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The paper presents computational prediction of aerodynamic hysteresis loops in static con-
ditions for a two-dimensional aerofoil which was used as a cross-section profile for a rectangular
wing with an aspect ratio of five, tested in the TSAGI T-106 wind tunnel at Reynolds number,
Re = 6 x 10° and Mach number, M = 0.15. Tests in the wind tunnel showed that minor changes
in the curvature of the leading edge of the thin aerodynamic profile lead to a significant increase
in the maximum lift coefficient when significant hysteresis loops appear in the aerodynamic
characteristics of the wing. The computational predictions of stall aerodynamics presented in
this paper are made for a two-dimensional profile using the OpenFOAM open-source code to
simulate a flow based on the unsteady Reynolds averaged Navier-Stokes equations using the
Spalart-Allmaras turbulence model. The calculation results confirm the existence of loops of
static aerodynamic hysteresis and bistable structures of the separated flow, and the results are
qualitatively similar to the results observed experimentally on the wing with a finite aspect

ratio.

Nomenclature

CL,Cp,Cy = lift, drag, and pitching moment coefficients

CoM, CoG, CoP

centers of moment, gravity, and pressure

Cref, Sref = reference chord length and reference area
k = reduced frequency, wc/(2Uet)

p = static pressure

Re = Reynolds number

N = strain rate magnitude

Sc; = turbulent Schmidt number

S, = Strouhal number

t = physical time
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U = flow velocity

Uret = reference flow velocity

a = angle of attack

, = stall angle of attack

u = dynamic viscosity

My = turbulent viscosity

% = kinematic viscosity

Ve = modified turbulent viscosity
Tij = Reynolds stress tensor

L. Introduction

ERODYNAMIC hysteresis in the stall region can be observed under both static and dynamic conditions [} 2]].
AHysteresis loops in aerodynamic loads during oscillatory motion in the stall region with relatively high frequencies
k > 0.05 were widely studied and discussed in the literature [2, 3]. The static aerodynamic hysteresis observed in
slow-motion typical for low frequencies k < 0.05 is a more complex phenomenon, and it is still not fully understood.
For example, at low Reynolds numbers, it can be affected by both a laminar separation bubble near the leading edge
and a flow separation extending forward from the trailing edge; for large Reynolds numbers, lower importance of the
separation bubble can be expected. Under static conditions, this phenomenon exhibits a very high sensitivity to the
reduced frequency, the Reynolds number, and the leading edge curvature [1]]. Two or more separated flow structures
with different topologies generate substantially different aerodynamic forces and moments at the same angle of attack.
In the presence of static hysteresis, the aerodynamic characteristics depend on the direction of change of the angle of
attack, one of the manifestations of which is the presence of abrupt jumps at critical points. Under dynamic conditions,
the hysteresis loops become wider due to delayed transitions between different branches.

The prediction of aerodynamic hysteresis in the stall region, either in wind tunnel tests or via computational
simulations, is a difficult task owing to the strong sensitivity of stall aerodynamics to various physical and computational
factors. The intensive flow turbulence in the wind tunnel and the vibrations of the sting supporting the test model may
induce premature transitions between static hysteresis branches. In computational simulations, there is a strong sensitivity
to the numerical solver, grid resolution, turbulence model, etc. [3]. Thus, it is important to improve understanding of
the physical mechanisms of this phenomenon in support of more reliable modeling of stall aerodynamics. Examples
range from wind turbines and micro air vehicles operating at low Reynolds numbers to the problem of loss of control
in-flight (LOC-I) of transport aircraft, for which modeling of stall/post-stall aerodynamics at high Reynolds numbers is

required [4]].



There have been a number of discussions of the static hysteresis phenomenon in the literature for relatively low
Reynolds numbers Re < 10° [5H8]], but limited information is available about the phenomenon at higher Reynolds
numbers Re > 10° (see, e.g., [9]). Published results show that the widths of static hysteresis loops depend on, among
other things, the aspect ratio of the wing, the leading edge shape, and the Reynolds number [7, 9]]. Static hysteresis
may disappear under the action of external disturbances, for example, when turbulence in a wind tunnel is high [8]].
Often, experimentally determined dependences of aerodynamic loads in the stall region show abrupt jumps, indicating
the possible existence of hysteresis loops, which could be identified if the tests were run with the reverse variation of
the angle of attack. Therefore, the identification of static hysteresis dependences needs particular attention and the
application of special methods in both experimental and computational approaches. It is very important to develop such
methods because not only different wing planforms but also full aircraft configurations are prone to this phenomenon in
the stall region.

The work by Mittal and Saxena [10, [I1] on flow past the NACA 0012 airfoil at Re = 1 x 10° probably was the
first successful attempt to show the existence of static aerodynamic hysteresis by computational simulation. In their
computational framework, the unsteady Reynolds-Averaged Navier-Stokes (URANS) equations were employed using a
stabilized finite element method (FEM) along with the algebraic Baldwin—Lomax (BL) model for turbulence closure.
Bi-stable flow structures were identified for two angles of attack: @ = 17° and @ = 18.5° so that the flow structure on
the top branch of the static hysteresis was characterized by shedding of small-scale vortices with high frequency, and the
bottom branch was characterized by shedding of large-scale vortices with relatively lower frequency. The averaged value
of the lift coefficient, Cy, in the top branch was much higher than that in the bottom branch. In [12], a computational
prediction of the static hysteresis phenomenon was made for the NACA 0018 airfoil using the k-w SST turbulence model.
The prediction was close to the experimental results for Re = 0.3 x 100 presented in [} 16} [12], but was not satisfactory
for Re = 0.7 x 10%. In a recent study [13]], a comparative analysis of transition turbulence models was carried out with
the objective of capturing aerodynamic static hysteresis. It was shown that the v and y-Re g turbulence models predict
the laminar bubble on the top branch rather well at Re = 0.3 X 100, giving a small overshoot in Crpax, but they are
completely unable to predict the lower branch of the static aerodynamic hysteresis with fully developed flow separation.

This paper presents a computational prediction of the static aerodynamic hysteresis phenomenon at relatively high
Reynolds numbers Re ~ 6.0 x 10° using the open-source code OpenFOAM for computational fluid dynamics (CFD)
simulations, which is now widely used in both industry and academia and has recently been thoroughly validated for
two- and three-dimensional flows with the Spalart—Allamaras (SA) turbulence model [14]. The work is inspired by
wind tunnel test data from the TsAGI report [9]], published in 1946, which include very pronounced static acrodynamic
hysteresis-type dependences. In that study, a finite-aspect-ratio rectangular wing with AR = 5 was tested in the T-106
pressurized transonic wind tunnel at TSAGI over a broad range of Reynolds numbers Re ~ (1-6) x 10° and Mach

numbers M = 0.15 — 0.45. The wing cross-sections were formed by the TsAGI-9140 thin asymmetric profile together



with modifications to the curvature of the leading edge by including a circular protrusion in order to increase the
maximum lift coefficient Cryax. An important feature of the aerodynamic data thereby obtained is that an increase in
the Reynolds number leading to an increase in the maximum lift coefficient is accompanied by appearance and widening
static aerodynamic hysteresis loops.

The remainder of this paper is structured as follows. The wind tunnel data obtained in the TsAGI variable-pressure
transonic wind tunnel are presented and discussed in Sec. [[Il The computational framework, including the governing
equations, the SA turbulence model [15], mesh convergence, and numerical setup, is presented in Sec. Validation of
the OpenFOAM for NACA 0012 airfoil at Re = 6 x 10° and qualitative comparison of the obtained two-dimensional
computational results with the TsAGI wind tunnel data is discussed in Sec. The concluding remarks are presented in

Sec.[V1

II. Experimental Results

In the mid 1940s, in the period preceding the era of supersonic flight, there was much interest in modeling the
aerodynamics of thin wings, which are more suitable for supersonic flight. However, thin wings cause stall at low angles
of attack, thereby posing a problem for take-off and landing. To address this, a rectangular wing with an aspect ratio
AR =5 and thickness 9% was tested in the T-106 variable-pressure transonic wind tunnel at TSAGI (www.tsagi.com),
Russia [9]]. The test conditions were in the range Re ~ (1-6) x 10% and M = 0.15-0.45, which was made possible by
variation of the pressure p = 1-6 atm. The nonsymmetric TSAGI-9140 airfoil that was used is shown in Fig. [[]along
with a table of the airfoil coordinates. The modifications of the leading edge curvature in the form of small circular
bumps tangential to the leading edge (1%, 1.5%, and 2%) are shown in Fig. 2]

Figure 3] shows the wind tunnel test results for the clean and the 1.5% modified TSAGI-9140 airfoil at two different
Reynolds numbers Re = 1.0 x 10° and Re ~ 5 x 10°. The effect of the 1.5% circular protrusion at the leading edge of
the airfoil is much more pronounced at the Reynolds number of 4.82 x 10 than at Re = 1.0 x 10° (see ACppax in Fig. .
At Re = 4.82 x 10° there is a significant increase in the maximum lift coefficient Crmax With the delay to a higher angle

of attack ac, .. At the same time the increase in Crmax is accompanied by the onset of a 7-degree-wide hysteresis loop.

x% | 025|050 10 | 20 | 30 | 50 | 75 | 10 | 15 | 20 | 30 | 40 | 50 | 60 70 | 80 | 90 | 95 (100
y+%|0.501(0.705| 0.992| 1.385 | 1.703 | 2.216 | 2.731| 3.177| 3.891| 4.432 | 5.170|5.470 | 5.425 | 5.037 | 4.285|3.127 | 1.706|0.923| 0
y-% | 0.489(0.615(0.832 | 1.105| 1.313 | 1.646| 1.963 | 2.241| 2.671| 2.992| 3.410|3.530 | 3.425| 3.117 | 2.525|1.687 | 0.770[0.353| 0

Fig. 1 TsAGI-9140 airfoil geometry.

The leading edge modifications (1.5% and 2%) generate significant increases in Crmax With the appearance of static



hysteresis loops. For 2% modification, the static hysteresis loop is slightly shifted up and it includes an additional
intermediate branch in the range o = 23°-25°, which presumably can be connected with the onset of an asymmetric
stall on the wing (see Figure[d). When tested at higher Mach numbers M = 0.3-0.45 with the same Reynolds number
Re =5 x 10°, the static hysteresis loops and the increase in maximum lift practically disappear. The latter effect is not

considered in this paper and needs a special investigation.

m%r% 1% | 15% | 2%

< x% | 0.986 | 1.280 | 1.590
2% yo% | -0.193 | -0.580 | -0.974

Fig. 2 Leading edge modifications of the TsAGI-9140 airfoil.

The computational predictions of static aerodynamic hysteresis in the following sections will focus only on the
two-dimensional flow around the TsAGI-9140 aerodynamic profile. This was motivated by the fact that the test data of a
three-dimensional wing with a separated flow can be affected by the effect of interference with the perforated cylindrical

wall in the working section of the wind tunnel (D = 2.48 m, b = 1.5 m), which requires further research.

ITI. Computational Framework

Computational simulations of the two-dimensional flow around the TsAGI-9140 airfoil with its 1.5% and 2.0%
leading-edge modifications under stall conditions are carried out at Reynolds numbers Re ~ 6 X 10° using the
open-source CFD code OpenFOAM, which is based on the finite volume method (FVM) [16}[17]. Prediction of the
static aerodynamic hysteresis is conducted using the Spalart—Allamaras (SA) turbulence model [15]], which is one of the
turbulence models that are widely used in the aerospace industry [14].

To capture static aerodynamic hysteresis, the angle of attack is increased in small steps until the development of
fully separated flow conditions and transition to the lower branch of the aerodynamic dependence. Following this
transition, the angle of attack is decreased in small steps until the reattachment of the flow to the airfoil. The governing
equations, mesh resolution, and turbulence model employed in the prediction of static hysteresis loops are discussed in

Secs. [[ILAHIILD] The flow parameters are summarized in Table|[I]
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Fig. 3 The Reynolds number effect on the lift coefficient for the TSAGI-9140 wing (AR = 5) in clean and 1.5%
leading edge modifications at M/ = 0.15 [9].

Table 1 Flow parameters

M Re Uref, M/S  Lief, m
0.15 (4.82-5.65) x 10° 51.45 1.45

A. Grid and Boundary Conditions

The airfoil is placed 30 chord lengths away from the far-field in the streamwise and orthogonal directions. The
grids are produced in ANSYS ICEM CFD software using a structured meshing approach, which is suitable for grid
generation around the airfoil leading edge modifications (Fig. 2). The generated grids have Y+ < 1 and about 100 cells
along the airfoil chord. This helps to maintain a low aspect ratio and high-quality quadrilaterals. The grid includes
45, 000 cells, and this allows a reasonably accurate simulation of the flow field. The generated grid for the 1.5% leading
edge modification is shown in Fig. E} The boundary conditions are defined as Uyay = 0, Owail = 0, Jfarfield = 3Vzc0 tO

SUtco, and Uy = 0 and dp /x| = 0, where U is the velocity, v, is the turbulent viscosity, ¢ is the modified

wall,farfield

turbulent viscosity, and dp/dx is the pressure gradient.
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Fig. 4 Static hysteresis loops in the lift coefficient of the TSAGI-9140 wing (AR = 5) for 1.5% and 2% leading
edge modifications at M = 0.15 [9].

B. Governing Equations

The Navier-Stokes (NS) equations governing incompressible fluid flow are the continuity equation
V-u=0 (1)

and the momentum equation

0 v
—u+(u-V)u—vV2u=——p

ot @

For flow conditions with high Reynolds numbers, the computational resources required for direct numerical simulation
(DNS) of Egs. (T) and (Z)) usually exceed currently available capabilities. The effect of turbulence is normally simplified
by solving the unsteady Reynolds-averaged Navier—Stokes (URANS) equations, which are a time-averaged approximation
of the NS equations. The averaging of the fluctuating velocities generates additional terms, known as Reynolds stresses.
To describe these stresses, additional empirical equations, either algebraic or differential, are required to close the
computational model. The majority of URANS turbulence models are based on the concept of eddy viscosity, equivalent
to the kinematic viscosity of the fluid and describing the turbulent mixing or diffusion of the flow momentum [17]. The

Reynolds stresses appearing in the URANS equations due to averaging are modeled in linear turbulence models with the
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Fig. 5 Grids generated for the TsAGI-9140 airfoil and for its 1.5% leading edge modification.

Boussinesq assumption as follows:
1 auk 2
Tij = 24 (Sij - ga&‘j) = 3Pk0i 3)
C. Turbulence Model
The SA turbulence model [15], which is commonly used in aeronautical applications and was specifically developed
for external aerodynamics involving adverse pressure gradients, is employed in this study. The SA model solves for the

modified turbulent viscosity o and is described by the following partial differential equation:

o u,% = o (1 - fi2)$7 - (cwlfw - C%fz) o [%(v + 9)6‘% +Cngr ot @
The turbulent viscosity is then obtained from
v = phfur ®)
where
3
for= %CSI (6)



and

x=12 7
v
The model constants are given in Table[2] In Eq. (@), the production of turbulence is described by the term
Cp1(1 - fi2)S9 (®)
the diffusion of turbulence is described by the term
1|0 o av av
— | —O+P)— +Cro—— 9
(o [3)61' (V V)o"'xj bzaxi 8)(?,' ( )
and the destruction of turbulence is described by the term
C 1
(cwlfw - ”‘zfﬂ) . (10)

Table 2 SA turbulence model coefficients

oy Cpi Cpo K Cuwi Cway Cui; Cy1 Cy
23 0.1355 0622 041 Cpi/t+(1+Cpp)fo; 03 2 71 1

D. Numerical Setup

For the purpose of simulation in this paper, the transient semi-implicit pressure-linked equations (SIMPLE) algorithm
was used, with the Courant-Friedrichs—Lewy (CFL) number being limited to the range 1-50. This solver is efficient, as
a larger time step can be used while maintaining solution accuracy. It is a pseudo-solver with the use of inner loop
iterations until convergence to the desired tolerance within each physical time step before proceeding to the next step.
For low angles of attack, @ < 15 deg, steady-state simulations were conducted using the SimpleFOAM solver, which
utilizes the SIMPLE algorithm. For large angles of attack, where flow separation was expected, unsteady simulations
were performed with the pseudo-solver, i.e., transientSimpleFOAM. The unsteadiness in flow quantities at each time
step was linearized by employing multiple correctors depending on the CFL number.

For time integration, a second-order-accurate Euler backward scheme was employed. The gradients of the flow
parameters were estimated with the Gauss linear scheme for pressure and the least-squares method for other flow
parameters. The Gauss linear upwind scheme, which is of second-order accuracy, was employed for the divergence of
vectors and scalar flow field quantities.

The “linear upwind” scheme for divergence in OpenFOAM seems to produce more realistic results in Cy, coefficient



convergence in comparison with the “limitedLinearV” scheme. The use of limited schemes for damping the divergence
processes in flux quantities leads to an amplitude reduction in the transient convergence process for lift coefficient Cr,
resulting in a lower level of the lift coefficient and earlier stall. Such effects of employing limiters in gradients and fluxes
can be found in the NASA Technical Report [[18]. Based on the above observations, all further simulations presented in

this paper were made without the use of limited schemes.

IV. Results and Discussion

Static aerodynamic hysteresis on a rectangular wing with an aspect ratio of AR = 5 and TsAGI-9140 aerodynamic
airfoil was detected in the variable-density wind tunnel T-106 in TsAGI at relatively high Reynolds numbers Re =
4.85-5.65 x 10° [9]. The test section in this wind tunnel is bounded by a cylindrical perforated wall with a diameter
of D = 2.4m, while the span of the wing was b = 1.5m. It can be expected that the developed separation flow on the
wing was affected by the perforated wall of the test section and this interference should be taken into account when
comparing the calculated and experimental results. To avoid this complication, the computational analysis in this
paper was performed for a two-dimensional aerodynamic profile TSAGI-9140. To validate the selected OpenFOAM’s
numerical setup especially for stall prediction capability, the next sub-section examines a case study for two-dimensional
flow around NACA 0012 airfoil, taken from [19}20]]. The Reynolds number for this case is Re = 6 X 10°, which is close

to the testing conditions at TsAGI.

A. Validation of OpenFOAM for NACA 0012 airfoil at Re = 6 x 10°

The numerical setup presented in the previous section was validated against available experimental and computational
results for the lift coefficient and pressure distribution from [[19,120] when NACA 0012 airfoil was tested at Re = 6 X 109.
The major attention was given to OpenFOAM’s prediction capabilities in the stall region. In this validation study, the
SA turbulence model was considered along with the SST k-w turbulence model.

Fig. [6]shows the computational prediction of the lift coefficient by the OpenFOAM along with with the prediction of
the CFL3D code [[19]] and with the experimental results from [20]]. The OpenFOAM simulations were using the URANS
equations with the SA and SST k-w turbulence models at Re = 6 x 10% and M = 0.15. The second-order accurate Euler
backward scheme was used to compute derivative and advection terms. The first-order accurate Gauss scheme was used
for turbulent terms in the start and after about 100-time steps for the rest of the simulation changed to the second-order
accurate Gauss scheme to calculate the turbulence fields. The grid used has 80, 000 elements which fall in between
grid level 2 and 3 for NACA 0012 airfoil in [19]]. The experimental data, [19, 20], are given for test conditions with
sandpaper strips on the leading edge of the airfoil with grain numbers of 80, 120 and 180, which indicate the number of
grains per linear inch defining their size.

For angles of attack @ < 15° predictions of the lift coefficient made by the OpenFOAM show good agreement with

10
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Fig. 6 Validation of the OpenFOAM: the lift coefficient C; of NACA 0012 at Re = 6 x 10% and M = 0.15.

the NASA CFL3D code and experimental data [20]. At higher angles of attack @ > 15° the OpenFOAM results for both
SA and SST turbulence models go below the CFL3D data and follow more closely to the experimental data (see Fig. [6).
This may be explained by the more early flow separation which starts from the trailing edge, both in the experiment and
the OpenFOAM simulations when compared to the CFL3D simulation results. The OpenFOAM prediction for the
maximum lift coefficient Cr,, is slightly lower of the level both in the experiment and the CFL3D simulation but at
a = 18° and @ = 19° the OpenFOAM results reasonably well follow the drop in the lift coefficient C;, observed in the
experiment [[19} 20].

Computational predictions and experimentally measured values for pressure coefficient C;, on suction and pressure
sides of the airfoil are shown in Fig. for conditions with Re = 6 x 10® and & = 15°, which is approximately 2° below
the Cy,,,,. point. A comparison of the distributions of C,, shows that the OpenFOAM simulation dependencies are close
to the results of CFL3D [19], and also closely match the experimental data from [20, [21]].

For large Reynolds numbers, one can expect that the flow separation is more determined by the separation process,

progressing forward from the trailing edge. This assumption is partly confirmed by the coefficient of skin friction,

11
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Fig. 7 Experimental and computational results for pressure coefficient C,, on the NACA 0012 airfoil at Re =
6% 10° and o = 15°.

Cy, on the suction side of the aerodynamic profile NACA 0012, predicted by the CFL3D code [19] and also by the
OpenFOAM (see Fig[§). In a two-dimensional flow, separation from a smooth surface is characterized by a change
in the sign of the skin friction coefficient from positive to negative Cy < 0, since behind the separation point the
flow velocity in the immediate vicinity of the surface changes to the opposite. A comparison of OpenFOAM and
CFL3D predictions shows that the only separation point is very close to the trailing edge with a slight difference in
its location, for example, x0F, = 0.903¢ and x&513P = 0.913¢ (see Fig. . A small difference in the position of the
flow separation points at @ = 15° indicates that in the OpenFOAM simulation, the flow separates from the trailing
edge earlier and with the increase of angle of attack continues to stay ahead of the separation point predicted in the
CFL3D simulation. This assumption explains a significant difference in the lift coefficient, for example, at @ = 19° the
difference is CEFE3P — C9F = 0.45. 1t can also be stated that there are no signs of existence of a laminar separation
bubble on the suction side of the airfoil because there is no zone with the reverse flow defined by C < 0 at the given
angle of attack and Reynolds number.

Taking into account the above validation of the OpenFOAM computational setup, the same approach in the next

subsection is applied to the aerodynamic profile TSAGI-9140.
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Fig.8 Comparison of Cy distribution for NACA0012, Re = 6 X 106 at a = 15°

B. OpenFOAM simulation results for TSAGI-9140 airfoil

The computational structure described in section |[II} was used to simulate the phenomenon of static hysteresis in
the two-dimensional flow around the TsAGI-9140 aerodynamic profile. Before the final simulation, a preliminary

assessment of grid convergence and force coeflicients was carried out.

1. Grid Convergence Study

A grid convergence evaluation was performed to verify that the flow solutions are grid-independent. The number of
elements in each grid and the converged lift coefficient are given in Table[3] The data from the table are plotted in Fig.[9}
As can be seen, there is a very minor change in the lift coefficient (< 10 counts) between the medium and fine grids for

both @ = 10deg and @ = 13 deg. Therefore, to save computational resources, the medium grid with 45,000 elements

was used for the remaining simulations.

2. Time-Accurate Force Convergence Study

The medium grid with 45, 000 elements was used to verify the convergence process in URANS simulations for two

different angles of attack, namely, @ = 13 deg and 17 deg for the airfoil with 2% leading edge modification. Figure[I0|

13



shows the convergence process for the lift force coefficient. It is evident that at a physical time of 0.15s, the lift
coefficient has practically converged. Therefore, the above setup was used to initiate and carry out the remaining CFD
simulations.

Table 3 Lift coefficient grid convergence study

Number of elements 30,000 45,000 60,000
Cp at @ = 10deg 1.1028 1.1132 1.1090
Cr ata = 13deg 1.1921 1.2050 1.2028

1.22 T T T T
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Fig. 9 Grid convergence study for the lift coefficient Cy..

C. Computational Results for Static Hysteresis

Figure [TT]shows the computational prediction of the dependence of the lift coefficient on the angle of attack. The
Cr (@) dependence includes noticeable static hysteresis loops. These results correspond to the airfoil in its clean
configuration and also with 1.5% and 2% modifications of the leading edge. The clean airfoil has a maximum lift
coefficient Crmax = 1.2 and stalls at @ = 13.5deg. The sharp drop in the lift coefficient on the top branch from
Crmax = 1.2 to Cr, = 0.8669 on the bottom branch indicates the possible existence of a static hysteresis loop. When
tested with a reduction of angle of attack in steps of 1 deg, a 2-deg-wide hysteresis loop was identified. It should be
noted that for the clean airfoil, no static hysteresis loop was identified in the experiment (see Fig.[d). It is not clear that

the experimental study actually involved the reverse change of angle of attack for the clean airfoil, as the main objective
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was to modify the wing leading edge and increase the maximum lift coefficient.

The results for the modified airfoils demonstrate a significant increase in the maximum value of the lift coefficient
Crmax along with a delay in the angle of attack, corresponding to the maximum lift point a¢, ., similar to the wind
tunnel test results for the finite-aspect-ratio wing (AR = 5) shown in Fig. E[

For the 1.5% leading edge modification, the maximum lift coefficient is Cymax ~ 1.68, and flow stalls from the top
branch at @ = 22 deg. The 2% modification increases the maximum lift coefficient slightly to Cp,4x = 1.733, and
the delay in stall angle of attack is also increased slightly to ac, .. = 22.5deg. In comparison with the aerodynamic
performance of the clean airfoil , the 2% modification brings about a 9-deg delay in stall angle «;. For the 1.5% and 2%
leading edge modified airfoils, the very abrupt and sharp jump in the lift coefficient from Cpn.x = 1.7 to Cp = 0.9
indicates a high possibility of static hysteresis. On testing to capture static hysteresis, significant loops were obtained in
the computational data. The static hysteresis loops were approximately 5.5 deg wide, and the return to the top branch

occurred at @ =~ 17 deg.
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Fig. 11 Lift coefficient hysteresis dependences Cy (a) at Re ~ 5/5.65 x 10°.

1. Flowfield Visualization

Visualization of the flow field for the velocity distribution with superimposed streamlines on the top and bottom
branches of static stall hysteresis helps to understand the physical nature of this phenomenon. Figure[T2]shows the flow
field around the clean airfoil for three angles of attack @ = 8 deg, 12 deg, and 14 deg. At a = 8 deg, the flow is separated
in the middle of the upper surface. The development of such separated circulatory zone starts from the trailing edge. At
a = 14 deg, the flow is fully separated from the leading edge with periodically shedding downstream vortices inducing
buffet in the form of small-amplitude oscillations in the lift coefficient.

When a = 12 deg, there are two bistable flow structures (Figs. [I2b and [T2[d). The flow pattern on the top branch of
static hysteresis (Fig.[I2b) shows the buffet process with shedding downstream large-scale vortices generated on the
leading edge of the airfoil. Figure[T2b shows the flow pattern at the moment when the large vortex is passing just above
the airfoil surface and generating the maximum value of the lift coefficient Cy . This kind of flow is often observed for
thin airfoils under stall conditions [22-24]]. The flow pattern on the bottom branch of static hysteresis (Fig.[T2[d) shows
an open circulatory zone with a lower level of unsteadiness in the flow.

Figures [I3|and [T4] show the flow patterns for the 1.5% leading edge modification for the top and bottom branches of

the static hysteresis, respectively. The trailing edge separation starts at approximately @ = 8 deg, and the separation

16



c) o = 14 deg (bottom branch) d) o Z 12 deg (bottom branch)

[ "
0 20 40 60 80 100 120
U magnitude(m/s)

Fig. 12 Flow field patterns around the clean TsAGI-9140 airfoil configuration.
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Fig. 13 Flow field patterns for the 1.5% modification on the top branch of static hysteresis.
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Fig. 14 Flow field patterns for the 1.5% modification on the bottom branch of static hysteresis.

point gradually propagates toward the leading edge (Figs. [TT} [[3p, and[I3p). At a = 18 deg, the separation point is
located roughly in the middle of the upper surface, leaving behind a small steady circulatory zone. With increasing
angle of attack, when @ > 20 deg, the separated flow on the top branch of static hysteresis becomes highly agitated.
When the angle of attack exceeds a = 22 deg, the flow transits to a fully separated circulatory zone connected to the
leading and trailing edges (Fig.[I4). These flow conditions correspond to the bottom branch of the static hysteresis
shown in Fig. [T} The buffet intensity on the bottom branch has a much lower level. Figures[T4p-{T4}d show the gradual
transformation of the separated flow pattern as the angle of attack decreases from o = 24 deg to 17.5 deg.

Comparison of the velocity distributions on the upper and lower branches of the static hysteresis, shown in Fig. [I3]
and[T4] clearly demonstrates higher velocities above the suction side of the airfoil for regimes on the upper branch of the
static hysteresis (almost double the upward flow velocity). This leads to larger pressure differences across the airfoil for
flow structures on the upper branch of the static hysteresis and so indicates the origin of the static hysteresis loop.

Periodic variations of the lift coefficient on the top and bottom branches of the static hysteresis loop at @ = 22 deg are
shown in Fig.[I3] The black curve represents high-amplitude buffet with average value Cray ~ 1.65 (see the left-hand
axis), and the red line represents small-amplitude buffet on the bottom branch of the static hysteresis with average value
Crav =~ 0.88 (see the right-hand axis). Note that the aerodynamic buffet has a higher frequency and a lower amplitude

on the bottom branch of static hysteresis. The presented flow patterns of the vorticity distribution highlight how the flow
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Fig. 15 Vorticity distributions and variations of the lift coefficient Cy (¢) for the top and bottom branches of
static hysteresis at @ = 22 deg.

pattern changes at different phases of the oscillatory buffet.

V. Conclusions

Computational simulations of stall aerodynamics for the thin asymmetric TsAGI-9140 airfoil and its modifications
that increase the curvature of the leading edge have been performed for relatively high Reynolds number Re ~ 6 x 10°
using the OpenFOAM. The results of these simulations show a considerable increase in the maximum lift coefficient,
C'Lmax, roughly on 40% with the increase of the leading edge curvature. This increase is accompanied by enlargement of
the static aerodynamic hysteresis loops. The two-dimensional simulation results are found in good qualitative agreement
with the TsAGI wind tunnel test data for a finite-aspect-ratio wing with AR = 5 in terms of the lift coefficient dependence
on the angle of attack. The obtained simulation results and flow field visualizations help to better understand the source

mechanisms of the static aerodynamic hysteresis phenomenon.
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