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Reducing take-off and landing distances for regional turboprop aircraft

Yu.S. Mikhailov'
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Abstract: The increased efficiency of turboprop engines in cruising flight as well as low operating costs have determined the
economic feasibility of using regional propeller-driven aircraft to transport 40-80 passengers on short routes within one country or
connecting two nearby regions (for example, in Russia). The aerodynamic performance requirements for regional aircraft,
determined from typical flight missions for the Russian and European markets differ greatly in range and required runway lengths.
The typical flight range in Europe is about 800 km, while in Russia it increases to 1500 km due to the limited number of airports
and aerodromes in operation. The limitation on runway length is 1300 m (airfield class G) for aircraft with a maximum take-off
weight and 1000 m (class D) with a payload of up to 70% of the maximum value. The ability to take off and land from unpaved
runways is also an essential requirement in Russia. This leads to a more complex design and an increase in the weight of the
airframe, as well as to the need to increase the wing lift. Most of the operating European regional aircraft previously did not have
tight restrictions on runway lengths and their takeoff and landing characteristics were not active constraints when forming wing
configurations. However, the recently observed growing demand for air travel leads to a significant increase in the load on hub
airports and, as a result, to the delay of many flights. One of the possible ways to solve this problem is to relieve the major hub
airports by transferring regional aircraft service to nearby local airports. This will require both the modernization of existing airports
and the development of a new generation of aircraft with short takeoff and landing distances (STOL). The development of STOL
aircraft which are capable of connecting local airports and small towns has been conducted for many years. The STOL performance
can be achieved by both developing an effective high-lift system with increased lift effectiveness and wing load alleviation. Wing
load alleviation, often used in the light aircraft transitional category, leads to deterioration of cruising performance and increased
sensitivity to atmospheric turbulence, especially at low altitudes. This makes difficult to track the final approach paths when
controlling the pitch angle by deflecting the elevator. Therefore, a more preferable and more often considered option to reduce
takeoff and landing distances of commercial airplanes is the increase of lift performance in combination with a set of additional
technical solutions. Significant advances in the application of computational techniques for the development of swept wing high lift
devices for long-haul aircraft with high lifting properties (Cy.x = 3), including a retractable Fowler flap and a three-position slat,
make it possible to use a similar approach to the design of high-lift system for new regional aircraft. Taking into account the
specifics of aircraft operation at local acrodromes, a complex of technical solutions has been considered to increase wing lift at low
flight speeds, as well as additional measures to reduce the landing distance. The results of computational and experimental studies
of the proposed technical solutions are presented with an assessment of the effectiveness of their use on a regional aircraft of the
ATR 42-600 type.
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CokpalneHnye JUCTAHUMNA B3JIeTa U MOCAAKH PErHOHAJIBLHBIX
TYPOOBMHTOBBIX CAMOJIETOB

10.C. Muxaiijos'

1 . .
LlenmpanvHwlil aspo2udpoOuHamuyecKutl UHCmumym
umenu npogheccopa H.E. JKykosckoeo, e. Kykoseckutl, Poccus

AunHoraumsi: [loBbiieHHass A(QQEKTHBHOCTh TypOOBHMHTOBBIX JBHUraTeliell B KpEHCEpCKOM IIojieTe, a Takke HeOOJbIIne
9KCIUTyaTallMOHHBIE PACXOIbl OMpPENENIA 3KOHOMHIYECKYIO LENIeCOO0Pa3HOCTh IPUMEHEHHS PETHMOHATBHBIX BHHTOBBIX
camoJeToB 11 iepeBo3ku 40—80 maccaxupoB Ha KOPOTKHX MapLIpyTax B Mpesieax OAHON CTPAaHBI MITH OJIM3IIEKAIIIX PETHOHOB
(mampumep, B Poccum). AspomuHaMHyecKre TPeOOBaHMS K XapaKTEPUCTHKAM PErHMOHATBHBIX CAMOJICTOB, OMPEICIseMbIe U3

51



HayuyHbiit BectHuk MITY TA Tom 27, Ne 05, 2024
Civil Aviation High Technologies Vol. 27, No. 05, 2024

TUMUYHBIX MHCCHH IONeTa Ul POCCHHCKOTO M €BPONEHCKOro PBHIHKOB, 3aMETHO OTJIMYAIOTCS MO JATbHOCTH M YCIIOBHSM
6asupoanus. TunyHas JansHOCTH NoseTa B EBporte cocrapiser okoio 800 kM, B To BpeMst kak B Poccuu Bospacraer o 1500 kM
BCIIEACTBUE OIPAaHUYEHHOTO KOJIMYECTBA AKCIUTYyaTUPYEMBIX a3pONOpPTOB U a’poApoMoB. OrpaHMYEHHEM MO YCIOBHSM
0asnpoBaHus SBISIETCS JUIMHA B3neTHO-TocanoyHoi morocsl (BIIT) 1300 m (xmace asponmpomoB I') juist camoneroB c
MakcUManbHOH B3neTHOH Maccor u 1 000 M (kimace [I) ¢ monesHo# Harpyskoit 1o 70 % OT MakcCHMAaNBHOTO 3Ha4eHHs. Taroke
CYIIECTBEHHBIM TpeOoBaHMeM B Poccun siBIsieTcss BOSMOYKHOCTB B3neTa U nocanku ¢ rpyaToBbx BIIIL IMocnennee mpuBomut k
YCIIO)KHEHHUIO KOHCTPYKIMH ¥ YBEJMYCHHIO Beca IUIAHEpa, a TakkKe HEOOXOAMMOCTH TOBBIIICHUS HECYIIMX CBOMCTB KpbLIA.
BOoNBIIMHCTBO 3KCIITyaTUPYEMBIX EBPONEHCKUX PETMOHANBHBIX CAMOJIETOB PaHEe HE MMEINH KECTKHUX OTPaHIMYIECHUH TI0 yCIIOBHAM
6a3upoBaHUsA, M HX B3JICTHO-TIOCANOYHBIE XaPAKTEPUCTUKH HE OBUIM AKTUBHBIMU OTIPaHHMYEHMSIMH TIPpU  (OPMHUPOBAHUH
KOMIIOHOBOK KpbUTa. OnHako HaOMIOJAaeMblil B MOCIIEIHEE BPEMsl PACTYIIHMH CIPOC HA BO3AYIIHBIE TEPEBO3KH IPHBOAUT K
CYILIECTBEHHOMY YBEIMYEHHIO HArpy3Kd Ha Y3JIOBBIE a3pOIOpPTHI U, KaK CIIEJICTBHE, K 3aJepXKKe MHOTUMX percoB. OqHuM u3
BO3MOJKHBIX CIIOCOOOB PEIIEHHUS 9TON MPOOJIEMBI SIBJISETCS pa3rpy3Ka KPYIHBIX a3poIOpTOB 3a CUET MepeHoca 00CIIy)KUBaAHUS
PErHoHAIbHBIX CaMOJIETOB Ha OJNM3JIEKAIMEe IPUTOPOAHBIE a3pOJPOMBL. OTO MOTpedyeT Kak MOJEPHH3ALMH CYIIECTBYIOIIHX
a3pOIOPTOB, TaK U pa3pabOTKH HOBOTO MOKOJICHHSI CAMOJIETOB C KOPOTKUMH JAUCTaHIMsIMU B3neta U nocaku (KBIT). Paspaborka
camornietoB KBII, criocoOHBIX CBSI3bIBaTh MPUTOPOAHBIE a3POIIOPTHI M HEOOIIBIINE HACEIEHHBIE ITyHKTHI, BEIETCS YK B TEUCHHE
MHorux Jier. Xapakrepuctrku KBIT moryT ObITh 0OecriedeHs! Kak 3a cueT pa3paOoTKH dP(EKTHBHON CHCTEMBbl MEXaHU3AIH C
TIOBBIIICHHBIM YPOBHEM HECYIIMX CBOWCTB, TaK M CHIDKECHMSI HArpy3kW Ha Kpbuio. CHIDKCHHE Harpy3Kd Ha KpbUIO, 4acTo
WCIIONb3yeMOE B MEPEXOAHOW KATErOpMM JIETKMX CaMOJIeTOB, NMPHBOAWT K YXYAIICHHIO KPEHCEPCKUX XapaKTEpUCTHK H
TIOBBILIEHUIO YyBCTBUTEIIFHOCTH K aTMOC(EpHON TypOYyJICHTHOCTH, OCOOEHHO Ha MaJIbIX BBICOTAX ITojera. [locnenHee 3aTtpyaHseT
OTCIIEKMBAHUE TPAGKTOPUHM KOHEYHOIO 3Tara 3aX0/a Ha MOCAAKy MPH YHPABICHUM YIJIOM TaHTaXa IOCPEACTBOM OTKJIOHEHUS
pyist BeICOTBL [losTOMy G0s€e MPEANOUTUTENBHBIM M Yallle PACCMaTPUBACMBbIM BAPUAHTOM COKPAILEHHS B3JIETHO-NIOCAJOUHBIX
JIWCTaHIMH KOMMEPYECKHX CAMOJIETOB SABIISIETCSI TIOBBIIICHIE HECYIIMX CBOMCTB KPbUIa B COUYETAaHNH C HA0OPOM JIOTIOJHHUTEIBHBIX
TEXHHYECKUX PpELICHWH. 3HauuTelbHble YCIEXH B NPUMEHEHWH YHCIEHHBIX METOJIOB JUIS Pa3pabOTKM MEXaHW3aluH
CTPENOBUIHOTO KpBUIA MAaruCTPAIBHBIX CAMOJIETOB C BBICOKHMM YpOBHEM HecymuX CBOMCTB (Cynx = 3), BKIIOUaroreit
BBIIBIDKHOM 3akpbulok Dayrnepa U TPEXNMO3ULMOHHBIA IPENKPBUIOK, IIO3BOJIIOT HCIOJIb30BATH AHAIOIMYHBIM IOAXOJ K
MPOEKTHPOBAHHMIO MEXaHM3AIMM KPbUIa HOBBIX PErHMOHAIBHBIX camosieToB. C ydeToM cHelm(uKH SKCILUTyaTaluyd CaMoJIeTOB Ha
HNPUTOPOJHBIX a3POAPOMAX PACCMOTPEH KOMIUIEKC TEXHMYECKUX PELICHUM, NpeJHA3HAUYCHHBIX KaK IS YBEIWYEHUs] HECYLUX
CBOICTB KpbUla IPU MalbIX CKOPOCTSX IOJ€Ta, TaK M JOMOIHUTENIBHBIX MEp Ul COKpAILEHHs IOCAJOYHOM JUCTAHLUM.
IIpuBeneHb! pe3ynbTaThl PaCUETHBIX U IKCIEPHUMEHTANBHBIX UCCIEA0BAaHUI NMPEUIOKEHHBIX TEXHUYECKHUX PEILEHUH C OLEHKON
3¢ eKTHBHOCTH UX PUMEHEHHS Ha perrHoHaBHOM camortere Tara ATR 42-600.

KiiroueBble cj10Ba: peruoHaIbHBINA CaMOJIeT, IPOEKTUPOBAHUE BHICOKOHECYIIIETO KpbLia, YIIPaBIeHUE OABEMHON CUIION, KpyTast
rimccana, KBIL

Jnst unTupoBanust: Muxaiinos 10.C. CokpariieHne TUCTaHIMI B3JIETa U TIOCaAKN PErHOHAIBHBIX TypOOBUHTOBBIX CaMOJIETOB //
Hayunsrii Bectauk MI'TY T'A. 2024. T. 27, Ne 5. C. 51-69. DOL: 10.26467/2079-0619-2024-27-5-51-69

Introduction landing distances: takeoff — 1107 m, landing —
966 m (ATR 42-600 aircraft)'.
The recently observed growing demand for

Currently, the leaders in the production of ] - oW )
air transportation leads to a significant increase

regional propeller aircraft are the Franco-Italian ‘ ’
concern ATR and the Canadian Bombardier in the load on hub airports, and, as a result, to the
Aerospace [1]. ATR produces aircraft of the  delay of many flights. One of the possible solu-
ATR42 and ATR-72 series, Bombardier produc-  tions to this problem is to relieve large airports
s aircraft of the Dash 8 Q-400 series. Aircraft of Y transferring regional aircraft service to nearby

both series have a typical configuration with a local aerodromes [3, 4]. A necessary condition
high-mounted wing of increased aspect ratio for relieving hub airports is the modernization of

(A ~ 12), a narrow cylindrical fuselage, a single- the infrastructure of existing local airports, as

fin T-shaped tail unit and engines installed under V\}/lell ask th?f Cogsicruzt.lon d(')f new E}II‘CI;If'[ }YV ith
the wing [2]. In the absence of tight restrictions short takeofl and landing distances. In the short-

on runway lengths, their takeoff and landing t§rm afpos.sﬂ')le OP“"“ fmgy al;o be a modermz}ell—
characteristics were not active limitations when tion of existing aircralt m order to improve the

forming wing layouts. This caused a moderate
' ATR 42-600. atr-aircraft.com. Available at:

level of wing lifting pr i 1 fligh
evel of wing lifting p opert cs at low Hight https://www.atr-aircraft.com/aircraft-services/aircraft-
speeds (Cymax & 2.5) and increased takeoff and family/atr-42-600/ (accessed: 07.12.2023).
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lifting properties of the wing. The transfer of
small regional aircraft to local airports will free
up long runways at hub airports to handle larger
aircraft and will increase both passenger traffic
and the capacity of the entire transport system.

In Russia, with the share of regional air
transportation estimated at 10% of the entire air
transport network, one of the key economic tasks
is to ensure an acceptable transport network in
the near future. The specific requirements for
regional aircraft flights for the Russian and Eu-
ropean markets lead to differences in flight range
and runway lengths [5]. Thus, restrictions on the
number of airports and aerodromes in operation
increase the typical flight range to ~1500 km,
against ~800 km in Europe. An additional re-
quirement for runway lengths on unpaved aero-
dromes complicates the airframe design and re-
quires an increase in the wing lifting properties
due to the complexity of the high-lift system. For
the new regional aircraft being developed, it is
proposed to ensure takeoff/landing with a maxi-
mum takeoff weight from a runway of up to
1300 m (airfield class G) and a reduced payload
by 30% from a runway of up to 1,000 m (airfield
class D).

The aerodynamic requirements for the wing
lifting properties of STOL aircraft, as well as the
stability and controllability characteristics at low
flight speeds of the aircraft are considered in
works [6, 7]. To achieve short takeoff distances,
the aircraft must either take off at a very low
speed or use a sufficiently high level of thrust or
power-to-weight ratio to achieve takeoff speed at
the required distance. The landing distance re-
duction is achieved due to a short airspace seg-
ment using a steep approach path and minimiz-
ing the landing ground roll at the minimum pos-
sible speed and ensuring maximum deceleration
using an effective braking system.

Some airports require steep aircraft approach
in mountainous areas or in urban environments
with nearby high buildings. In 2016, Embraer
certified the Legacy 500 for a steep approach of
5.5°% allowing the aircraft to operate at London
City Airport.

? Flexjet demonstrates London steep approach with Lega-
cy500. truenoord.com. Available at:
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Taking into account the specifics of aircraft
operation at local aecrodromes, the paper consid-
ers a set of technical solutions for reducing take-
off and landing distances for regional aircraft,
including:

e development of new high-lift wing profiles
that determine the initial Cyp,, value of an
aircraft with retracted high-lift system at low
flight speeds,

e design of adaptive trailing edge high-lift sys-
tem with integration of flap extension with
downward deflection at small spoiler angles,

e design of a simplified version of the leading
edge high-lift system in the form of a rotary
slotted Krueger,

e ensuring a steep approach path with direct
control of the wing lift (DCL) as a result of
spoiler deflection, including upward to reduce
the lifting properties,

e cvaluation of the use of automatic spoiler re-
lease to reduce the landing distance.

The effectiveness of the proposed technical
solutions to reduce takeoff and landing distances
for regional aircraft was assessed by calculations
on a regional aircraft of the ATR 42-600 type.

Critical parameters affecting aircraft
takeoff and landing distances

There is a connection between the selection
of wing parameters based on cruising flight con-
ditions and their subsequent influence on the
high-lift system design which is necessary to
achieve the required level of lift-to-drag ratio
(L/D ratio) of the aircraft in takeoff and landing
modes. Thus, a wing area reduction has a posi-
tive effect on cruising characteristics, but at the
same time requires the use of a more complex
system for increasing the wing lift.

The requirements for the wing L/D ratio in
takeoff and landing modes are determined by
various limitations, such as takeoff and landing
weight, required runway length, climb gradient
and approach speed. There are correlations be-
tween the influence of aerodynamic, weight and

https://www.truenoord.com/wpcontent/uploads/2023/12/
LARA-December-2023.pdf (accessed: 07.12.2023)..
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Fig. 1. Main sections of the take-off distance

thrust characteristics of the power plant with
takeoff and landing distances and safe flight
speed for aircraft flight conditions with deflected
wing high-lift system.

A simplified version of the aircraft takeoff
distance presentation (fig. 1) includes the lengths
of the takeoff roll (L,) and the airspace segment
(Las)- The length of the takeoff roll depends on
the thrust-to-weight ratio (7 /G, ), determined by

the ratio of the static thrust to the takeoff weight

at sea level, the takeoff wing loading
(G, /S ), determined by the ratio of the takeoff

weight to the wing area, and the takeoff value
Cym, which normalizes the aircraft liftoff
speed from the runway. Aircraft drag (Cx) and
the coefficient of rolling friction ( £ ) also have
an effect. The angle of climb, which determines
the distance required to overcome the obstacle

clearance height (H), depends on the thrust-to-
weight ratio (7 /G, ), wing loading, aerodynamic

quality (Q) and takeoff value Cy,_, which de-

termines the safe speed at the end of the air leg
(V = 1.2V,). The minimum climb gradient (0)
must be maintained even in the case of one en-
gine failure. To minimize the takeoff distance, it
is necessary to maximize the aerodynamic pa-

rameters (Y and Q, while the drag and G, /S

should have minimal values.

A simplified version of the aircraft landing
distance (fig. 2) includes the lengths of the air
leg (Las) and the landing roll (L,). The approach
speed (V = 1.3V,), which determines the de-
scent angle 0, depends on the landing value

54

O),...., the aerodynamic quality (Q) and the wing

loading (G./S). For a steep approach path, the
descent angle must be greater than the minimum
value of 3°, required by aviation regulations. The
ground roll is a function of the aircraft speed at

the moment of touchdown (i.e. Cym), and also

depends on the efficiency of the braking system
(W), spoilers for “damping” the wing lift during
the landing roll and the power plant thrust re-
verser (7;). To reduce the landing distance, it is

necessary to maximize the value OV, to re-

duce the approach speed, while minimizing the
values of the aerodynamic quality and the wing
loading. However, the desire for high aircraft
drag in the landing configuration may conflict
with the required climb gradient during the go-
around.

In addition to the general requirement to en-
sure a high-lift wing in takeoff and landing
modes, the work [8] indicates the priority of the
aerodynamic quality value at takeoff and the
maximum lift coefficient for landing. Also, the
characteristics of the high lift wing must meet
the requirements of aircraft controllability at
high angles of attack. For this purpose, the
choice of geometric parameters and the position
of the high lift devices is carried out based on the
condition of ensuring priority in the occurrence
and development of flow separation from the
wing root. The increments of the pitch moment
for a dive realized in this case reduce the angle
of attack and restore the favorable nature of the
flow around the wing. The separation-free nature
of the flow around the wing tips ensures that the
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Fig. 2. Main sections of the landing distance

aircraft remains controllable in roll and elimi-
nates wing stall.

The aircraft ability to be operated on short
runways is also associated with ensuring the
characteristics of safe controlled flight at low
speeds. The minimum value of safe aircraft
speed with deflected high lift devices is deter-
mined by the requirement to ensure the neces-
sary efficiency of controls, including in critical
flight modes. The first limitation on the value of
minimum speed is the lateral and directional
controllability of the aircraft, especially in the
case of one engine failure. The second is longi-
tudinal control at high lift coefficient values of
the aircraft wing (C, ~5 — STOL aircraft), which
requires both an increase in the efficiency of the
longitudinal control devices and the use of ener-
gy control methods.

Methodology for assessing

the aerodynamic performance of
the wing and aircraft takeoff
and landing distances

The initial stage of designing high-lift system
and assessing its effectiveness from the stand-
point of the aircraft lifting properties and takeoff
and landing distances is usually carried out un-
der conditions of a limited amount of infor-
mation on the wing configuration. The approach
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used to assess the lifting properties of the wing
and the aircraft takeoff and landing distances is
based on the semi-empirical methods given in
study [9] for the conceptual design stage of the
aircraft.

Estimation of Cynax values of the wing

For wing configurations with aspect ratio
A > 8, low sweepback and relative profile thick-
ness ¢ > 9% the wing value Cymax 1an in the land-
ing configuration at low flight speeds (M < 0.2)
is determined as the sum Cyma w of the wing
values in the cruising configuration and the wing
increment ACymax 1an from the deflection of the
high-lift devices
Cy max_lan — Cymax_w + ACy max_lan- (1)
The value Cymax w is determined as half of
the sum of the profile values Cymax in the basic
wing sections (root and tip) with corrections to
account for the influence of the 3-dimensionality
of the wing flow (coefficient K) and the sweep-
back estimated by the quarter chord of the wing

(cos(X14))

CYmax.r.pr T CYmax.tpr
CYmaxw = K ( 5 > = )COS(X%)- 2
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To estimate the increment of the lifting prop-
erties of the wing in the landing mode
(ACymax_w), two-dimensional calculations of the
flow around the wing sections with the high-lift
devices retracted and deflected by the flow of
viscous compressible gas are used within the
framework of the Navier-Stokes equations aver-
aged over Reynolds.

SSeT. .
ACYmaxw = K - ACYmax - (Tﬂ) - Cos Xsw.fl.(3)

where A@m — Cy¥max increment of wing sec-

tions from deflection of high lift devices,
Sser1.— relative wing area served by flaps,
cos yswp. — sweepback of flap leading edge.
The described method of estimating Cypax
values is applied to the wing of ATR 42-600 air-
craft (fig. 3), in the configuration of which clas-
sic NACA430 series profiles with relative thick-
nesses of ¢ = 18% (root) and 13% (tip) are in-
stalled. A double-slotted rotary flap with a fixed
deflector and deflection angles is used as high
lift devices of the trailing edge:
o 3r=15° — takeoff,
e O¢=25° —approach for landing,
e 0;=35° — landing.

~R%

WING AREA: 54.5 m*

Fig.3. Layout diagram of the ATR 42-600 aircraft
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The evaluation of the lifting properties of the
wing in the landing configuration (&; = 35°) is
performed on the basis of the cruising value of
the coefficient CYmax = 1.57 and the calculated
increment of the coefficient ACYax = 1.0 from
the deviation of the high lift devices in the base
sections of the wing, obtained in consideration
with the wing area S/ Sy, = 0.64 served by the
flaps and the small sweep angle of their leading
edge. A similar increment ACY yax = 0.49 in the
takeoff configuration (8¢ = 15°) is determined
from the condition of the linear nature of its
change with regard to small and moderate de-
flection angles (6¢< 30°). The maximum level of
values of the lift coefficient of the double-slotted
rotary flap is realized at deflection angles
0r=45...50° with a nonlinear nature of behavior.

Thus, the predicted level of values Cymax of
the wing of the regional aircraft ATR 42-500 in
takeoff and landing modes can be:

i CymaxiTO = 1999
hd Cymaxilan =2.47.

Estimation of takeoff and landing distances

The methodology for estimating the takeoff
distance to an altitude of 35 ft (10.7 m), present-
ed in work [9], is based on the use of a simple
combination of three key aircraft characteristics
to determine the takeoff distance: wing loading
(G/S)ro, weight-to-power ratio (G/S)ro and
takeoff value of the coefficient Cymax (CrLmaxt0)-

Lig = (G/P)7o/(0.0773 - 0 - CYmaxto * Fro)s
ft 4)

where o (A) — the ratio of air density under take-
off conditions to the values at sea level under
standard conditions t = 15° and p = 760 mm Hg
(o=1),
Fro (N) — the ratio of takeoff power to the
takeoff values at sea level (Fro=1)
to — an index denoting the take-off (take-off)
value of the ratio of the quantities indicated
in brackets.
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Table 1
Characteristics of the ATR 42-600 aircraft with the original wing
Standard configuration 48 seats
Engines Pratt & Whitney Canada PW127M
Takeoff power, hp 2 x 2400
Propeller (AP) Hamilton Standard 568F
Number of blades 6
Propeller diameter, m 3.93
Maximum takeoff weight (MTOW), kg 18600
Maximum landing weight (MLW), kg 18300
Takeoff distance (MTOW, MCA, SL*), m 1107
Landing distance (MPW, MCA, SL), m 966
*SL — sea level.
Piloting techniques, aerodynamic drag and G 1
friction at takeoff are indirectly taken into ac- L =280- (—lj . L—J +L g (0
count by the averaged empirical coefficient in S c-Cy max "

formula (4).

The values of the variables in equation (4)
are given in the British unit system. Taking into
account the relationships 1 1b = 0.4535 kg and
1 ft = 0.30487 m, formula (4) takes the form (5)

(Go/S)

L., = _
td (No/Go CVmax' AN’

1.78

m.

()

The required runway length at takeoff for
aircraft certified according to aircraft airworthi-
ness standards-25 is determined by multiplying
the takeoff distance by a safety factor of 1.15.

The landing distance is largely determined by
the wing loading, which affects the approach
speed and, according to aircraft airworthiness
standards-25, must exceed the stall speed by at
least 1.23 times for transport category aircraft.
The approach speed, in turn, determines the
landing speed, which must be “reduced” during
the landing roll before the aircraft stops. Kinetic
energy and, consequently, braking distance de-
pend on the square of the landing speed and the
efficiency of the aircraft braking system.

In work [9], expression (6) is presented for
estimating the landing distance of an aircraft,
based on the use of the two key aircraft charac-
teristics: the wing loading and Cynax coefficient

( CymaxL ) in the landing configuration.
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where G1/S — wing loading,
CymaxL — Cymax coefficient in the landing
configuration,
S, — air leg length from a height of H= 15 ft.

Sa = 100 ft (305 m) for the glide path angle

0 =3° and 450 ft (137 m) for 6 = 7°.

6(A) — the ratio of air density under landing

conditions to the values at sea level under

standard conditions t = 15° and p = 760 mm

Hg(c=1).

Taking into account the previously given re-
lations between the British and technical systems

of measurement units, formula (6) takes the
form (7)

GL/S

+ L s, m
CYmax.L’A) as>

Lia=5( ()

For most propeller-driven ATR aircraft, land-
ing requirements must be met with a landing
weight close to the takeoff value. A numerical
estimate of the accuracy of determining takeoff
and landing distances for the ATR 42-600 air-
craft using the described methodology was car-
ried out using the data given in Table 1 and a



HayuyHbiit BectHuk MITY TA

Tom 27, Ne 05, 2024

Civil Aviation High Technologies

Vol. 27, No. 05, 2024

Table 2

Calculated values of Cymax and take-off and landing characteristics of the ATR 42-600 aircraft

Takeoff wing loading (G,/S), kg/m’ 341.3
Power-to-weight ratio (N,/G,), hp/kg, 0.258
Cymax coefficient (takeoft) 1.99
Takeoff distance (Lt.d), m 1177
Landing wing loading (Gi./S), kg/m’ 335.8
Cymax coefficient (landing) 2.47
Landing distance (L1.d), m 985

Required runway length (Lr=1.43 L;4), m 1408

wing area of S = 54.5 m’ (fig. 3), taken from the
work’.

The main parameters of the aircraft layout,
the calculated values of the Cym.x coefficients
and the corresponding takeoff and landing dis-
tances, as well as the required runway length,
determined on the basis of European standards
(safety factor 1.43) for turboprop aircraft’, are
given in Table 2.

The calculated values of the aircraft takeoff
and landing distances (1177 and 985 m) are gen-
erally consistent with the similar characteristics
of the aircraft (1107 and 966 m) given in Ta-
ble 1.

Results and discussion

To relieve large airports by transferring re-
gional aircraft service to nearby local aero-
dromes requires the development of a new gen-
eration of aircraft with short takeoff and landing
distances (STOL). The set of technical solutions
considered in the work for reducing takeoff and
landing distances for regional aircraft includes:

e acrodynamic design of a high-lift wing,
e analysis of the effect of spoilers on wing lift
control during landing approach,

3 ATR 42-600. atr-aircraft.com. Available at:
https://www.atr-aircraft.com/aircraft-services/aircraft-
family/atr-42-600/ (accessed: 07.12.2023).

* Appendix 4 to Opinion No 02/2019. EASA. Available
at:https://www.easa.europa.eu/en/downloads/71568/en
(accessed: 07.12.2023).
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e analysis of the effect of spoilers on the aero-
dynamic performance of an airplane model
during a run,

e cvaluation of the effectiveness of the consid-
ered technical solutions for reducing takeoff
and landing distances of a regional aircraft
ATR 42-600 type.

Aerodynamic design of a high-lift wing

Expanding regional aircraft runway lengths,
ensuring their use at a larger number of airfields,
is one of the important tasks currently consid-
ered in the development of new aircraft configu-
rations. Aerodynamic parameters directly affect-
ing the flight range and runway lengths are cruis-
ing aerodynamic quality and available values of
maximum wing lift coefficients in takeoff and
landing configurations. With the selected wing
geometry, the free parameters that affect the
cruising quality and lifting properties of the wing
are the geometric parameters of the wing airfoils
(sections) and high lift devices. According to the
significance of influence, these parameters are
the second most important factor after the choice
of the wing planform.

The paper presents the aerodynamic design
of the wing high lift devices of a regional pro-
peller-driven aircraft with the value level
C¥max = 3.3, including:

o the use of a new A18 root profile (¢ = 18%)
with an increased level of lifting properties
and satisfactory values of drag and pitching
moment in cruise flight,
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Fig. 5. Design characteristics of the A18 airfoil determined by the VISTRAN program [12]

e design of adaptive trailing edge high lift de-
vices,

e design of a simplified version of the wing
leading edge high lift devices, including a slot-
ted Krueger.

To meet the complex requirement for high
lifting properties of the wing, the previously de-
veloped A18 root airfoil was used [10]. Figure 4
shows the geometry of the A18 airfoil, which is
characterized by a thickened rounded nose with
an increased radius of mating with the contour of
the upper surface of the airfoil and a small radius
of mating with the contour of the lower surface.
The front positions along the profile chord of
maximum concavity and thickness are supple-
mented by a small “cut” of the lower surface at
the end of the profile, reducing balancing losses.

The noted features of the root airfoil geome-
try provide a rounded (peak-free) pressure distri-
bution shape in the nose section at elevated an-
gles of attack, which, in combination with the
remaining declared profile parameters deter-
mined using the PARSEC method [11], contrib-
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utes to the attached flow around the upper sur-
face up to the values of the coefficient Cy
(CL = 1.2). The subsequent smooth development
of separation with an increase in the angle of at-
tack ensures the achievement of high values of
the coefficient Cy at low flight speeds
(Cymax = 1.9; fig. 5).

With a moderate value of the pitching mo-
ment Cm ( | m, | = 0.063; o = 0), the A18 airfoil
has an advantage in the value of the Cymax coef-
ficient equal to 8% and 14.5%, compared to the
well-known root profiles MS(1)-0318 and
NACA 43018 (fig. 6), installed in the wing con-
figurations of a number of regional aircraft.

The first of the specified profiles was used in
the root sections of the wing configurations of
the regional aircraft Saab 340, Saab 2000 and
Let L-610, a modification of the second is in-
stalled in the wings of the ATR 42 and ATR 72
aircraft.

The speed characteristics of the A18 profile
(Cx = f(M); fig. 7) correspond to the shock-free
pressure distribution on the upper surface up to
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Fig. 8. High-lift system of the wing root section

the Mach number M = 0.5 (C, = 0.7). This value
of the Mach number corresponds to the maxi-
mum cruising speed Vermax = 556 km/h of the
ATR 42-600 aircraft, realized with the calculated
value Cyy =~ 0.45 (H="7.2 km).

To increase the wing lift and reduce the take-
off and landing distances of a regional aircraft,
an effective leading and trailing edges control
surfaces have been developed (fig. 8), including
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an adaptive version of the Fowler flap and a slot-
ted Kruger.

Adaptation of the high lift devices in takeoff
and landing flight modes is achieved by integrating
the extension of a single-slotted flap with a down-
ward turn of the spoiler at small angles. The results
of a large cycle of studies of the adaptive flap vari-
ant in the TSAGI wind tunnel, published in work
[13], showed its increased efficiency, equivalent to
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Fig. 9. Effect of the Kruger flap on the wing root section aerodynamic performance (8;=35% M = 0.11; Re = 3.9-10")

an increase in the number of links of a convention-
al flap by one link. The downward deflection of
the spoiler provides both a preliminary turn of the
flow in front of the flap and adjustment of the gap
size between the trailing edge of the main part of
the wing and the flap tip for all operating positions,
including small deflection angles. Variation of the
gap size in the landing configuration can also be
used to control the wing lift and the approach angle
without changing the aircraft attitude.

The adaptive version of the trailing edge con-
trol surfaces, including the integration of spoilers
deflected downwards at small angles with the
flap rotation function, is used in the wing con-
figurations of the new long-haul aircraft (LHA)
Boeing B 787 [14] and Airbus A350XWB [15].
Both aircraft are based at airports with a runway
length of more than 2700 m. The significant re-
duction in the complexity and weight of the trail-
ing edge control surfaces achieved in this case
leads to deterioration of the lifting properties of
the wing in takeoff and landing modes compared
to the classic version of the trailing edge control
surfaces, including a retractable Fowler flap.

The use of only the adaptive version of the
flap with a high increment of lift in the linear sec-
tion is clearly insufficient to achieve the target
value of the wing Cymax coefficient of 3.3 in the
landing configuration; leading edge controls are
necessary. The retractable slats currently used in
swept wing configurations have complex exten-
sion kinematics (along curved guides) and are far
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from optimal in terms of lifting properties and
drag. The small curvature of the centerline and
the presence of a sharp protrusion (“vortex gener-
ator”) on the lower surface make it difficult to
obtain high Cy,,, values of the wing in the land-
ing configuration. Giving the slat a streamlined
shape as a result of its location in a well on the
lower surface of the wing leading edge and using
simple extension kinematics by rotating the hinge
relative to the fixed position allow it to be consid-
ered as an alternative option for wing leading
edge controls. The test results of an improved slat
with a chord of ~12.7% presented in work [16]
showed its significant advantage in aerodynamic
performance of the wing model compared to the
retractable slat with a chord of 15 %. In this pa-
per, instead of the previously used name “im-
proved slat”, the more well-known and frequently
used name — slotted Krueger — is adopted.
Calculations of the two-dimensional flow
around a power-driven airfoil in a landing con-
figuration with deflected leading and trailing
edge control surfaces were carried out within the
framework of the Reynolds-averaged Navier-
Stokes equations. The use of a slotted Krueger
with increased lifting properties made it possible
to reduce the effective angle of attack of the
main airfoil due to the flow slope behind the flap
and to ensure a favorable flow pattern around the
high-lift system to greater values of the angle of
attack compared to the previously considered
similar configuration without a flap (fig. 9).
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The results of the root profile tests with adap-
tive trailing edge controls and the Krueger flap,
conducted in the T-102 wind tunnel in the wing
section configuration, showed increases in the
critical angle of attack Ao, = 5.5° and the Cymax
coefficient (ACymax = 0.42) from the use of the
flap. The maximum value Cyp,, of the model in
the landing configuration was 3.73 (fig. 10).

The upward deflection of the spoiler reduces
the concavity of the main part of the wing and in-
creases the size of the gap between the trailing
edge of the main profile and the flap nose. This
leads to a decrease in the lifting properties of the
entire high-lift system both in the linear section
and in the area of critical angles of attack (fig. 11).
The lifting properties of the model in the landing
configuration with a spoiler deflection angle of
—30° (Cymax = 1.6) are close to similar values of
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the model with the original profile. A decrease in
the lifting properties of the wing also contributes to
the creation of an increment in the pitching mo-
ment for pitching up and an increase in drag.

Estimation of takeoff and landing
distances of the ATR 42-600 type
aircraft with a high-lift wing

The assessment of the lifting properties of the
ATR 42-600 aircraft wing, carried out on the
basis of the results of calculated and experi-
mental studies of the high-lift wing, showed the
following level of increments of the wing in
takeoff and landing configurations:
® ACymax 10 = 0.94 (&= 18°; & 1r = 150°),
® ACymax 1= 1.79 (8¢ =45°; 6t kr = 140°).
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Comparison of the performance of an ATR 42-600 aircraft type

with the original and high-lift wings

Table 3

Initial wing configu- Improved wing profile and
ration high lift devices
Takeoff Landing Takeoff Landing

C¥max 1.99 247 2.74 3.32
Vs, m/c 52.3 46.6 40.1 35.5
Cyla, 1.63 2.19
Vi, km/h 206.5 157
Distance, m 1177 984.5 860 810
Runway length, m 1354 1408 989 1158

The predicted level of values of the coeffi-
cient Cymax of the wing with a modified profile
and high lift devices, obtained according to the
previously described method, can be:
® Cymax= 1.79 — cruising configuration,
® Cymax = 2.74 — takeoff configuration,
® Cy¥max = 3.32 — landing configuration

The increase in the Cymax values of the wing
in takeoff (ACymax = 40.5%) and landing
(39.4 %) modes, obtained as a result of using the
new wing profile and high lift devices, made it
possible to significantly reduce the calculated
values of the aircraft takeoff and landing dis-
tances and the required runway lengths (tab. 3),
determined with regard to the safety factors of
1.15 (takeoff) and 1.43 (landing) for the declared
takeoff and landing values of the aircraft weight,
equal to 18,600 kg and 18,300 kg, respectively
(see Table 1).

The noticeable differences in the takeoff and
landing distances and required runway lengths of
the ATR 42-600 aircraft, obtained with the same
mass and thrust values of the aircraft characteris-
tics, are due to the differences in the lifting prop-
erties of the two wing variants (Cymax).

In accordance with the methodology used to
evaluate the takeoff and landing distances of the
aircraft, the resulting reduction in the takeoff dis-
tance corresponds to the level of the Cymax in-
crement of the wing, while for the landing dis-
tance, where the Cypm. value affects only the
length of the landing section, the reduction was
only 16.6%. However, a significant increase in
the lift coefficient value during the landing ap-
proach (Cyia= Cymax / 1.232), as well as the ex-

pected increase in drag in the landing configura-
tion, can be used for a steep approach for landing
in order to reduce the length of the air leg and
the negative impact of noise on neighboring res-
idential areas of the local airport.

A comparison of the landing approach speed
of the ATR 42-600 aircraft with the developed
high-lift wing with the landing approach speed
values (Vi) of known civil and military aircraft
given in work [6] is shown in Figure 12.

'ya.n QSRA

5| G/S, kre/m?

586  ATR 42-600

| e«Ceiibnaitnep»
C172 «Caiireimn» 111
Jupmxer 35
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Fig. 12. Approach speeds for civil and military aircraft

The dependence of the landing approach an-
gle (0) on the ratio of drag (X) to lift (Y), as well
as on engine thrust (7) and aircraft weight (G),
given for the condition V = const,

sin(@)z%—%=%—%- (5)
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Fig. 13. Photo of the ATR 42-600S (STOL) aircraft

makes it possible to use the increase in aircraft
drag with deflected high lift devices and engine
thrust control for a steep approach.

To control an aircraft when flying along a
steep glide path, a direct lift control system
(DLCS) is also required, with the help of which
it is possible to change the descent rate without
changing the aircraft orientation in space. At the
same time, to ensure good visibility and elimi-
nate the leveling mode during landing, the wing
must have high values of the lift coefficient at
small pitch angles [6].

The devices that allow the wing lift to be
controlled during landing include high-speed
flaps and multifunctional spoilers used in con-
junction with the aircraft longitudinal controls.
A previous study of the effectiveness of external
spoilers on a light transport aircraft model in a
landing configuration showed that their deflec-
tion by an angle of 8,s= —25° leads to a decrease
in aerodynamic quality and Cymax by an average
of 11%. A greater effect can be achieved by de-
flecting internal spoilers.

Evaluation of takeoff and landing
distances of the ATR 42-600S aircraft
type with the original wing
aerodynamics

In 2020 the regional aircraft manufacturer
ATR announced its intention to launch a new
version of the ATR 42-600S aircraft (fig. 13),
capable of taking off and landing on a runway
with a length of 800 m’. The introduction of a

5 ATR 42-6008. atr-aircraft.com. Available at:
https://www.atr-
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new version of the STOL aircraft should expand

its capabilities for operation at a larger number

of airfields with a runway length not exceeding

1000 m. Thus, ATR intends to enter the market

of 19-seater aircraft with a projected demand of

more than 500 aircraft.

Providing short takeoff and landing distances
is expected to be achieved by implementing a
number of modifications to the basic model of
the ATR 42-600 aircraft, including:

e replacement of the original Pratt & Whitney
Canada PW127 engines (2400 hp) with a more
powerful PW120XT-L series (2750 hp) with
greater takeoff thrust,

e a new braking system with automatic exten-
sion of spoilers during takeoff,

e increased flap deflection angle during takeoff
from 15° to 25°,

e increased area of the vertical tail and rudder to
counteract the yaw moment in the event of en-
gine failure,

e rudder deflection to counteract the yaw mo-
ment in the event of engine failure.

In accordance with the concept adopted by
the developer, the STOL mode also assumes a
reduction in the maximum takeoff weight of the
aircraft from Go = 18,600 kg to 16,032 kg as a
result of reductions in payload (coefficient 0.7)
and flight range to 200 NM (370.4 km). The
landing weight of the aircraft, taking into ac-
count 5% of the remaining fuel from the takeoff
value of 577 kg, is estimated at 15,484 kg.

The expected takeoff and landing perfor-
mance of the modified ATR 42-600S aircraft,

aircraft.com/wpcontent/uploads/2022/06/ATR_Fiche42-
600S-3.pdf (accessed: 07.12.2023).
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Take-off and landing performance of the modified ATR 42-600S aircraft

Pratt & Whitney Canada engines
Takeoff power, hp
Weights
Maximum takeoff weight (MTOW), kg
Maximum landing weight (MLW), kg
Maximum weight without fuel, kg
Empty weight, kg
Maximum payload weight (PL), kg
Maximum fuel weight, kg
Aerodrome characteristics
Takeoff distance, m (under the following conditions):
- Takeoff weight for a flight of 370.4 km (70% PL, ISA, SL)
- Takeoff weight for a flight of 555.6 km (PL,.x, ISA+10, SL)
Landing distance, m (under the following condition):
Takeoff weight for a flight of 370.4 km (70% PL, ISA, SL)

PWI127XT-L
2 x 2750

18600
18300
17000
11850
5150
4500

800
920

810

Table 4

Standard flight range, km
Fuel weight, kg

370.4
577

taken from the official data of the developer, are
given in Table 4.

With the specified aerodynamics of the ATR
42-600S aircraft for the takeoff flap position
(0¢=25°, Cymax = 2.24) and adjusted weight
characteristics, the following calculated values

of takeoff and landing distances and required

runway lengths were obtained:

o takeoff — Lrp = 683 m (Lrwy = 1.15,
LLD:786 m),

e landing — Lip = 707 m (Lrwy = 1.43,

LLD =1011 1’1’1)

When calculating the landing distance, the
average statistical reduction in the takeoff dis-
tance was taken into account when using the
braking system with the spoilers extension on
the roll®, which allows reducing the run section
by =30 % (ALyn=—173 m).

An additional reduction in the landing dis-
tance and required runway length is possible
when landing on a steep glide path with an ap-
proach angle exceeding the fixed value of 3° for
Instrument Landing Systems. Currently, an in-

S FSF ALAR Briefing Note 8.3. Landing Distances.
flightsafety.org. Available at:
https://flightsafety.org/files/alar bn§-3-distances.pdf
(accessed: 07.12.2023).
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creased approach angle is used at a number of
airports, for example, at London City Air-
port [9].

The increase of the approach angle for the
ATR 42-6008S aircraft from 3° to 5.5° additional-
ly reduces the air leg length by AL,s = —131 m
and the landing distance to 576 m, providing a
calculated value of the required runway length of

824 m, close to the declared value of 810 m
(tab. 4).

Evaluation of takeoff and landing
distances of the ATR 42-600 aircraft
type with improved wing aerodynamics

A similar assessment of takeoff and landing
distances was carried out for the ATR 42-600
aircraft using the calculated values of the Cynax
coefficient of the wing with modified profiling
and high lift devices in takeoff and landing
modes. Increasing the wing lifting properties to
the values of Cymax = 2.74 — takeoff configura-
tion and Cymax = 3.32 — landing configuration
allows, while maintaining the initial weight data
of the aircraft, to ensure the following estimated
takeoff and landing characteristics:
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e takeoff — LT.D = 750 m (LRWY = 115,
LLD:862 l’Il),

e landing — Lip = 811 m (Lrwy = 143,
LLD:1159 m)

The use of spoilers on the landing roll
(AL;yn=—173 m) and steep approach for landing
0 = 5.5° (AL, = —131 m) significantly reduces
the landing distance and the required runway
length to the values of Lip = 528 m and
LRWY = 143, LLD =755 m.

To meet the runway length requirement at
takeoff, an increase in the lifting properties of
the wing in the takeoff configuration was con-
sidered by increasing the flaps angle from 18° to
25°. Most high-lift devices of the trailing edge of
regional aircraft have the ability to select several
discrete high-lift device deflection angles during
takeoff, depending on the takeoff weight and the
available runway length. An increase in the flap
angle leads to an increase in the Cypax values of
the wing, a decrease in the stall speed Vs and,
accordingly, the takeoff roll length. However,
the accompanying increase in drag and decrease
in aerodynamic quality can lead to an increase in
the length of the air leg. It can also be difficult to
meet the airworthiness standards for the climb
gradient value on the second leg, especially with
a failed engine.

smnfd=T/G-X/Y.

A rational choice of the takeoff configuration
of the high-lift devices depends on the takeoff
weight and consists in finding the optimal com-
promise between maximum lift and aerodynamic
quality.

The expected Cymax value of a high-lift wing
from changing the flap angle from 18° to 25°,
determined on the basis of the calculated Cymax
values for takeoff and landing configurations,
may be 2.91. This allows us to come significant-
ly closer to meeting the runway length require-
ment (Lys =706 m; Lpwy=1.15 L p=811 m)

A similar effect on reducing the takeoff dis-
tance can also be achieved by reducing the initial
takeoff weight of the aircraft from 18,600 kg to
17,251 kg by reducing the payload weight by
26% or the flight range. In this case, the calcu-
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lated values of the aircraft takeoff performance,
while maintaining the flap angle of 18°, will
meet the basing requirement of an ATR 42-600S
aircraft on a runway no longer than 800 m,
achieved with a smaller reduction in payload and
a greater flight range, relative to the ATR 42-600
aircraft (L,s = 696 m; Lrwy=1.15 Ly p = 800 m).

Of the two considered options for reducing
the takeoff distance of an ATR 42-600 aircraft,
the option with an increase in the lifting proper-
ties of the wing by ACymax = 0.172 or by 6.3%
relative to the initial value Cymax = 2.74 is more
preferable. The latter can be achieved by opti-
mizing the geometric parameters and positions
of the considered wing high lift devices with a
minimum increment of profile drag.

Conclusion

Two approaches were considered to reduce
takeoff and landing distances of regional aircraft.

The first, proposed by the Franco-Italian con-
sortium, included replacing the original ATR
42-600  engines with more  powerful
PW120XT-L series (2 x 2750 hp), increasing the
flap angle during takeoff to 25°. A new braking
system was also developed and the takeoff
weight was reduced to 16,032 kg by reducing the
payload and the flight range to 370.4 km.

The proposed modifications of the ATR
42-600 aircraft made it possible to reduce the
takeoff distance to L,s = 683 m (Lrwy = 786 m),
however, in the landing configuration, an addi-
tional increase in the approach angle from 3° to
5.5° is required, which makes it possible to re-
duce the landing distance from 707 m to 576 m
(LRWY =824 m)

In the second approach, the main attention
was focused on increasing the wing lift. The de-
velopment of new wing airfoil with an increased
lifting properties, as well as the design of effec-
tive high lift devices, made it possible to signifi-
cantly increase the level of the Cynax coefficient
values of the regional aircraft wing to the follow-
ing values:

e cruise configuration — Cypa = 1.79,
o takeoff configuration — Cyp. = 2.74,
¢ landing configuration — Cyma.x = 3.32,
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which significantly exceed similar Cyp,y values
of the ATR 42-600 aircraft wing with a double-
slotted rotary flap: 1.57, 2.0 (8= 15°) and 2.47
(0r=35°).

The achieved level of lift values, as well as
the use of spoilers during takeoff roll and a steep
landing approach (0 = 5.5°), provide a reduction
in the landing distance of the ATR 42-600 air-
craft to Lip = 528 m (Lrwy = 755 m). It is im-
possible to meet the requirement for the runway
length during takeoff with the initial engine power
(2 x 2400 hp) (L = 808 m; Lrwy = 930 m).
The considered increase in engine power to
N =2 x2750=5500 hp (ATR 42-600S aircraft),
as well as increase of the flap angle to 25°
(AC¥max = 0.172) made it possible to come clos-
er to meeting the runway length requirement
(Las = 706 m; Lrwy = 811 m) while maintaining
the original data of the ATR 42-600 aircraft.
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