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Abstract: An electrically controlled rotor (ECR), also known as a swashplateless rotor, eliminates the
swashplate system to implement the primary control via the trailing-edge flaps (TEFs), which can
result in enhancements in rotor performance, as well as substantial reductions in weight, drag, and
cost. In this paper, the unsteady aerodynamic characteristics of the airfoil with TEF of a sample ECR
under unsteady freestream condition are investigated. The CFD results are obtained with sliding and
overset grid techniques that simulate the airfoil pitching and flap deflection. Comparative analysis
of the aerodynamic characteristics under steady and unsteady freestream conditions at different
advance ratios is conducted. At various advance ratios, the lift and drag coefficients are higher at
a small angle of attack under unsteady freestream condition; however, it is the opposite at a large
angle of attack. The peak values of the lift and drag coefficients show an increased trend with the
increase in the advance ratio. On the contrary, the pitch moment and flap hinge moment coefficients
demonstrate minor variation under unsteady freestream condition. Furthermore, the aerodynamic
characteristics of airfoils become more unsteady with variation in the freestream. Therefore, the lift
lC‘fIlJedC:tfgsr and drag coefficients of the ECR airfoil with TEF show significant differences between steady and
unsteady freestream conditions; however, the pitch moment and the flap hinge moment coefficients
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show little difference.
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An electrically controlled rotor (ECR), also known as a swashplateless rotor, imple-
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It is necessary to mention that TEF technology has been around for a long time
and has been widely employed in helicopter rotors. As early as 1922, the Pescara

helicopter employed embedded TEF for blade pitch control, while servo flaps, introduced
around 1930, were employed by Kaman and finally implemented for the first time in
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distributed under the terms and  and experimental studies [4,5] on the multi-cyclic twist control rotor were conducted
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40/). consumption, and high efficiency [6-8]. ACF technology developed rapidly with many
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experimental studies. Hassan et al. [9] conducted wind tunnel tests on two airfoils with
TEF, HH-06 and HH-10, to investigate the effects of flap offset dimensions. In 2000,
a team from Boeing, NASA, and the U.S. Army conducted wind tunnel tests on the
smart material actuated rotor technology (SMART) rotor, which verified the ability of the
ACF to simultaneously implement vibration reduction, noise alleviation, and achieve
aerodynamic performance improvement. In 2005, Eurocopter achieved the first test
flight of a smart rotor helicopter with TEF, which marked a new degree of research in
TEF rotor technology [10,11]. And from 2009 to 2011, they also conducted a new round
of flight tests of the Blue Pulse smart rotor with TEF [12].

As mentioned above, it can be easily seen that TEF works in a high-dynamic-
pressure region. Whereas the helicopter rotor normally operates in an unsteady en-
vironment due to the blade pitch motion, the deflection of TEF leads to an extremely
complex flow field. In addition, when a helicopter is in forward flight, the non-uniform
distributions of the freestream velocity cause an adverse effect on the aerodynamic char-
acteristics of the airfoil with TEF, which makes it difficult to analyze the aerodynamic
characteristics of the airfoil with TEF [13,14], whether they are employed for primary
control or vibration and noise reduction. Therefore, extensive investigations on the
unsteady aerodynamic characteristics of the airfoil with TEF are very necessary.

Over the past two decades, researchers have extensively conducted experimental
studies of the aerodynamic characteristics of airfoils with TEF under steady freestream
velocity. Krzysiak and Narkiewicz [15] conducted wind tunnel experiments to investi-
gate the unsteady aerodynamic loads of the NACAO0012 airfoil with TEF under different
frequencies and phases; Lee and Su [16] examined the effects of flap deflection on the
aerodynamic loads of the NACAO015 airfoil with TEF under different start times and
amplitudes through wind tunnel experiments; He and Deparday [17] investigated the
flow phenomena over the NACAQ015 airfoil with TEF in static or moving conditions
during pitching motion using wind tunnel experiments. Pohl et al. [18] conducted wind
tunnel tests on a DLR-F15 airfoil with flaps, where the airfoil was fixed at 0 or 12 deg.
The tests measured the variations in airfoil dynamic lift response in various scenarios by
varying flap motion profiles.

In recent years, CFD methods have been gradually used in the research of airfoils
with TEF with the improvement of simulation methods and the increase in computational
speed. Shen [19], Straub [20], and Mishra [21] investigated the effects of TEF on the rotor
vibration and aerodynamic characteristics through numerical simulation, and found that
TEF can reduce the vibration and improve the aerodynamic performance under the input
of high-order signals. Gerontakos and Lee [22] investigated the effects of different flap
actuation start times, durations, and amplitudes of TEF on the dynamic stall lift and pitching
moment, as well as the wake flow structures in an oscillating NACA 0015 airfoil. Gharali
and Johnson [23] studied the aerodynamic characteristics of the NACAQ012 airfoil at low
Reynolds numbers during pitching motions under different freestream conditions and
phases. The results indicated that the lift coefficient increased within the phase difference
range of 0 to 1/27; Xing, Xu et al. [24] investigated the effects of upward deflection of the
TEF on unsteady aerodynamic forces. The results indicated that upward deflection of the
TEF could reduce the peak values of drag coefficient and pitch moment coefficient; Su [25]
combined CFD results with fuzzy logic to create a rapid calculation model for unsteady
aerodynamics of airfoils with TEE. The SA349 rotor airfoil with added flaps was employed
to establish the model and validate its feasibility.

Previous experimental and numerical research has demonstrated the potential of
TEF for improving the aerodynamic performance of rotor blades and vibration and
dynamic stall control, while the investigations have been mainly focused on the parame-
ters and deflection laws of the flap. However, the unsteady freestream velocity has a
significant effect on the aerodynamic characteristics of the airfoils [26]. Therefore, this
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paper aims to investigate the unsteady aerodynamic characteristics of the airfoils with
TEF under unsteady freestream conditions. The widely used methods for investigat-
ing the unsteady aerodynamic characteristics of airfoils mainly include wind tunnel
experiments [27], semi-empirical models, and computational fluid dynamics (CFD) meth-
ods [28]. Amongst the above, the process of wind tunnel experiments is complicated,
costly, and time-consuming, and the results are susceptible to interference from equip-
ment and the environment. Semi-empirical models, such as the Leishman-Beddoes (L-B)
model [29], are confined to particular airfoils, which are unable to characterize the distri-
bution and change process of the flow field. Moreover, the calculation of aerodynamic
forces is not accurate enough. The CFD methods can effectively simulate the distribution
and change process of the flow field and accurately calculate aerodynamic forces. On this
basis, the unsteady aerodynamic characteristics of the airfoil can be precisely analyzed.
Therefore, the study in this paper employs the CFD method to simulate the unsteady
aerodynamic characteristics of the airfoil.

This paper employs sliding and overset grid techniques with unsteady Reynolds-
averaged Navier-Stokes (URANS) equations to numerically simulate the pitching motion
of ECR airfoils with TEF during forward flight conditions by the pitching motion used
in reference [30]. This study will simulate the aerodynamic forces under both steady
and unsteady freestream conditions at various advance ratios and will also involve a
comparative analysis of them to investigate the effects of unsteady freestream velocity in
aerodynamic characteristics.

2. ECR with TEF
2.1. Airfoil Geometry

This paper presents a study on the airfoil with TEF of a sample ECR. Previous stud-
ies [31] have investigated the determination of parameters such as the dimensions and
positions of the flap. Assuming the airfoil chord is C, the flap chord is C, and the nose
overhang is Cp, the flap chord ratio Rf is defined as Rf = Cf/ C, and the nose overhang ratio
Ry is defined as R, = Cp,/Cy. According to [31], Cr should fall within the range of 0.2 to 0.3,
which allows for a larger pitching moment while reducing the hinge moment of the flap,
and Rj should be around 0.25. This value helps to reduce the flap hinge moment while
avoiding significant lift loss. Based on the comprehensive study of these parameters for the
ECR, the airfoil studied in this paper has a chord length of 0.35 m, a flap chordwise size of
25%, and a flap hinge overhang ratio of 0.25. The detailed dimensions of the geometry are
shown in Figure 1 and are given in Table 1.

Table 1. Geometry dimensions.

Properties Design Value
Airfoil OA 212
Rotor radius 5.345m
Rotor speed 40.42 rad/s
Flap midspan location 0.7R
Flap spanwise length 1.069 m (0.2 R)
Airfoil chord (with flap), C 0.35m
Flap chord ratio, Ry 0.25
Nose overhang, Cp, 0.0625 C

Distance of airfoil axis of rotation from airfoil leading edge 025C
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Axis of the
airfoil rotation

Axis of the
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Figure 1. Main dimensions of the airfoil model with TEF.

2.2. Control Laws for ECR

Unlike the mode of conventional rotors directly changing the blade pitch through
the swashplate, the ECR achieves blade pitch control by generating pitching moment
through the flap deflection. This is attained by the control of the flap collective pitch 4y,
the flap longitudinal cyclic pitch Jys, the flap lateral cyclic pitch 1., and the flap deflection
5. However, to provide sufficient pitching moment solely through the flap deflection,
significant flap deflection is required. Thus, the blade pre-index angle is crucial for pitching
control in ECR. According to [30], different blade pre-index angles result in a large difference
in flap trim during forward flight. In this study, the blade pre-index angle is 6°, and the
motion characteristics of the main part and flap at various advance ratios are considered
only for the 1 () harmonic component, as described by the following formula:

a = ag+ Aasin(wt + ¢q) (1)

where a is the main part’s average angle of attack (AoA), A is the main part’s deflection
amplitude, and w and ¢, are the main part’s deflection speed and initial phase, respectively.

5 = 8+ Adsin(wt + ;) )

where J is the flap’s average deflection angle, AJ is the flap’s deflection amplitude, and ¢
is the phase difference between the flap and the main part’s deflection.

According to [30], the pitching motion of the main part and the deflection of the
flap were applied in this study. The variations in blade pitch and flap deflection versus
azimuth angles for advance ratios y of 0.1, 0.2, and 0.3 are shown in Figure 2. Since the
blade pre-index angle is smaller than the trim requirements for each advance ratio, the flap
deflects upwards significantly to generate a nose up moment, increasing the blade pitch. As
shown in Figure 2, the blade pitch on the advancing side is smaller than on the retreating
side, and the difference between the advancing side and retreating side increases with
higher advance ratios. The flap deflection in Figure 2 corresponds to the changes in the
main part’s pitching motion. From 0° to 120° azimuth angles, the flap downward deflection
generates a nose down moment, decreasing the blade pitch. From 120° to 300° azimuth
angles, flap upward deflection generates a nose up moment, increasing the blade pitch.
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Figure 2. Motion laws of the main part and flap.

3. The CFD Solver and Grid Geometries

The ECR airfoil with TEF consists of a main part and a flap. To accurately simulate the
complex behavior of the flap moving independently while the airfoil is pitching, a sliding
grid method, which is advantageous for solving rotating zone problems, is employed to
pitch the airfoil at the 1/4 chord length from the airfoil leading edge. This motion is coupled
with the motion of the flap by utilizing an overset grid, where interpolation is performed at
the airfoil’s trailing edge within the sliding grid’s rotating zone. The coupled flap overset
grid pitch around the 1/4 chord length from airfoil leading edge in the rotating zone and
simultaneously undergoes independent pitching motion around the axis of rotation of the
flap. In terms of the grid, the O-grid technique is applied to the far field, rotating zone, and
flap overset grid. The rotating zone extends to 10 chord lengths in all directions, which
serves as the background grid for the overset grid. The overset grid extends to four chord
lengths in all directions, and the far field boundary extends to forty chord lengths in all
directions in order to minimize the effects of numerical reflection. The location of the first
row of cells in all grids kept Y* less than one. Details of medium-resolution grids in three
planes are shown in Figure 3.

The CFD results are obtained using the CFD flow simulation software ANSYS Fluent
22R1. Since the flow is compressible, a two-dimensional density-based solver was employed
in the simulations. The two-equation sst-kw turbulence model, known for its capability
to accurately capture near-wall flow separation, is applied for the closure problem. The
spatial discretization is achieved by the second-order upwind Flux Difference Splitting
(FDS) interpolation within the Roe scheme, and the temporal discretization employs a
first-order implicit method. In this study, the time step, dt, is formulated based on the
characteristic time of the airfoil, expressed as dt = T(C/Ux), and it equals 2 x 107* s.
The stable calculation results are obtained after five cycles, as verified by requiring that
the mean, maximum, and minimum loads changed less than 1% over the ultimate and
penultimate cycles. Figure 4 presents the lift coefficient and pitch moment coefficient for
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the NACAOQO012 airfoil with a simplified TEF, with the experimental data [15] and CFD
computational results [32] for comparison. The airfoil/flap configuration in this study is
generated by airfoil data software Profili 2.21. The experimental inflow conditions include
a Mach number of 0.4 and a Reynolds number of 1.63 x 10°. The rotation axis of the airfoil
is located at 35% of the chord length from the airfoil leading edge, while the flap hinge is
located at 80%. The pitching motions are as follows:

a« = 4.5°+5.75° x sin(27w x 5Hz X t) 3)
§ = 0°45° x sin(27 x 10Hz x t — 196°)

Grid around

Grid around

airfoil flap
: Press far-field
boundary
on.
rotatill

g
% ‘Overset boundary‘

Figure 3. Grid generation and boundary conditions.

A comparison of the simulated and experimental motions of the airfoil and flap is
shown in Figure 4a. The lift and moment coefficients generated by the combined airfoil
and flap motion are shown in Figure 4b,c, where the calculation results in this paper are
compared with the experimental data and calculations in [32]. The results of the calculations
in this paper are nearly the same as those in [32], and both show reasonable agreement
in unsteady load predictions with the experimental data, and the trends in the lift and
moment responses due to unsteady motions of the airfoil and flap are well-captured. The
errors in maximum lift and moment coefficients are near 9% and 28%, which might be
related to the differences in the airfoil and flap motions between simulation and experiment,
as well as the disregard for the three-dimensional effect in the simulation.
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Figure 4. Comparison of CFD values against experimental value for unsteady aerodynamic force.

(a) Airfoil and flap motion in simulation and experiment [32]; (b) lift coefficient [32]; (c) pitch moment
coefficient.

4. Analysis of the Aerodynamic Environment of a Helicopter Rotor

The Mach number distribution on the rotor disc plane is shown in Figure 5. The region
from the radial section at 0.6 R to 0.8 R is the section with TEF in ECR, where the blade
tip Mach number is 0.635, and the advance ratio is 0.3. Figure 5 illustrates that the inflow

velocity at the same radial section varies continuously with azimuth angles. The inflow
velocity can be described as follows:

Ma = Mag+ Maysin6 (4)

where May is the rotation speed at different sections during blade rotation, Ma, is the inflow
velocity of the helicopter during forward flight, and 0 is the blade’s azimuth angle.
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Figure 5. Mach number distribution on the rotor disc plane.

5. Simulation Result and Analysis

To accurately simulate the aerodynamic characteristics of the ECR airfoil with TEF in
forward flight conditions, this paper focuses on the airfoil at the center (0.7 R) of the ECR
blades with TEF. This study analyzes the pitching motion of the airfoil under steady and
unsteady freestream velocities with an average Mach number of 0.444 at various advance
ratios. Both conditions a perform pure pitching motion and the unsteady freestream
velocity varies with time. In this section, airfoil and flap motions are based on the sample
ECR trim calculation in [30], and only 1 () harmonic component is considered in this study.
The results presented are organized as follows. First, a grid sensitivity study is conducted
on three different grid resolutions. Subsequently, a comparative analysis of the unsteady
aerodynamic forces between steady and unsteady freestream velocities at advance ratios of
0.1, 0.2, and 0.3 is conducted.

5.1. Effect of Grid Resolution

To assess the effects of grid resolution, three grids representing level 1 to level 3 of
grid resolutions, coarse, medium, and fine, are generated for grid convergence studies. The
details of the rotating zone (chordwise direction X normal direction) grids and overset
grids (chordwise direction X normal direction) of these grids are summarized in Table 2. A
coarse-resolution grid contains 32,000 cells, while the medium grid, obtained by [33], has
68,950 cells, and the fine grid includes 117,200 cells. The sensitivity of CFD simulations
to grid resolution is shown in Figure 6. In this figure, the lift, drag, and pitch moment
coefficients versus pitching motion are shown for the ECR airfoil pitching motion, where
the advance ratio is 0.1 and the Mach number is 0.444, for coarse, medium, and fine grids.
The simulations of the unsteady force coefficients for medium and fine grids show great
agreement that the mean relative error between the two on a fine grid basis is less than
0.43%, as shown in Figure 6d, which implies low sensitivity to grid resolution for the
particular case considered. On the contrary, the mean relative error of the lift coefficient
between the coarse and fine grid exceeds 1.2% and the drag coefficient shows significant
deviations. Based on this comparison, the medium grids are deemed to be adequate for
resolving the flow features and will be used for the results presented in this section.
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Table 2. Computational mesh parameters.

Grid Dimensions Total Cells (Three Planes)
Coarse 200 x 80; 200 x 60 32,000
Medium 310 x 120; 300 x 80 68,950
Fine 400 x 140; 400 x 100 117,200
1.0 0.025
------- Coarse grid - Coarse grid
09f —— Medium grid —— Medium grid e
- - - Fine grid £ 0.0201 - - - Fine grid e
0.8+
@) S 0.015¢
0.7}
(e 0.010} i
0.6 =T
i L L : 0.005 ;
0 52 4 6 8 10 2 4 6 8 10
A0A(°) A0A(°)
(a) (b)
0.08 2.0
006 Coarse grid —e—Cl
: : S 16} -» Cd
—— Medium grid =~
0.04 - - - Fine eri k1 -e-Cm
Fine grid S 1a2b
o
0.02} =
S Z 0.8}
0.00} =
%]
&~
-0.02 g
P [*]
—-0.04} B =
—-0.06 ; p e -0.
2 4 6 8 10 04 2 3
AoA(°) Grid resoluion level
(c) (d)

Figure 6. Comparison of force coefficients with coarse, medium, and fine grids; y = 0.1, Ma = 0.444.
(a) Lift coefficient; (b) drag coefficient; (c) pitch moment coefficient; (d) mean relative error.

5.2. Aerodynamic Characteristics at y of 0.1

The variations in aerodynamic characteristics of the airfoil with a TEE, with respect to
the angle of attack of the main part (at an advance ratio of 0.1), are illustrated in Figure 7.
The pitching motion of the main part, the deflection of the flap, and the variation in the
freestream velocities are as follows:

& = 6.125° — 3.137° x sin(40.42t — 49.72°)
§ = —2.39° +5.933° x sin(40.42t — 45.34°) (5)
Ma = 0.444 + 0.0444 x sin(40.42t)
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Figure 7. Aerodynamic characteristics of the airfoil with TEF at y of 0.1. (a) Lift coefficients of the
overall airfoil and the main part; (b) lift coefficient of the flap; (c) drag coefficient of the overall
airfoil and the main part; (d) drag coefficient of the flap; (e) pitch moment coefficient; (f) flap hinge
moment coefficient.
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Figure 7a,b show the lift coefficients of the airfoil, main part, and flap under steady
and unsteady freestream velocities, whereas the variations in the steady and unsteady
freestream velocities with angles of attack are shown in the inset. In Figure 7a, the main part
contributes significantly to the overall lift, and the lift coefficient at unsteady freestream
velocity is larger at a small angle of attack due to the larger velocities, while the opposite is
observed at a large angle of attack due to the smaller velocities. The decrease in the leading-
edge suction pressure coefficient caused by decreased Mach number and the increase in
the leading-edge suction pressure coefficient caused by increased Mach number are shown
in Figure 8. The effect of compressibility significantly matches the variations in the lift
coefficient of the airfoil. With the smooth streamlines and no boundary layer separation
and leading-edge vortex shown in Figure 9, the variations in the lift coefficients between
both steady and unsteady conditions can be determined to be due to the effects of various
velocities and compressibility. With a nearly identical decrease in the lift by the flap, caused
by opposing motions between airfoil and flap, a significantly smaller hysteresis loop and
stable variation can be observed. A smaller hysteresis loop and stabilizing variations can
be observed under unsteady conditions, as the reverse motion results in an almost identical
decrease of lift from the flap, which shows little unsteady aerodynamic characteristics.

L
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e
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Figure 8. Pressure coefficient distribution at # of 0.1. (a) @ = 9.26°, § = —8.31° (pitch down) for
Ma = 0.444 (steady) and Ma = 0.415 (unsteady); (b) « =2.99°, § = 3.53° (pitch down) for Ma = 0.444
(steady) and Ma = 0.473 (unsteady).

Figure 7c,d show the drag coefficients of the airfoil, main part, and flap under steady
and unsteady freestream velocities, whereas the variations in the steady and unsteady
freestream velocities with angles of attack are shown in the inset. The variation in the drag
coefficient of the airfoil under unsteady conditions is similar to the lift coefficient, with a
slight and stable variation and a small hysteresis loop. As the angle of attack increases, the
flap drag coefficient initially decreases and then increases, while the increase is notably
slower than the change in velocity, which indicates a significant hysteresis effect on the
flap drag coefficient. Due to the influence of the unsteady freestream, the variation of the
flap drag coefficient is affected by the hysteresis phenomenon, which provides a larger flap
hysteresis loop and shows significant unsteady characteristics.

Figure 7e shows the pitch moment coefficients of the airfoil and main part under
steady and unsteady freestream velocities, whereas the flap pitch moment coefficient is
shown in the inset. Figure 7 shows the flap hinge moment under steady and unsteady
freestream velocities. In these two figures, both the pitch moment and the flap hinge mo-
ment coefficients are nearly unaffected by variations in the velocities, exhibiting relatively
similar characteristics in both steady and unsteady conditions.



Aerospace 2024, 11,18

12 of 20

T T . \ |

Vorticity Magnitude 0 5,000 10,000 15,000 20,000 25,000 30,000 35,000 Vorticity Magnitude 0 5000 10,000 15,000 20.000 25,000 30.000 35,000

(@) (b)

//”’—\v\\\
N
7

—
_— .

- .

[ e | . [T [ .

Vorticity Magnitude 0 5,000 10,000 15,000 20,000 25,000 30,000 35,000 40,000

Vorticity Magnitude 0 5000 10,000 15000 20,000 25,000 30,000 35,000 40,000

(c) (d)

Figure 9. Vorticity magnitude contour diagrams with instantaneous streamlines at y of 0.1.
(a) x =9.26°, 6 = —8.31° (pitch down) for Ma = 0.444 (steady); (b) & = 9.26°, 6 = —8.31° (pitch down)
for Ma = 0.415 (unsteady); (c) & = 2.99°, § = 3.53° (pitch down) for Ma = 0.444 (steady); (d) « = 2.99°,
6 =3.53° (pitch down) for Ma = 0.473 (unsteady).

These variations in aerodynamic forces fit well with the changes in characteristics
caused by the effect of the compressibility. Therefore, the effect of compressibility needs to
be considered under unsteady conditions.

5.3. Aerodynamic Characteristics at y of 0.2

The variations in aerodynamic characteristics of the airfoil with a TEF, with respect
to the angle of attack of the main part (at an advance ratio of 0.2), are shown in Figure 10.
The pitching motion of the main part, the deflection of the flap, and the variation in the
freestream velocities are as follows:

& = 5.407° — 3.243° x sin(40.42t — 24°)
§ = —2.43° +6.538° x sin(40.42t — 19.57°) (6)
Ma = 0.444 + 0.0888 x sin(40.42t)

Figure 11 shows the pressure coefficient distribution on the airfoil for two different
Mach numbers. In this figure, the decrease and increase in leading-edge suction pressure
coefficient are larger due to the larger variation in unsteady freestream velocities compared
to the advance ratio of 0.1. In Figure 11a, a reduced pressure coefficient peak can also
be obtained at the lower surface caused by the smaller incoming flow velocity at a large
angle of attack, and the reverse can be seen in Figure 11b at a small angle of attack, which
suggests that larger velocity variations make the effect of compressibility more pronounced.
Figure 12 shows the vorticity magnitude distribution and instantaneous streamlines on the
airfoil under steady and unsteady freestream velocities, with no boundary layer separation
and leading-edge vortex appearing for little increase in the angle of attack.
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Figure 10. Aerodynamic characteristics of the airfoil with TEF at u of 0.2. (a) Lift coefficients of
the overall airfoil and the main part; (b) lift coefficient of the flap; (c) drag coefficient of the overall
airfoil and the main part; (d) drag coefficient of the flap; (e) pitch moment coefficient; (f) flap hinge
moment coefficient.
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Ma = 0.444 (steady) and Ma = 0.364 (unsteady); (b) « =2.16°, 6 = 4.09° (pitch down) for Ma = 0.444
(steady) and Ma = 0.526 (unsteady).
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Figure 12. Vorticity magnitude contour diagrams with instantaneous streamlines at p of 0.2.
(a) @ = 8.65°, § = —8.96° (pitch down) for Ma = 0.444 (steady); (b) a = 8.65°, § = —8.96° (pitch
down) for Ma = 0.364 (unsteady); (c) & = 2.16°, § = 4.09° (pitch down) for Ma = 0.444 (steady);
(d) & =2.16°, 6 = 4.09° (pitch down) for Ma = 0.526 (unsteady).




Aerospace 2024, 11,18

15 of 20

Figure 10 shows the lift, drag, pitch moment, and flap hinge moment coefficients
of the airfoil, main part, and flap, whereas the variations in the steady and unsteady
freestream velocities with angles of attack are shown in the inset. In this figure, the lift
coefficients appear to be approximately identical to the lift coefficients of the advance
ratio of 0.1, while they initially decrease and then increase with the angle of attack at
unsteady freestream velocity, caused by more significant effects of the compressibility and
hysteresis phenomenon as the variation in the unsteady freestream velocity increases. The
lift coefficient hysteresis loop is larger under unsteady conditions, which shows fairly
unsteady aerodynamic characteristics. Larger velocity variations lead to a larger hysteresis
loop and more variable drag coefficient in the airfoil and flap, which show more unsteady
characteristics. The pitch and flap hinge moment coefficients remain in great agreement
between steady and unsteady conditions, while a slight increase in hysteresis loop can be
observed.

5.4. Aerodynamic Characteristics at y of 0.3

The variations in aerodynamic characteristics of the airfoil with a TEF, with respect to
the angle of attack of the main part (at an advance ratio of 0.3), are shown in Figure 13. The
pitching motion of the main part and the deflection of the flap are as follows:

x = 5.782° — 4.0931° x sin(40.42t — 10.47°)
5 = —5.393° +10.13° x sin(40.42t — 8.21°) @)
Ma = 0.444 + 0.1332 x sin(40.42t)

Figure 14 shows the pressure coefficient distribution on the airfoil for two different
Mach numbers. In Figure 14a, the decrease in the leading-edge suction pressure coefficient
is very obvious due to the fairly large decrease in velocity at an angle of attack of 9.88° under
unsteady conditions, which indicates that the effect of the compressibility is weaker under
low-velocity conditions. In Figure 14b, under the increased leading-edge suction pressure
coefficient, a significant increased peak and larger lower surface pressure coefficient can
be observed at an angle of attack of 1.69° due to the larger velocity and increased effect of
compressibility. The velocity distribution at an angle of attack of 1.69° is shown in Figure 15.
Figure 16 shows the vorticity magnitude distribution and instantaneous streamlines on
the airfoil under steady and unsteady freestream velocities, with some separation of the
boundary layer and leading-edge and trailing-edge vortices observed on the flap. In this
figure, the flap leading-edge and trailing-edge vortex separation is shown in Figure 16a,c,
with a primary recirculating region appearing at an angle of attack of 9.88°. As the velocity
is larger, a second recirculating region appears under steady conditions. In Figure 16g,
some reversed flow was found at the trailing edge of the flap under unsteady conditions at
an angle of attack of 1.69°.

Figure 13 shows the lift, drag, pitch moment, and flap hinge moment coefficients of the
airfoil, main part, and flap, whereas the variations in the steady and unsteady freestream
velocities with angles of attack are shown in the inset. In this figure, all of the aerodynamic
characteristics show more significant unsteady characteristics due to the larger variations
in the freestream velocities, while the pitch moment and flap hinge moment coefficient
remain in pretty good agreement under both steady and unsteady conditions. The flap
hinge moment coefficient exhibits little fluctuation due to the vortex separation.
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Figure 13. Aerodynamic characteristics of the airfoil with TEF at u of 0.3. (a) Lift coefficients of
the overall airfoil and the main part; (b) lift coefficient of the flap; (c) drag coefficient of the overall
airfoil and the main part; (d) drag coefficient of the flap; (e) pitch moment coefficient; (f) flap hinge
moment coefficient.
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(steady) and Ma = 0.575 (unsteady).
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Figure 15. Velocity magnitude contour diagrams at & = 1.69°, 6 = 4.72° for two Mach numbers (pitch
down). (a) Ma = 0.444 (steady); (b) Ma = 0.575 (unsteady).
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Figure 16. Vorticity magnitude contour diagrams with instantaneous streamlines at y of 0.3.
(a) x =9.88°, 6 = —15.52° (pitch down) for Ma = 0.444 (steady); (b) detail of flap in (a); (c) « = 9.88°,
6 = —15.52° (pitch down) for Ma = 0.313 (unsteady); (d) detail of flap in (c); (e) & = 1.69°, 6 = 4.72°
(pitch down) for Ma = 0.444 (steady); (f) detail of flap in (e); (g) a = 1.69°, § = 4.72° (pitch down) for
Ma = 0.575 (unsteady); (h) detail of flap in (g).

6. Conclusions

In this paper, the unsteady aerodynamic characteristics of the airfoil with TEF of a
sample ECR are studied using grid, overset grid, and CFD methods. Some meaningful
conclusions obtained by comparing the aerodynamic characteristics of the ECR airfoils with
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TEF under different advance ratios between steady and unsteady freestream conditions are
summarized below:

(1) The lift and drag coefficients of the ECR airfoil with flap are significantly affected
by unsteady freestream. The lift and drag coefficients are larger at small angles of attack
under unsteady freestream conditions due to the variation in the velocity and the effect of
the compressibility, while the reverse can be observed at large angles of attack. The effect
increases with increasing advance ratios. Both show stable variations and slight unsteady
characteristics. As the advance ratios increase, the lift coefficient initially increases and
then decreases rapidly with the angle of attack, showing significant hysteresis effects and
significant unsteady characteristics caused by unsteady freestream.

(2) The pitch moment and flap hinge moment coefficients of the ECR airfoil with TEF
are minimally affected by unsteady freestream. At relatively low advance ratios, they
remain almost consistent. As the advance ratios increase, the hysteresis loops of both
increase, which shows slight unsteady characteristics. The flap hinge moment coefficient
exhibits little fluctuation at large angles of attack due to the vortex separation.

In summary, the lift and drag coefficients of the ECR airfoil with TEF show significant
differences between steady and unsteady freestream conditions. The effect of the compress-
ibility increases with increasing advance ratios. The pitch moment and flap hinge moment
coefficients are slightly affected by unsteady freestream, which can be approximated using
steady freestream in numerical simulations.
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