaA Ha KPEHCEPCHKHUX KyTax aTakW JIiTaka, 30UIbIINTH paaiyc KpUBU3HH MEPETHHOI KPOMKH IS
3abe3neueHHs1 Oe3BIAPUBHOIO ii OOTIKaHHS, SIKMH B ICHYIOUOMY METO/Ii BU3HAYaBCSl OJJHO3HAYHO 1 HE Mir OyTH 3Mi-
HEHUM; JIOPOOHMTH 3aKOH TOCTIMHOTO TpajiieHTa IIBUIKOCTI MO JOBXHHI MOBITPO3a0ipHUKA JJIsl BUKIIIOYEHHS HEIO0-
ITyCTHMO BEJIMKHUX 3HAY€Hb KYTIB PO3KPUTTS KaHATYy IMOONN3y BHXIJIHOTO Nepepi3y; BpaxyBaTH HasBHICTh BXIJIHOTO
KOKa KoMIIpecopa. BHKOpHCTOBYBaHUMY MeTOAAMH €. aHAJITUYHI Ta YMCJICHHI MaTeMaTHYHI METOAH, IO peajizo-
BaHo B cucremax MathCAD i Microsoft Visual Studio. Otpumano HactymHi pe3yabratn. Ha OCHOBI 3amporoHo-
BaHOTO METOJY PO3POOJICHO HOBHI PO3pPaxXyHKOBUM MOIYJb mporpamHoro 3ade3neuenns Power Unit Bepceii 11.8
(Win32 UNICODE 3acrocyHok, Hanucanuii Ha MoBi C) 3 npykHiM inTepdeiicom kopucTyBaya. BuBonu. Haykosa
HOBU3HA OTPUMAaHUX PE3YJbTATIB CKIAJAa€ThCs B HACTYITHOMY. BJIOCKOHAJICHO MaTeMaTU4HY MOAEb (aJIrOpUTM i
Horo mporpamHa peaiizaiisi) Uit MpoQiIroBaHHs KPyroBOro NnoBiTpo3a0ipHUKA JBOKOHTYPHHX TYpOOpPEaKTHBHHX
JIBUT'YHIB 3 ypaxyBaHHSIM CKOCY IUIOIIMHH BXOXy, MOJBIIHOrO pajiyca 3aKpyrJIeHHS BXiZHOI KPOMKH, HasBHOCTI
BXI/IHOr0 KOKa KOMITpEeCOpa JIBUTYHa Ta HYJIHOBOTO KyTa PO3KPHUTTS y BHXiTHOMY Tepepisi audyzopy. Llnsxom mo-
PIBHSIHHS 3 MPOQIISIMH TOBITPO3a0ipHUKIB, PO3POOJIEHUX TPOBIAHUMHU aBialliiHUMU (QipMaMHu, TOKa3aHO aJeKBaT-
HICTb pe3yNbTATIB PO3PAXyHKY 32 BIOCKOHAICHOI MaTEMAaTHYHOK MOJIEILIIO.

KuiouoBi ciioBa: noBiTpo3abipHKK; JBOKOHTYpHHI TypOOpeakTUBHUI ABUTYH; NPOoQiTIOBaHHs MOBITpo3abip-
HHKa; IOCTIHHMI rPalieHT NIBUAKOCTI 110 JJOBXKKHI; BUTpAaTa MOBITPS; €CKi3HE MPOSKTYBaHHS.

IlykanoB Pycaan FOpiiioBu4 — crapin. BUKI. Kad). NPOSKTYBaHHs JIiTakiB 1 BepToynboTiB, HarionampHui
aepokocMiuHuii yHiBepcureT iM. M. €. JKykoBcbkoro «XapkiBchKii aBialliifiHuid 1HCTHTYT», XapKiB, YKpaiHa.
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