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ITidsuwenns nanusnoi epexmusrnocmi rima-
Ka € 00HIEI0 13 0CHOBHUX BUMO?Z, KT BUCYBAIONb-
cs1 00 nepcneKmusHUX IMaAIbHUX anapamis ma
JManvHux anapamis, AKi MOOepHi3yIOMbCA.
IIposedeno oyinky 3minu aepodunamiunoi axoc-
mi i, AK HACAI00K, NideuweHHA nanueHol edex-
MUBHOCMI 0aANbHL020 MAZICMPATILHOZO Timaxa
npu 3acmocysanii nepcneKmueHux 3acooie nio-
suwenns aepoounamiunoi axocmi. /lo 3aznaue-
HUxX 3acodie 6idHOCAMBCA: 6i0MO8A 6i0 Mexa-
Hizayii Kpomox Kpuna ma 6i0 mpaduuiiHux
0p2anié KepyeanHs WASAXOM 3ACMOCYBAHHS
aoanmuenoz0 Kpuna, wmyuna Jnaminapizayis
meuii HABKOJIO eNleMeHMI8 NiaaHepy, 3acmMocy-
6aHHS KIHUEGUX aAepOOUHAMIMHUX NOEEPXOHD.
Biomosa 6i0 mpaoduuiiinux opzanie xepyeam-
HA ma Mmexanizauii Kpuna 3ymosnena neooxio-
nicmio 3abesnevenns Ge3uwo06noi nosepxui ee-
Menmie naanepa 0ns 3anobizanns nepeouacHoi
mypoyaizauii meuii i, AK HACAIO0K, NPU3BO-
Oumo 00 3menwenns npoQinviozo onopy ima-
Ka. 3acmocy8anns KiHuesux aepoouHamitHux
no6epxoHv HAnpaejeHe HA ZHUNCEHHS THOYK-
muenozo onopy. Busnauenns 3minu nanuenoi
epexmuenocmi nimaxa 00360aumov OUiHUMU
3MiHY 1020 eKCNAYamauiiHux eumpam npomsi-
20M JHCUMMEBO20 UUKTLY.

Hocnidicenns nposedeno na ocnosi 6i0omo-
20 MOOYNbHO20 NPOPAMHO20 Komnaekcy <«Iume-
epayin 2.1>. Inscenepno-wmypmancokuil pos-
PAxXYyHOK 6UKOHYBABCS ONsL MUN0B020 NPOPiato
novLOMmy 0anbHL020 MAZICMPANLHOZ0 JiMaxa.
IHloxazana moxcausicmo 3menwenns eumpamu
nanuea 0o 20 %. Haiibinvuwuii 6niue na smenuen-
HS 6UMpaAmMU NAAUA MAE JaAMIHaApi3ayis meuii
HA NOGEPXHI eNleMEHMI8 naanepy, Npu UbOMY
3meHwenns eumpamu naauea cxaano 17,1 %.
Biomosa 6i0 mexanizauii ma eneponie 3adesne-
yuna 3meHulenHs eumpamu naaueéa na 3,9 %,
npu yvomy 6i0Mo6a 6i0 eneponis, nepeoKpuaKa
ma 3axpuiaka 3abesneuuno IMeHWeHHs GUMPa-
mu nanuea na 0,4, 1,5 ma 0,4 siocomxis 6io-
nogiono. 3acmocyeanns cnipoionux Kinueeux
aepooUHAMIMHUX NOBEPXOHD 3a0e3NeUUTLO 3MEH -
wenns eumpamu naauea va 1,95 %

Kniouoei caosa: aepodunamiuna saxicmo,
nanusna egexmusenicms, adanmueHe KpuJo,
wmyuna aaminapizayisn, cnipoioni Kinyeei aepo-
ounamiuni nogepxui

0 0

Received date 10.02.2020
Accepted date 10.03.2020
Published date 27.04.2020

|DOI: 10.15587/1729—4061.2020.200664|

IMPROVING AIRCRAFT
FUEL EFFICIENCY

BY USING THE ADAPTIVE
WING AND WINGLETS

V. Popov

PhD, Chairman of Board

JSC «FED»

Sumska str., 132, Kharkiv, Ukraine, 61023
E-mail: popov@fed.com.ua

V. Loginov

Doctor of Technical Sciences, Senior Researcher
Department of Aircraft Engine Design

National Aerospace University «Kharkiv Aviation Institute»
Chkalova str., 17, Kharkiv, Ukraine, 61070
E-mail: flightpropulsion@gmail.com

V. Shmyrov

PhD, Vice President

Antonov State Enterprise

Tupolieva str, 1, Kyiv, Ukraine, 03062

E-mail: shmyrov@antonov.com

Ye. Ukrainets

Doctor of Technical Sciences, Professor®
E-mail: eukrainez@gmail.com

P. Steshenko

PhD

Research Laboratory of Automated Control Systems
and Target Equipment for Unmanned Aerial Vehicles
State Research Institute of Aviation
Andryushchenko str., 6V, Kyiv, Ukraine, 01135
E-mail: petrstko@ukr.net

P. Hlushchenko

Adjunct

Department of Scientific and Organizational®
E-mail: Glushchenkopa®@i.ua

*Department of the Design and

Strength of Aircraft and Engines

Ivan Kozhedub Kharkiv University of Air Force
Sumska str., 77 /79, Kharkiv, Ukraine, 61023

Copyright © 2020, V. Popov, V. Loginov, V. Shmyroo, Ye. Ukrainets, P. Steshenko, P. Hlushchenko

This is an open access article under the CC BY license
(http.//creativecommons.org/licenses/by/4.0)

1. Introduction

use of an adaptive wing of the changeable shape and geo-

metry. However, the appropriate adaptive wing mechaniza-

Improving the aircraft’s (AC) flight and economic cha-  tion assemblies are needed to implement such a project. The
racteristics is achieved by improving its aerodynamic charac-  use of energy-efficient electric drives of appropriate dimen-
teristics (ACH), the characteristics of its propulsion unit,  sions to control adaptive wings would reduce flight weight
and by improving the design of the glider using new struc-  and optimize the aircraft’s characteristics.

tural materials and their production technologies [1-3].

A wide range of airfoils is used to control the flight of

A promising direction in modern aircraft engineering is the ~ a modern aircraft. These airfoils are managed by various



power drives: hydraulic, pneumatic, and electric. The most
promising are electric drives, due to their simplicity of design
and efficient mass- size indicators.

The effort required to move an airfoil is determined for
each aircraft by surface area, the flight speed, and altitude, as
well as other conditions. It should be noted that the bulk of
the aircraft’s carrier system and steering surfaces is concen-
trated in power drives. Therefore, it is a relevant scientific
and technical task to design simple electromechanical drives
with efficient mass-size indicators, which could replace the
hydraulic systems. Currently, electric drives are used in sys-
tems that control aircraft position and wing mechanization.
The wider application of electric drives is limited given the
need to ensure the resource and reliability of the electric
drive’s mechanical part. Among the solutions to this issue,
one is to absorb perceived aerodynamic loads in a fixed out-
put link position. Therefore, over the past 10 years, due to the
advent of new aircraft materials, there has been increasing
attention to the possibility of improving the aerodynamic
characteristics of the aircraft based on changing the wing
geometry. The wing geometry is modified, depending on the
flight mode, by using an adaptive wing.

The possibilities to improve the AC aerodynamic quality
have been analyzed, which is an important aerodynamic cha-
racteristic that makes it possible to assess the aerodynamic
perfection of the aircraft. The aerodynamic quality affects
such AC critical competitiveness indicators as cruising speed,
the flight range, and duration at a specified payload size [4].
The result of improving the AC aerodynamic quality is the
increase in its fuel efficiency. Improving aircraft fuel effi-
ciency is one of the main requirements for advanced and
modernized AC. Therefore, it is a relevant task to study the
possibilities for improving the AC aerodynamic quality.

2. Literature review and problem statement

The main ways to improve the aerodynamic quality of
the prospective and existing AC are stated in [5, 6]. These in-
clude reducing the AC drag during flight, active control over
flows on the surface of the glider, the use of new structural
assemblies. Reducing a drag can be achieved by decreasing
the inductive and profile drags. It is possible to reduce
inductive drag by increasing the lengthening of the wing
and/or the use of winglets (WL) on the wing [5]. Increased
lengthening of the wing leads to an increase in the AC size
and mass, which is not always acceptable. The effect of the
WL use is comparable to an increase in wing lengthening but
does not significantly increase the wingspan. It is known that
the installation of WL at the correct pairing with the wing
leads to a decrease in the end flows, a decrease in the inten-
sity of the end vortex, increases the effective lengthening of
the wing, which leads to a decrease in inductive drag. At the
same time, it is important to ensure the minimal profile drag
of WL and its connection with the wing. At cruising flight
modes, the increase in lengthening, which maintains the
values of the curving momentum in the root cross-sections
of the wing within acceptable limits, provides for a reduction
in inductive drag by 10 %. The use of WL reduces inductive
resistance by 20 % while maintaining the momentum value
within acceptable limits [7]. Therefore, it is advisable to con-
sider the application of WL.

At present, there are a large number of different types
of WLs [8]. The most common types of WLs are the Whit-

comb’s WL, conventional winglets, shark winglets [9]. Stu-
dies [10, 11] show that the effectiveness of WL depends on
the correct choice of the WL geometric parameters, its spa-
tial position relative to the wing, and the geometric charac-
teristics of the original wing.

At the same time, the most promising ones are the spiroid
WLs whose concept is outlined in patent [13]. Papers [14, 15]
show significant differences in the distribution of the field of
velocities and pressures behind the wing, the structure of the
flow when applying spiroid WL in comparison with other
types of WL and the wing without WL. A special feature is
that several end vortexes form behind the wing with spiroid
WLs. The lifespan of the end vortexes and the distance to their
fading are the smallest compared to other types of WLs. A nu-
merical study of the effect exerted by the geometric parameters
of spiroid WLs on aerodynamic quality, the flight range, and
duration of the Falcon 50 aircraft is reported in [16]. Thus, for
a simple wing aircraft the maximum flight range was 6,480 km,
for a plane with a conventional WL — 6,847 km, and for an
aircraft with a spiroid WL — 7,863 km. The maximum flight
duration was 6.45 hours, 6.82 hours, 7.83 hours, respectively.
The effect of the geometric parameters of spiroid WLs on the
long-haul aircraft ACHs was considered in [9]; it was conclu-
ded that the spiroids are more effective than conventional
WLs at large Cy, values. However, due to a large value of the
gain in the bending momentum, the study was discontinued
because the project was intended to find the WLs that would
not require a change in wing design due to the additional
bending momentum. Thus, the impact of spiroid WLs on the
ACHs of long-haul AC is not fully investigated.

Reducing the AC profile drag is achieved by improving
the quality of the streamlined surface, by reducing the num-
ber of external add-ons and structural elements, and by using
the artificial and natural wing laminarization [17]. Natural
laminarization is possible by choosing a favorable distribu-
tion of pressure over the wing. However, increasing the size
and sweep (up to 20-25°) of the AC wing leads to that the
natural laminarization becomes ineffective [17], necessitat-
ing the consideration of the artificial laminarization of the
flow over the wing surface. One of the techniques of artificial
laminarization is to suck the boundary layer off parts of the
plane’s glider. The effectiveness of a given method was con-
firmed by experimental studies in wind tunnels [19, 20] and
flight tests [21—23]. Paper [19] shows a decrease in the effec-
tiveness of sucking off the boundary layer with an increase in
the sweep of the wing model. Study [20] demonstrates a de-
crease in the effectiveness of sucking off the boundary layer
with an increase in the Mach and Reynolds numbers in wind
tunnel tests. An overview of AC flight tests with the laminar
flow on the surface of the glider elements is given in [21].
Work [22] reports a study into the effect of sucking off the
boundary layer in the region where the aircraft wing and
fuselage are connected, where the flow is three-dimensional.
Under certain conditions at sucking off the boundary layer,
the authors observed completely laminar zones of the flow,
which, under normal conditions, were turbulent. They also
showed the effect exerted on the flow laminarization by the
position of a boundary layer suction system relative to the
wing root chord. The results of the flight tests of the aircraft
with wings with the laminarized compartments in the middle
area on the wingspan are described in [23]. The authors re-
vealed a significant impact of irregularities and roughness of
the surface in the range of 5 to 20 % of the wing chord on the
effectiveness of the boundary layer suction system. In general,



when the boundary layer is sucked off, it becomes possible
to stretch the laminar regions up to 60-70 % of the wing
chord, which would reduce the total drag by 14-15 % [5]. It
is promising to suck off the boundary layer in the wing front
edge region (about 20 % of the chord) and to implement a fa-
vorable negative pressure gradient on most of the AC bearing
surface. The presence of the front edge mechanization is an
impediment to laminarize the flow.

The emergence of new deformable (flexible) aviation
materials makes it possible to consider the wing and mecha-
nization with a solid smooth surface without joints (Fig. 1).
The use of an adaptive wing without seams and crevices makes
it possible to avoid the surface irregularities, which prevent
the flow laminarization. The directions of early research, the
challenges and technical difficulties associated with the imple-
mentation of the adaptive wing concept, are outlined in [24].
It was shown that along with aerodynamic advantages, the
concept of an adaptive wing has a significant disadvantage,
namely the increase in the mass of the adaptive wing compared
to the conventional wing. An overview of the programs, the
levels of technical readiness of modern adaptive wings, is given
in [25]. Creating a fully adaptive wing is a complex task and
is based on the use of morphing, which implies the possibility
of changing the shape or structure of the wing [25]. The shape of
the AC adaptive wing is changed by autonomous power drives,
including hydraulic, electro hydrostatic, and electromecha-
nical drives with the possibility of incremental and rotational
action, which are installed in the adaptive wing (Fig. 2).

Fig. 1. Examples of the adaptive front-end with a drive [27]:
a — kinematic mechanism; b — drive

Fig. 2. Example of the design of an adaptive wing with
electric drives [28]

Deviating the moving elements while maintaining the
smoothness of the contour makes it possible to obtain such
a distribution of pressure over the wing surface that prevents
the flow detachment or weakens its development under the
chosen flight mode [27]. The most advanced technology at
present is ACTE (Adaptive Compliant Trailing Edge) [28].
The distinctive feature of a given technology is a deflectable
rear edge with a smooth surface without slits. This reduces
the wing weight, improves aerodynamic quality and, as a re-
sult, reduces fuel consumption, as well as decreases noise
during take-off and landing [28, 29]. The wing mass is re-
duced by decreasing the curving momentum when ACTE is
used as the mass of the adaptive flap itself is greater than the
mass of the original flap by 4 %.

The studies of the adaptive wing front edge that uses new
composite materials are reported in [30, 31]. The aerodyna-

mic optimization of the shape of the adaptive wing tip im-
proves the aerodynamic quality of the wing profile by 1.71 %;
the authors also note the difficulty of ensuring the predefined
wing tip shape using the retractable kinematics [30]. It is
shown in [31] that using a seamless adaptive front edge of
the wing makes it possible to increase the maximum lift force
coefficient to 8.35 % compared to the wing with a deflectable
slit tip. Works [32—34] examined the aerodynamic charac-
teristics of an adaptive wing and compared them with the
original wing with conventional mechanization. Abandoning
the conventional mechanization of the rear edge in favor of an
adaptive wing under the estimated conditions reduces drag by
1 % and by 5 % under other modes [32]. The use of a deflect-
able rear edge without slits improved the aerodynamic quality
of the straight wing section model by 13.6 %, 5.3 %, 5.8 %,
and 3.1 % at attack angles of 0, 5, 10, and 15°, respectively,
when compared to the wing with the conventional flap [33].
The application of an adaptive wing of the Fish Bone Active
Camber concept increases acrodynamic quality by up to 25 %
when compared to a wing with a deflectable flap [34]. The
results reported in [33, 34] cannot be applied to assess the
fuel efficiency of long-haul AC without additional research as
the selected models are not suitable for use on long-haul AC.

It should be noted that the above studies do not make
it possible to assess the joint impact of the promising means
for improving aerodynamic quality on the fuel efficiency of
a long-range aircraft. As a result, it is difficult to predict the
operating costs of a prospective AC. Hence, it follows that re-
search is needed to determine the joint impact of the promising
techniques to improve aerodynamic quality on the AC fuel
efficiency during a typical flight profile.

3. The aim and objectives of the study

The aim of this study is to determine a change in aircraft
fuel efficiency based on changes in its aerodynamic characte-
ristics. That would make it possible to estimate a decrease in
the operating costs during the AC life cycle. In turn, in the
future, it could enable determining the permissible costs in
the design and application of the concept of an adaptive wing
while ensuring the predefined cost level of an aircraft complex.

To accomplish the aim, the following tasks have been set:

— to define a change in the aircraft aerodynamic quality
when applying an adaptive wing concept technology;

— to determine a change in aerodynamic quality under
the artificial laminarization of the flow over the surface of an
AC glider;

— to define a change in aerodynamic quality when using
spiroid WLs;

— to determine the impact of ACH change on fuel con-
sumption by a long-range aircraft by performing an engineering
and navigational calculation (ENC) for a typical flight profile.

4. Procedure for studying a change in the aerodynamic
quality and fuel efficiency when considering the aircraft

flight range

We study an aircraft the type of Boeing 747-8 or Airbus A380,
representing a four-engine monoplane. In the cross-section,
the outer contour of the fuselage is formed by two conjuga-
ted circles: at the top, the radius is 1.9 meters; at the bottom,
3.8 meters. The total washed area of the fuselage is 1,500 m?.



The aircraft wing, with a sweep angle along the quarter
line of the chords 27°, is composed of the supercritical pro-
files of the relative thickness of 13.7 % at the root and 9 %
at the endings. The installation angle of the wing is 3.5°, the
geometric twist is 3°. The wing uses six-section slats, one-slit
three-section flaps of the Fowler type, and four sections of
internal, middle, and external interceptors. The internal sec-
tions, deflected at an angle of 45°, are designed for braking
on the run and interrupted take-off, middle — for braking and
emergency reduction on the glissade, external — only for the
control of the roll in conjunction with the ailerons.

The empennage is of the regular design, single-keel with
the stabilizer, located on the fuselage. The vertical empen-
nage consists of a keel and a turning wheel. The angle of the
keel’s sweep on the front edge is 40°. The vertical empennage
is composed of the profiles of the relative thickness of 12 %
at the root and 10 % at its end. The steering wheel deviates
at the angles of 25° in both directions.

The horizontal empennage is a controlled stabilizer with
a sweep angle at the front edge of 32.75°, fixed, composed of
the symmetrical profiles of NACA with a relative thickness
of 9.9 % at the root and 7.6 % at its endings. The horizontal
empennage ensures static longitudinal stability in the cruis-
ing flight over the entire operational range of attack angles
except for angles from 9° to 12° when the wing «shadows»
the stabilizer.

The power plant includes four turbofan engines with re-
versing traction devices and two auxiliary propulsion systems.

Our study employed the methods of mathematical mo-
deling of the process of flowing around the surface of the glider
and its elements, general scientific methods of analysis and syn-

thesis. A semi-empirical method was used to obtain the main
aerodynamic characteristics of the aircraft and perform the
engineering and navigational calculation of the aircraft’s flight.

We studied the characteristics of a long-range heavy air-
craft under conditions of a typical flight profile using the deve-
loped modular software complex «Integration-2.1» (Fig. 3, 4),
based on the methodology outlined in works [35-37].

The modular software complex was developed to conduct
parametric studies of the aircraft’s operational characteristics
during its modernization or pre-design phases. The modular
complex includes the following software units:

— the initial technical and economic data on the propulsion
engine of the propulsion system and its possible prototype;

— the initial data on AC’s flight, technical and economic
characteristics;

— the source geometric data on the engine with a moto
nacelle and the elements of the aircraft glider;

— the adjustment of an AC weight balance;

— the initial data on the typical flight profile of the aircraft;

— the calculation of the AC aerodynamic characteristics;

— the calculation of the AC flight-technical, weight, and
flight characteristics;

— the calculation of the price of the main engine and an
auxiliary propulsion system;

— the calculation of the need for engines, overhaul and on-
going repairs under the chosen maintenance and repair strategy;

— the calculation of the cost of the aircraft’s glider life cycle;

— the calculation of the cost of the life cycle of a power
plant engine;

— the calculation of AC’s economic performance;

— reporting on the AC project.
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Fig. 4. User dialogue window «Engineering and navigational calculation»

In the software complex, local sources of the additional
aircraft drag include small structural elements and add-ons
protruding into the flow (antennas, brackets and suspension
nodes, PVD tubes, fairings).

The irregularities and joints of the cladding sheets, the
cracks on the wing in the location of the mechanization or
controls on the empennage also belong to the local sources of
additional drag. It is believed that by their nature the local
drags are almost independent of the angles of attack. In the
overall balance of aircraft drag, the local drags can reach
up to 20 % of the original value. Therefore, one of the ways
to reduce the aircraft drag is to improve the quality of the
streamlined surface, reduce the number of external add-ons
and structural elements, perform other design and techno-
logical activities.

To eliminate errors related to determining the areas of
small elements, the data on their drag is represented in the
form of a product A(C,S). The desired values of drag coeffi-
cients are derived from dividing A(C.S) by the characteristic
area: AC,=A(C,S)/S. Table 1 gives data on the drag coeffi-
cients for the most characteristic elements of the aircraft’s
design.

If necessary, additional drag can be taken into conside-
ration for the engine nozzle with a noise jamming system
AC,=0.025 1 (Syozzie/S), where n is the number of engines,
Syozzle 1s the area of the nozzle output cross-section.

When calculating the flight range, duration, and fuel
reserve, the following is considered:

— the fuel consumed on the launch, engine testing, and
steering (mf.earth);

— the fuel consumed on take-off (mqke-o7) — 1,420 kg;

— the fuel consumed for a set of aircraft altitude;

— the fuel consumed on a horizontal flight section;

— the fuel used when descending the height of the eche-
lon to the height of the circle (400...500 m);

— the warranted fuel reserve (aeronautical and compen-
satory);

— the non-used fuel — 1,200 kg.

Table 1

The A(C,S) values for the most characteristic elements
of the aircraft’s design

The aircraft characteristic element Drag coefficient value
Antenna 0.0015
ggilri;i(})lfat;i ;t?ZIIJlension unit for controls 0.0004
A node of the outer suspension holder 0.0004
PVD tube 0.0008
Anti-icing system sensor 0.0012
Aeronautical lights 0.0016
Suction and exhaust pipes 0.0021

It should be noted that the applied procedure for deter-
mining the main aerodynamic characteristics produces some-
what inflated values of the aircraft drag, which is necessary
to take into consideration the deterioration in the aircraft
aerodynamic characteristics during actual operation, to com-
pensate for the difference between the estimated characteris-
tics of the engines and the real ones.



3. Results of studying a change in the AC aerodynamic
quality and fuel efficiency

5. 1. The change in aerodynamic quality when applying
promising tools to reduce the aircraft drag

Based on the results of our study, obtained by employing
the «Integration-2.1» software complex, we derived the
dependences (Fig.5) of the gain in aerodynamic quality
on the aircraft’s lift force coefficient AK(C,,) using the
adaptive wing concept when compared to the original
aircraft. The seamless mechanization and rudders imply
the use of the flexible cladding and drives for a deflected
part. The prospective aircraft implies the application of
flow laminarization on the surface of the wing, the seamless
mechanization and aircraft rudders, and a spiroid-type WL.
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Fig. 5. Gain in aerodynamic quality K due to the lift force
coefficient C,, when applying promising technologies

5. 2. Effect of the aerodynamic quality change on fuel
consumption when a heavy aircraft flight range is examined

The results of calculating the fuel residue for the cruising
flight of the prospective aircraft are given in Table 2. Such
representation makes it possible to quantify the actual fuel
consumption at major flight sections.

The starting condition corresponds to the refueled air-
craft before the flight. The take-off and altitude phases take
into consideration fuel consumption for the launch, warming,
and steering of the aircraft. The fuel consumption corre-
sponding to take-off is considered to be pre-assigned. Fuel
consumption for the height setting of the echelon, in this
case, is calculated without intermediate stages. Cruise flight
modes correspond to the estimated conditions. To improve
fuel economy, it is advisable to adjust C,, as often as possible,
as the fuel is consumed, especially at the beginning of the
cruising phase of the flight. In our calculations, Cy, at cruis-
ing is adjusted once. The descent stage is performed without
flying in the waiting area.

Our fuel economy estimation, when using the considered
modernization tools, is shown in Fig. 6. Such representation
makes it possible to estimate a gain from each means of im-
proving the aerodynamic quality.

Spiroid WL

Artificial laminarization 17.1
No mechanization, ailerons, rudders
No mechanization and ailerons

No ailerons

No flaps

No slats

0 5 10 15 %

Fig. 6. A decrease in fuel consumption by the modified
aircraft compared to the original aircraft

The largest reduction in fuel consumption is provided by
the artificial laminarization of the flow on the surface of the
aircraft glider. This is a consequence of the decrease in the AC
profile drag and the effectiveness over the entire range of attack
angles. The winglets allow for substantial fuel economy as they
are most efficient under a cruising flight mode. For a typical
long-distance AC flight profile, these sections are the longest.

Table 2
Results of fuel consumption calculation for a typical flight profile 6'_Dis?“35i°“ of resul_ts
of estimating the change in the
Flight stages aerodynamic quality and fuel
efficienc
Parameter Starting | Takeoff, | Flight cruising De- | Landing, Y

condition | climb modes scent | steering When upgrading an aircraft,
Section length, km - 270 | 3,886 | 4,402 | 120 - the abandonment of conventional
slats and ailerons in favor of an
Total length, km - 270 4,156 8,558 | 8,678 8,678 adaptive wing ensures an increase
in the maximum aerodynamic

Speed, km/h - - 475 | 475 - - mn y
peed, km/ quality Ky by 0.36 % and 0.35 %,
Air speed, km/h - - 750 750 - - respectively, which is the lowest
) ) . . indicator. The abandonment of
Flight duration over a section, min - 25 311 352 1 15 the flaps provides for a 1.3 % in-
Total flight duration, min - 95 | 336 | 688 | 699 | 714 | creasein Kyuy whichis due to the
greater area relative to the ailerons
Hourly fuel consumption, kg/h - - 11,190 | 9,934 - - and the slat. The greatest contri-
o bution to the gain in aerodynamic
Specific flight range, km/kg - - 0.067 | 0.0755 - - quality, compared to the origi-
Fuel consumption over a section, kg - 9,800 | 58,000 | 58,300 | 1,000 | 4,100 nal aircraft, is ensured by the ar-
tificial laminarization of the flow
Fuel residue, kg 153,000 | 143,200 | 85,200 | 26900 | 25900 | 21800 | over the wing surface. A growth
Aircraft mass, kg 355,000 | 345,200 | 287,200 | 228,900 [227900| 223,800 | P Kmax due to artificial lami-
narization was 15.6 %. In total,




when using all the tools considered, the increase in K
was 20.5 %. Abandoning a conventional slat is one of the key
stages in the application of flow laminarization tools, despite
the small increase in the aerodynamic quality and reduced
consumption compared to the abandonment of other types of
mechanization. A significant advantage of a given approach
is the reduction of AC drag under all flight modes.

However, reducing the profile drag allows for a greater
increase in the aerodynamic quality over a certain range
of Cy, values, despite the effectiveness over the entire range
of attack angles. As a Cy, value increases, the share of the
inductive component of the frontal drag is increased. The
profile drag of the glider remains almost constant while the
gain in aerodynamic quality decreases.

WL ensures a reduction in inductive drag, which is
caused by the presence of a lift force and is associated with
the formation of a vortex flow structure in the trail of the
aircraft [38]. The use of spiroid WLs reduces the intensity
of end vortexes, as do other types of WLs. Significant is
the change in the velocity field in the region behind the
end of the wing and the erosion of the end vortex (Fig. 7).
This change in the velocity field reduces the downwash in
front of the wing and improves the aerodynamic quality of
the aircraft’s wing.
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Fig. 7. Comparison of the velocity field behind
the end of the wing without WL and with the spiroid WL:
a — wing without WL; b — wing with a spiroid type WL

The use of WL provides an increase in the aerodynamic
quality over a certain range of Cy,. This is due to the fact that
at low C,, values the share of inductive drag in the overall
drag is small. As a result, the WLs own introduced profile
drag prevails over the gain in inductive drag. The increase
in Cy, enhances the role of inductive drag. The gain in the
inductive drag of the assembly wing—WL prevails over the
WL profile drag. As C, continues to grow, there are changes
in the spatial flow structure near the ends of the wing, there-
by WLs begin to lose their effectiveness.

Thus, we have derived the dependences of change in the
aerodynamic quality of a long-range aircraft in the joint and
separate application of the promising means of aerodynamic
quality enhancement (Fig. 5). The increase in aerodynamic
quality is achieved by reducing the components of frontal
drag: profile and inductive drag. Profile drag is reduced

by laminarizing the flow, eliminating the protrusions and
irregularities at the surface of the glider elements. The use
of WL, due to the change in the vortex structure behind the
wing (Fig. 7), has made it possible to reduce the inductive
component of the frontal drag.

We estimated a change in the AC fuel efficiency by car-
rying out the engineering and navigational calculation for
a typical flight profile of a long-range aircraft. The reduction
in fuel consumption (Fig. 6) reaches 22.9 % and is the limit
for a given type of aircraft. The ENC did not take into con-
sideration the additional balance losses due to the change
in the distribution of pressure over the surface of the glider.
In addition, the energy costs for sucking off the boundary
layer and the operation of units that enable the movement
of the kinematics of the adaptive wing were not taken into
consideration.

Since artificial laminarization provides the greatest fuel
economy, the most promising are studies aimed at ensuring the
steady laminar flow around the glider under all flight modes.

7. Conclusions

1. It has been shown that the application of the adaptive
wing technology improves aerodynamic quality by eliminat-
ing the local sources of drag. Abandoning the slat and aileron
in favor of an adaptive wing ensures an increase in Ky, by
0.36 % and 0.35 %, respectively, which is the lowest indicator.
The abandonment of the flaps provides for a 1.3 % increase
in Kpyax, which is due to the greater area relative to the aile-
rons and the slat.

2. It has been established that the most effective method
of increasing aerodynamic quality is the laminarization of
the flow over the surface of the aircraft glider. The maximum
aerodynamic gain was 15.6 % relative to the original aircraft.
The advantage of a given approach is a decrease in the profile
drag under all flight modes.

3. It has been demonstrated that the spiroid WLs ensure
the greatest reduction in inductive drag at Cy, close to cruis-
ing values. The increase in the maximum aerodynamic quali-
ty was 1.9 % compared to the aircraft without WL.

4. Tt has been established that the best way to improve
the aircraft fuel efficiency is to artificially laminarize the
flow over the surface of the glider. Implementation of such
a solution without taking into consideration the energy
costs for sucking off the boundary layer would amount to
17.1 % fuel economy. Abandoning the slat is one of the less
effective methods of reducing fuel consumption, however,
without such a solution, the implementation of flow lamina-
rization would be difficult. The joint application of the con-
sidered advanced means of improving aerodynamic quality
on a promising long-haul aircraft would provide a 22.9 %
fuel economy. The results obtained allow us to estimate the
reduction in operating costs and determine the permissible
costs in the development and application of the concept of an
adaptive wing while ensuring the predefined cost level of
an aircraft complex.
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