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Jlna uucenvnozo moodentosanns aepoounamixu Oazamo-
eleMeHmno20 npoinie 3acmocosyiomvcs ocepeOHeHi 3a
Peiinonvocom pisnanns Hae’e-Cmoxca necmucaueozo cepe-
dosuwa, 3amkHymi oO0HOnapamempuunoro oudepenyians-
1010 Modesmo mypoynewmnocmi Spalart-Allmaras. Cucmema
BUXIOHUX PIBHAND 3ANUCYBANACA U000 006IILHOT KPUBOIIHIL-
HOi cucmemu Koopounam. Y3200%ceHHs noi6 MUcky i wmeuo-
Kocmi 301lCHI06ANOCS 30 0ONOMO2010 MEMOOY WMYHHOT CIUC-
JUBOCHI, MOOUPIK06AH020 0N POIPAXYHKY HECMAUIOHAPHUX
3a0au. Hmezpyeanns cucmemu 6UXiOHUX PiGHAHD NPOBOOUTO-
CSL HUCENDHO 3 BUKOPUCIAHHAM MeMO0Y KOHMPObHOZ0 00 ¢-
My. /s KOHBEKMUBHUX NOMOKIE BUKOPUCMOBYBANACS NPOMU-
nomoxosa anpoxcumauis Rogers-Kwak, 3acnosana na cxemi
Roe mpemwvozo nopsaoky mournocmi. Y modensx mypoyaenm-
HOCMI O/ anpoKcuMauii KOHEEKMUBGHUX CKAAD06UX 3ACMO-
cosysanacs cxema TVD 3 oomexncysarem nomoxie ISNAS
mpemvoz2o nopsoxy. lpedcmaeneni pesyavmamu po3paxynxy
mypoyaenmmozo odmixanns Oazamoeaemenmuozo npoinio
6 wupoxomy dianazoni xymie amaxu. Y pesyivmami npo-
6edeHux 00CNI0NCEHb BUKOHAHO AHAJI3 MOl Meyii HABKOTO
bazamoenemenmnozo npodino, xoediyicwmie mucky, nioui-
ManvHoi Cuu ma cuau 10606020 onopy. Budineno izuuni oco-
oueocmi cmpyxmypu meuii npu oomixanni 6azamoenemenm-
1020 npoginto 30P30N. Y docaidxcysanomy dianazomi kymie
amaxu oomixanus npoQimo y 3nimHo-nocadkosii kondisypa-
yii Hocumb cmayionapHull xapaxmep 3a 6UHAMKOM od.racmeii,
de 6i0pus nomoxy 6i00YeaAcmMbCA 3 20CMPUX KPOMOK, MAKUX
SAK GHYMPIWHA HACMUHA NePpeOKPUNKa i 001acmb 6 X60CMO8iil
wacmumni 0cHo6Hoz0 npodimo. Ycepeouni uux obracme eunu-
Karomo peuupryaayiiini meuii. 3i 30irvuennam Kyma amaxu
Ppo3Mipu GiOpueHull 30HU HA GHYMPIWHIU NOBepXHI nepeo-
KpuiKa 3mMeHuylomocs, a 6 X60CMOGI 4ACMUuHi 0CHOBHO-
20 npoimo sanumaromocs maiice nesminnumu. Ha eepx-
Hill noBepxHi 0CHOBHO20 npointo popmyemvcs cmpymino
noeimps 6HACHI00K NPUCKOPEHHS NOMOKY MINC nepeoxpui-
KOM 1 nepednv010 KpomKoro 0choéroz0 npogimo. Hasenicmo
3a30pYy MidNC OCHOGHUM NMPOPineM i 3AKPUNKOM NPU3EOOUMD
0o inmepepenuii cmpymenesux meuii Ha 6epXHili nosepxHi
saxpunxa. Ioxazano, wo 3nimno-nocadkosa xondizypayisn
60J100i€ BUWUMU 3HAUEHHAMU KoeiyicHma niduoMHOT cunu,
HidIC Kpeticepcvka Kondizypayis, 0COOIUBO HA BEIUKUX KYMaAX
amaxu. Pezyavmamu po3paxynxie 3a006i1bHO N0200XHCYOMb-
€51 3 0anuMu tHuux agmopie

Kmouosi crosa: piensanns Hae’e-Cmoxca, mooens mypoy-
nienmnocmi Spalart-Allmaras, 6azamoenemenmnuit npoginn
30P30N, uucenvie modenroeanns
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1. Introduction

Modern aviation equipment for various purposes has
widely utilized multi-element airfoils. Composite profiles
make it possible, at the current value of an aircraft speed,
to reach large values of the wing lifting force under a take-
off- and landing mode, maneuvering, or speed deceleration.
At the same time, the multi-element airfoils provide for the
lower resistance strength values under a horizontal flight
mode at cruise altitude [1]. Such values for the aerodynamic
characteristics of aviation airfoils are achieved by introduc-
ing a slat and a flap into the structure of the wing.

|DOI: 10.15587/ 1729—4061.2019.174259|

AERODYNAMICS OF THE
TURBULENT FLOW
AROUND A MULTI-ELEMENT
AIRFOIL IN CRUSE
CONFIGURATION AND IN
TAKEOFF AND LANDING
CONFIGURATION

D. Redchyts

PhD, Senior Researcher

Department of Dynamics and Strength of

New Types of Transport

Institute of Transport Systems and Technologies of the
National Academy of Sciences of Ukraine
Pysarzhevskoho str., 5, Dnipro, Ukraine, 49005
E-mail: redchits_da@ua.fm

A. Gourjii

Doctor of Physical and Mathematical Sciences, Professor
Department of Automation Design of

Energy Processes and Systems

National Technical University of Ukraine

“Igor Sikorsky Kyiv Polytechnic Institute”
Peremohy ave., 37, Kyiv, Ukraine, 03056

E-mail: a.gourjii@gmail.com

S. Moiseienko

PhD, Associate Professor*

E-mail: 4moiseenko@ukr.net

T. Bilousova*

E-mail: tbbelousovane@gmail.com

*Department of Higher Mathematics and
Mathematical Modeling

Kherson National Technical University
Beryslavske highway, 24, Kherson, Ukraine, 73008

Copyright © 2019, D. Redchyts, A. Gourjii, S. Moiseienko, T. Bilousova
This is an open access article under the CC BY license
(http.//creativecommons.org/licenses/by,/4.0)

Conducting aerodynamic wind tunnel tests of full-scale
three-dimensional wing configurations, a wing-fuselage sys-
tem at Reynolds Re numbers corresponding to flight modes,
is technically difficult and expensive. Engineering calcula-
tions and the results obtained from wind tunnel tests at low
Reynolds Re numbers for multi-element airfoils cannot be
extrapolated for the Reynolds Re large numbers. A change
in air flow speed alters the ratio between the forces of inertia
and viscous resistance. This leads not only to a change in the
overall flow-around pattern of a wing airfoil, but also to the
emergence of significant errors in determining the values for
aerodynamic characteristics of aircraft. That is why there



has been a recent increase in interest in numerical modelling
of the turbulent flow around the airfoils with high values of
the lifting force, at high Reynolds numbers [2-5].

2. Literature review and problem statement

Mathematical modeling of the turbulent flow around
multi-element airfoils is a rather difficult task of computa-
tional aerodynamics [4, 5]. Many publications in the modern
scientific literature attempt to solve this problem [6-13].

Paper [6] reports an experimental study into the flow
around the three-element aerodynamic airfoil 30P30N for
cruise configuration in the range of Reynolds numbers from
4.6x10° to 1.1x10% and the angles of attack from 0° to 12°.
The authors give the distributed aerodynamic airfoil
characteristics. However, there are no general integrated
data on the entire three-element airfoil and its individual
components.

Work [7] presents experimental and numerical results
from studying the aerodynamic and acoustic characteristics
of the airfoil 30P30N at a Mach number of 0.17 and the an-
gles of attack from 0° to 8°. The study focused on an acoustic
field analysis, the spectral shape of noise, the tonal frequency
and location of the noise source. This work did not address
the issues related to the integrated and distributed char-
acteristics for the multi-element airfoil at large Reynolds
numbers and angles of attack.

Experimental work [8] measured a velocity field around
the 30P30N airfoil at Re=1.2-1.71x10% and the attack an-
gles of 3°, 5.5°, 8.5°. The authors analyzed the distribution
of a pressure factor across the surface of the multi-element
airfoil, as well as the acoustic field in the near trail behind
the airfoil elements. Work [8] does not address the large
angles of attack. Information on such angles is extremely
important from the point of view of flight safety. This is due
to the fact that at large angles of attack there may occur
the air flow detachment from an aircraft wing, which could
lead to a sharp drop in the lifting force and, as a result, to
stalling the plane in a flat spin.

Paper [9] reports results from a numerical simulation of
the 30P30N airfoil’s aerodynamics using the RANS-LES
hybrid method on multi-block structured and unstructured
grids. The authors considered only a single takeoff and land-
ing configuration at a low angle of attack of 5.5°. The cited
paper does not provide data on the integrated and distribut-
ed characteristics for other angles of attack, nor the cruise
configuration of the 30P30N airfoil.

Study [10] gives results from a numerical simulation
of the turbulent flow around the 30P30N airfoil at Mach
number of 0.17. Only small angles of attack were considered:
4°,5.5°,8.5°. The Reynolds number was 1.6x106, which is an
order of magnitude less than the values corresponding to
actual wings.

Paper [11] made an attempt, based on numerical model-
ing employing the commercially available software ANSYS
Fluent, to manage the structure of the flow around the
30P30N airfoil. The authors considered different slat devia-
tion angles at a fixed attack angle of the main profile. How-
ever, the cited paper did not address other airfoil geometric
configurations.

Experimental work [12] employed anemometry based on
the particles images to investigate the interaction between
vortexes that descended from the slat and the boundary lay-

er at the main profile. The study was conducted at low Reyn-
olds numbers of 9.3x103-3.05x104. These results cannot be
extrapolated to large Reynolds numbers of the order of 107,

One of the tasks in work [13] to demonstrate the capabil-
ity of the devised numerical method on structured intersect-
ing grids was to study the structure of the flow around the
multi-element airfoil 30P30N. Calculations were performed
for the takeoff and landing configuration at a zero angle of
attack. The authors gave the pressure factor distribution
across the surface of the airfoil. However, the cited work does
not provide data on integrated characteristics. In addition,
the calculations are given for a single configuration.

Based on our analysis of the scientific literature, one
can say that none of the articles reviewed compared the
cruise and the takeoff and landing configurations of the
multi-element airfoil 30P30N. In addition, all estimated and
experimental data refer only for low Reynolds numbers and
small angles of attack. All this suggests that it is appropriate
to conduct a study on comparing the 30P30N airfoil in the
cruise configuration and the takeoff and landing configu-
ration at a large Reynolds number and at a wide range of
attack angles.

3. The aim and objectives of the study

The aim of this study is to model mathematically the
physical processes at the turbulent flow around the 30P30N
multi-element airfoil for the cruise configuration and the
take-off and landing configuration over a wide range of
attack angles. This would make it possible to investigate
the fields of pressure and velocity, the instantaneous lines
of current, the surface pressure ratio distribution, as well as
values for basic aerodynamic characteristics of the airfoil.
Such information is necessary to obtain qualitative assess-
ments of the structure of the flow around the 30P30N airfoil
and quantitative values for the aerodynamic forces acting
on a wing structure when designing aircraft for different
purposes.

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

— to state the problem on the turbulent flow around the
30P30N airfoil in the cruise configuration and the takeoff
and landing configuration;

— to construct a numerical algorithm to solve the system
of initial differential equations;

—to perform numerical modeling, to compare with ex-
perimental data, and to identify the physical features of the
structure of the flow around a multi-element airfoil over a
wide range of angles of attacks.

4. Statement of the problem on the turbulent flow around
the 30P30N airfoil in the cruise configuration and in
the takeoff and landing configuration

Parameters for the field and computational experiments.
The experimental study into the turbulent flow around the
30P30N multi-element airfoil in the range of attack angles
from 0° to 23.4° was conducted by NASA and reported in pa-
pers [14, 15]. The three-element airfoil 30P30N (Fig. 1, a, b)
consists of a slat, a main airfoil, and a flap. Two configura-
tions are considered: cruise (configuration A) and takeoff
and landing (configuration B). In the takeoff and landing
configuration, the slat and flap are deflected to a 30° angle



relative to the main profile. In the experiment [14, 15], only
the takeoff and landing configuration was considered. The
Reynolds number, determined based on the profile chord in
the folded state and at speed of the unperturbed flow, was
Re=9.0x106,

b

Fig. 1. Configuration of the three-element airfoil 30P30N:
a — cruise (configuration A); b — takeoff and landing
(configuration B)

Initial equations. The paper examines the low-speed air
movement at small Mach numbers (M<0.3). In this case,
the effects of air compression can be neglected; the principal
equations that describe the movement of a solid medium are
the Reynolds averaged Navier-Stokes equations for a viscous
incompressible flow [16].
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where x;, =1, 2 are the Cartesian coordinates; ¢ — time; u; are
the Cartesian components of the velocity vector; p — pres-
sure; p — density; v and v, are the kinematic coefficients of
molecular and turbulent viscosity.

Simulation of turbulence. The differential single-para-
metric Spalart-Allmaras (SA) model is used to close the
Reynolds averaged Navier-Stokes equations [17].

The standard Spalart-Allmaras turbulence model is in-
tended to determine the dimensional kinematic coefficient
of turbulent viscosity
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where f,1 is a damping function of kinematic viscosities y.

Here ¥, is the working variable. The equation to determine
v, in the Spalart-Allmaras model takes the form [17].
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The first term in the right-hand part of equation (7) is
the source term of turbulence generation
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where Wj is a tensor of swirl.

Function f; is determined from ratio
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The second and third terms in the right-hand part (4)
are responsible for the dissipation of turbulence. The fourth
one — for the destruction of turbulence near a rigid wall; it
contains function
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The values for other constants can be found in paper [17].

5. Numerical algorithm for solving the system of initial
differential equations

The system of initial equations (1), (2), (4) was recorded
with respect to an arbitrary curvilinear coordinate system.
The harmonization of pressure and velocity fields was car-
ried out using an artificial compression method, modified
to calculate non-stationary problems [18, 19]. The system
of initial equations was integrated numerically using the
control volume method. The Rogers-Kwak counter-flow
approximation, based on the Roe scheme of third-order
accuracy, was used for convective terms. In the turbulence
model, a TVD scheme with a third-order ISNAS flow lim-
iter was used to approximate the convective terms [20].
Regular grids were used as the baseline to create a discrete
analogue of the initial equations. Multi-block computing
technologies were used in heterogeneous regions, in which
the dimensionality of individual intersecting grids (blocks)
is not related. Such an approach has made it possible to
devise a unified methodology for calculating the currents
within a viscous medium around bodies with a complex
geometric shape [21].

6. Results of numerical simulation of the aerodynamics of
the three-element airfoil 30P30N

The problem was then nondimensionalized for the char-
acteristic size of the 30P30N airfoil wing section — the chord
¢ and the characteristic velocity Uy of an unperturbed air
flow. Numerical simulation was carried out on the compu-
tational grid, which consisted of 19 units with a total of
2.1x10° nodes. The thickness of the first layer of the uneven
grid, which was closest to a hard surface, was 1.0x1076. The
outer boundary of the estimated area was at a distance of
20 profile’s chords. The nodes were condensed in the direc-
tion of normal to the surface, as well as to the front and back
edges of the profile’s elements. To adequately resolve the wall
effects in the border layer there were 50...150 layers of the
grid towards normal to the surface of the wing. The step of
integrating the motion equations of a solid environment was
equal to Az=0.01.

The three-element 30P30N airfoil in the cruise config-
uration performs similarly to a single-cell airfoil. At small
angles of attack, the flow around a airfoil is attached in
character (Fig. 2,3, a, b), and at angles of 16° and above
(a supercritical mode) the flow is detached near the leading
edge of the slat (Fig. 2, 3, ¢).



Numerical modeling shows that in the examined range
of angles of attack the airfoil is flowed around in the takeoff
and landing configuration in a quasi-stationary fashion.
Specifically, for the angle of attack of 0°, the current pat-
tern is characterized by a continuous mode, except for the
regions areas where the flow is detached from sharp edges
(the inner part of the slat and the region in the tail part of
the main profile). There are the recirculation currents within
these areas. Fig. 4, a illustrates the distribution of current
lines and pressure fields in the region adjacent to the wing;
Fig. 5, a shows the distribution of the speed module when
the three-element 30P30N airfoil is flown around. As the
angle of attack increases, the size of the detachable zone at
the inner surface of the slat decreases (Fig. 5, b, ¢); while it
remains almost constant in the tail part of the main profile.

At the angle of attack of 8.1° the flow detachment is
observed near the rear edge of the flap. This is evidenced by
the distribution of a pressure factor (Fig. 6, b). The figures
show the dependence of pressure factor on the relative co-
ordinate of the wing chord. Fig. 5, ¢ (the angle of attack is
23.4°) clearly shows an air jet formed at the upper surface of
the main profile.

The distribution of pressure factor across the surface of
the profile for the angles of attack a=0°, 8.1°, 23.4° are shown
in Fig. 6. Coefficients for the lifting force and the drag force
are determined from the following expressions

F F,

Y

C= y :_x,
Eoouzs’ P pUsS

®)

where F, and F, are the projections of aerodynamic forces
onto the axes of the Cartesian coordinates, S is the surface
area of the wing. The values for these coefficients depend
on the wing profile, airflow speed Uy, and angle of attack a.
Fig. 7 shows dependences of values for the lifting force coeffi-
cient and the drag coefficient on values for the angle of attack
of the 30P30N wing airfoil. The obtained results are in satis-
factory agreement with the experimental data.

Fig. 2. Instantaneous lines of
current and a pressure field isolines
(configuration A): a — 0°; b— 8.1°;

c—23.4 Fig. 5. Speed module isolines (configuration B): a — 0°; b—8.1°; ¢ — 23.4°

c

Fig. 3. Speed module isolines (configuration A):
a—0° b—8.1°; ¢c—23°

Fig. 4. Instantaneous lines of current and a pressure field
isolines (configuration B): a— 0% b—8.1°; ¢ — 23.4°

c
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Fig. 6. Distribution of pressure factor across the airfoil
surface (configuration B) at angles of attack: a — 0; b — 8.1;
¢ — 23.4 (o — experiment [14]: == — current work)

shows a jet of air formed at the top surface of the main pro-
file. The formation of this jet is due to the acceleration of the
flow between the slat and the spout of the main profile. The
presence of a gap between the main profile and the slat leads
to the interference of jet currents at the top surface of the slat.
The air flow coming down from the top surface of the main
profile presses the flow that passes through the gap between
the main profile and the slat to the outer surface of the latter.
The formation of this type of jet current is explained by that
the flow coming down from the upper surface of the main pro-
file has a lower speed and, therefore, a greater pressure, which
is implemented by pressing the flow that passes through the
gap to the outer surface of the slat. This results in a detach-
ment-free mode of flowing around a multi-element airfoil at
angles at which detachment would occur for a single profile.

When configuration A is flown around at large angles of
attack (Fig. 3, ¢), the air flow is no longer able to push through
the increasing pressure gradient at the upper leeward side of the
profile and there is a flow detachment, which leads to a drop in
the lifting force coefficient. As the angle of attack increases,
this detachable zone increases. Configuration B demonstrates
the higher values for the lifting force coefficient than those for
configuration A, especially at large angles of attack.

The results obtained are in good agreement with existing
physical understanding of the Coanda effect, according to
which a jet incident to the curvilinear surface sucks the air
near a rigid surface and creates rarefication that presses the
jet to the profile surfaces. Owing to this, a multi-element
airfoil is flown around without detaching the flow from the
bearing surfaces (Fig. 4, 5), except for small angular vortex-
es in the regions of structural junction between the slat and
the flap and the main profile.

The quality of results obtained is ensured by the use of
fundamental models of a continuous medium, by high qual-
ity of modern modeling of turbulent currents. The proposed

numerical algorithm makes it possi-
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Fig. 7. Dependence of aerodynamic coefficients on angle of attack:
a — lifting force; b — drag force (o, O, 0, A — experiment [14]: == — current work)

7. Discussion of results of modeling numerically
the 30P30N airfoil aerodynamics

In general, flow around a three-element airfoil is charac-
terized by complex physical processes. These include the vis-
cous-non-viscous interaction between flows coming off the
outer surface of the slat and passing into the gap between the
slat and the leading edge of the main profile. Fig. 5, ¢ clearly

1. We have stated the problem
on the turbulent flow around the
multi-element airfoil 30P30N.
The initial equations for the dynamics of a viscous in-
compressible medium have been recorded, closed by a sin-
gle-parametric differential model of turbulence. We have
constructed a computational grid around the 30P30N
airfoil for the cruise configuration and the takeoff and
landing configuration at angles of attack of 0°, 8.1°, 23.4".

2. A numerical algorithm has been constructed for solv-
ing the system of the initial Navier-Stokes differential equa-
tions, as well as the Spalart-Allmaras turbulence model, to



solve the set problem. The system of initial equations was in-
tegrated numerically using the control volume method. The
Rogers-Kwak counter-flow approximation of third-order
accuracy was used for convective terms. In the turbulence
model, a TVD scheme with a third-order ISNAS flow limiter
was used to approximate the convective terms.

3. We have performed numerical simulation of flow
around the 30P30N airfoil at the Reynolds number of
9.0x10%. The physical features of the current structure have
been identified. It has been established that an increase

in the angle of attack leads to a decrease in the size of the
detachable zone at the inner surface of the slat; in the tail
part of the main airfoil, it remains almost constant. It has
been shown that values for the 30P30N airfoil lifting force
coefficient in the takeoff and landing configuration are two
to five times higher than those in the cruise configuration.
The results obtained were compared with experimental data.
The calculations results are in satisfactory agreement with
the experimental data. The discrepancy does not exceed
10 per cent.
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