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Abstract: The paper examines the dynamic stall characteristics of a finite wing with an aspect ratio of eight in order to
explore the 3D effects on flow topology, aerodynamic characteristics, and pitching damping. Firstly, CFD methods
are developed to calculate the aerodynamic characteristics of wings. The URANS equations are solved using a finite
volume method, and the two-equation £ w shear stress transport (SST) turbulence model is employed to account for
viscosity effects. Secondly, the CFD methods are used to simulate the aerodynamic characteristics of both a static,
rectangular wing and a pitching, tapered wing to verify their effectiveness and accuracy. The numerical results show
good agreement with experimental data. Subsequently, the static and dynamic characteristics of the finite wing are
computed and discussed. The results reveal significant 3D flow structures during both static and dynamic stalls,
including wing tip vortices, arch vortices, (-type vortices, and ring vortices. These phenomena lead to differences in
the aerodynamic characteristics of the finite wing compared with a 2D airfoil. Specifically, the finite wing has a smaller
lift slope during attached-flow stages, higher stall angles, and more gradual stall behavior. Flow separation initially
occurs in the middle spanwise section and gradually spreads to both ends. Regarding aerodynamic damping, the

inboard sections mainly generate unstable loading. Furthermore, sections experiencing light stall have a higher
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tendency to produce negative damping compared with sections experiencing deep dynamic stall.
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0 Introduction

In the field of helicopter rotor aerodynamics,
dynamic stall has achieved extensive attention due
to its detrimental impacts. This phenomenon occurs
when the helicopter experiences high-speed forward
flight or high-load maneuvers'’’. Dynamic stall re-
sults in a rapid increase in torque and vibration,
leading to a loss of thrust and posing a threat to the
overall safety of the helicopter. Consequently, dy-
namic stall imposes limitations on the maximum
flight speed that a helicopter can attain.

Up to now, the majority of investigations on
dynamic stall have been conducted on 2D airfoils. In

the deep dynamic stall regime, the dynamic stall
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vortex (DSV) plays a significant role over a wide
range of Reynolds numbers (10" <X Re << 10°) ',

Dynamic stall is influenced by various factors, in-

[3-9] [6,10-12]

cluding compressibility **', Reynolds number ,

reduced frequencym,l:n

, the maximum angle of at-
tack (AoA), and airfoil geometry''®. While there
has been notable progress in understanding the se-
quence of events and mechanism of dynamic stall on
2D airfoils, it is important to recognize that dynamic
stall is actually a 3D flow phenomenon. Studying
the dynamic stall characteristics of finite wings can
enhance the understanding of the 3D dynamic stall
and aid in the design of aircraft wings and rotorcraft

blades. Hence, several research has been conducted

on the dynamic stall of finite wings.
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A series of experimental measurements have
been conducted on finite wings. Ref.[17] measured
the pressure distribution over a NACA 0015 wing at
different reduced frequencies and pitching angles.
The experiments provided valuable data on the un-
steady aerodynamic loads. Ref.[18] conducted ex-
periments on a NACA 0015 wing using dye flow vi-
sualization and surface pressure measurements.
They found that the initially 2D DSV experienced
3D deformation and transformed into an arch-type
vortex during the ramping motion. Ref.[19] con-
ducted pressure measurements on a pitching NACA
0012 wing. The experimental data were utilized to
detect the onset and evolution of DSV and to extend
the ONERA semiempirical theoretical model to 3D
flow. Ref.[ 20] examined the dynamic stall of a NA-
CA 0015 wing by utilizing surface pressure measure-
ments. It was found that the DSV initially formed
near the midspan and its convection characterized
highly 3D features with the pressure response indica-
tive of the signature of an (Q-type vortex.
Refs.[21-22] measured the boundary layer velocity
profiles of a pitching tapered wing by employing an
embedded laser Doppler velocimetry (LDV) tech-
nique. Ref.[23] conducted tests on the dynamic
stall characteristics of an OA209 wing by employing
pressure transducers, LDV, and particle image ve-
locimetry (PIV) techniques. Various factors, in-
cluding Reynolds effects, swept effects, dynamic
stall onset, and 3D effects, were analyzed. The
findings revealed that the flow separation, which
originated from the inner part of the wing and ex-
tended towards the wing tip, was impeded by the
presence of wing tip vortex (TV). Ref.[24] con-
ducted experiments on a pitching parabolic-tip wing.
The analysis of surface pressure and flow topology
revealed that complete flow separation initiated in-
board of the wing. Additionally, the flow separation
at the wing tip resembled more of a light stall due to
a significant reduction in the effective AoA.

Apart from the experimental research, compu-
tational studies have been performed on 3D dynamic
stall. Ref.[25] used the URANS method to simu-
late the aerodynamic characteristics of a NACA

0015 wing and analyzed the effects of subiterations,

time step, and grid density on the accuracy of the
computed solutions. Ref.[26] conducted a numeri-
cal analysis on the laminar flow characteristics of
both a 2D NACA 0012 airfoil and a 3D wing. The
results showed that the initiation of leading edge vor-
tices was similar for both the 2D and 3D cases. As
the pitch angle increased, the flow features of the
center plane of 3D wing and the 2D airfoil diverged
due to the onset of 3D effects. Refs.[27-28] carried
out simulations and analyses on different test cas-
es'™® %% In the dynamic stall stages, researchers
noticed the occurrence of a Il -2 vortex system,
which arises from the interaction between the DSV
and TV. Ref.[ 29] utilized the detached eddy simula-
tion (DES) method to simulate the dynamic stall
characteristics of a NACA 0015 wing. The study in-
vestigated the behavior of the TV and observed its
breakup at the end of the upstroke. Refs.[30-32]
conducted numerical research on the dynamic stall
characteristics of the tested OA209 wing'*'. They
extensively compared the numerical and experimen-
tal results. Furthermore, they discovered that the
O-type vortex evolves through the interaction of the
TV. Ref.[33] conducted numerical investigations
on a pitching DSA-9A wing using the URANS
method. The reduced frequency was found to signifi-
cantly influence the flow topology of the wing. At
low frequencies, flow separation was initiated at the
wing tip and propagated towards the root. Whereas,
at high frequencies, a leading-edge vortex formed at
a more inboard section before expanding in both di-
rections. Refs.[2, 34] conducted a study on the evo-
lution of unsteady flow structure and the impact of
sweep on dynamic stall of a finite wing using the
high resolution implicit large eddy simulation
(ILES) method. It was observed that during the dy-
namic stall process, the DSV evolved into an arch-
type structure which was shed following its transfor-
mation into a ring vortex. In the case of the rectangu-
lar wing, there was a single, larger arch vortex cen-
tered about the midspan. However, for the swept
wings, arch vortices formed on each side of the
wing at a spanwise station that moved increasingly
outboard with greater sweep. Ref.[35] conducted a

simulation to investigate the dynamic stall character-
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istics of a finite wing. The findings revealed that the
presence of the TV and spanwise flow mitigated the
dynamic stall near the wing’s two ends.

Previous studies have explored the dynamic
stall of finite wings through experimental and numer-
ical approaches. The majority has been conducted at
low Mach numbers and medium Reynolds numbers.
Moreover, there is a lack of investigation into the
aerodynamic damping of 3D dynamic stall cases.
Therefore, this study aims to investigate the dynam-
ic stall and examine the pitching damping of a finite
wing at higher Mach and Reynolds numbers.

In this research, the URANS method is used
to simulate the aerodynamic characteristics of finite
wings. The effectiveness and accuracy of the CFD
methods are validated by comparing the numerical
and experimental results. The study then focuses on
simulating the dynamic stall characteristics of a
pitching wing. By analyzing the flow structures, the
evolution of the DSV is discussed. Additionally, the
3D effects on the aerodynamic characteristics of the
finite wing are analyzed by comparing them with
those of a 2D airfoil. Furthermore, the aerodynamic
damping of the pitching airfoil, 3D wing, and wing
sections are examined. Finally, the analysis leads to

several meaningful conclusions.
1 Numerical Methods

1.1 Sliding mesh

The sliding and structural mesh is adopted in
the research work. Fig.1(a) shows the overall mesh
topology for the computational domain. The compu-
tational domain is a rectangular cuboid, with its out-
er boundary located at a distance of 50 times the
chord length from the wing surface. The computa-
tional domain is divided into an oscillating domain
surrounding the finite wing and a static background
domain. The mesh topology for the oscillating do-
main and the grid distribution of airfoil section are
shown in Figs.1(b, ¢) , respectively. The sliding
surface is located at a distance of 5 times the chord
length from the wing surface. The wing surface has

316 grid points in the chordwise direction and 81

Oscillating domain|

(a) Mesh topology for computational domain

(c) O-type grid around the airfoil section
Fig.1 Mesh topology for the finite wing

grid points in the spanwise direction with a leading
edge spacing equal to 0.1% of the chord length ¢
and a trailing edge spacing equal to 0.4%c. In the
wingtip area, the grid has a spacing of 0.1%c in the
spanwise direction. There are 29 grid points in the
boundary layer, and the initial wall spacing in the
normal direction is equal to 6.5X10"°¢ for a dimen-
sionless wall distance y"<1. The total number of
grid points in the oscillating and background do-
mains are approximately 4.5 million and 4.6 mil-

lion, respectively.
1.2 Governing equations and solutions

The RANS equations are solved by the in-
house CLORNS code"™ to simulate the aerodynam-
ic characteristics of the finite wing. The governing

equations are
ad

Sl waa g (F-pymis=0 )

where d2 denotes the boundary of a control volume
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Q2; and n the unit normal vector of the surface ele-
ment dS. W, F., and F, are the vectors of con-
served variables, convective fluxes, and viscous
fluxes, respectively.

The kw shear stress transport (SST) turbu-
lence model is adopted to account for the effects of

turbulence. The governing equations of the SST

model are
aﬂffﬁ V(oVE)=P,— pC ko + V[ (1, +
oupt) V] (2)
2009) 4 9 (oY) =2 b, o+ [+
at M
awpl)Vw}+2(1—F1)paw2@ (3)

where %2 and w are the turbulent kinetic energy and
its specific dissipation rate, respectively. F, is the
blending function. The first three terms on the right
sides of equal sign in Eqs.(2, 3) represent eddy-vis-
cosity production, dissipation, and conservative dif-
fusion, respectively. The last term in Eq.(3) is a
cross derivative. The production term is

Pk:min<,u152,1OCM0/ew) 4)
where 4, is the turbulent viscosity, S the invariant
measure of the strain rate, p the air density, and C,
a constant.

The finite volume method is used to solve the
governing equations, with time integration per-
formed using the second order implicit backwards
difference method scheme with LU-SGS method.
The dualtime-stepping subiterations use a local
time step, and the simulation employs 50 subitera-
tions, which ensures that the residual decreases by
1—3 orders in the magnitude. The 3rd-order Roe-
MUSCL spatial scheme is used to calculate the con-

vective fluxes.
1.3 Validations

1.3.1 Static cases

Pressure measurements are performed on a fi-
nite wing in the low speed wind tunnel in National
Key Laboratory of Helicopter Aeromechanics of
Nanjing University of Aeronautics and Astronau-

tics. The test model is a straight wing with a chord

length of 0.2 m and a span of 0.5 m, using SC1095
airfoil section. One end of the model is fixed to the
test support. The model is made from high-strength
aluminum alloy and is internally equipped with a
metal skeleton. There are a total of 48 pressure tap
orifices located at three spanwise positions on the
surface, namely, 0.15, 0.25, and 0.4 m away from
the wing root, respectively. The orifices are sym-
metrically distributed over the upper and lower sur-
faces at positions of 0.025, 0.05, 0.1, 0.2, 0.4,
0.6, 0.8, and 0.85, expressed as a percentage of
the chord length from the leading edge. A multi-
channel pressure scanner and a digital data acquisi-
tion system are used to collect the pressure distribu-
tion over the three spanwise sections. Fig.2 displays
photos of the test model, the wing tunnel test sec-
tion, and the measurement equipment. The mea-
sured pressure coefficients are used to validate the

numerical methods.

Test model

Multi-channel

S v Digital data acquisition system

Fig.2 Photos of test model, wing tunnel test section, and

measurement equipment

Fig.3 and Fig.4 compare the experimental and
numerical pressure coefficients of three spanwise
sections of the finite wing at two AoAs. At an AoA
of 14°, the flow remains attached to the wing sur-
face, and the numerical results show good agree-
ment with the experimental data. At an AoA of 16°,
the experimental pressure coefficient C, indicates

that the flow still remains attached over the wing
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surface. The numerical method predicts an earlier
flow separation for the middle section. Overall, the

CFD method provides acceptable results.
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Fig.3 Pressure coefficients of the finite wing at w.=
30m/s, a = 14°
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Fig.4 Pressure coefficients of the finite wing at u =
30m/s, a = 16°

1.3.2 Dynamic cases

Refs.[21-22] performed measurements on the
velocity profiles of the boundary layer for an oscillat-
ing, tapered wing. The schematic diagram of the ex-
perimental model is shown in Fig.5. The wing has a
span of 0.428 m, the wing root has a chord length of
0.24 m, and the wing tip has a chord length of
0.06 m. At the leading and trailing edges, the swept
angles are 84° and 72.5°, respectively.

Root l Freestream
84° Tip

|-

72.5°

Fig.5 Schematic diagram of the experimental model

The aerodynamic characteristics of the tapered
wing at a freestream velocity of 62.5 m/s are com-
puted. In the case, the wing oscillates with a mean
angle of 18", an amplitude of 6°, and a reduced fre-

quency of 0.048. Fig.6 shows the comparisons of u-



No. 4 JING Simeng, et al. Numerical Investigations on Dynamic Stall Characteristics of a Finite Wing 449

velocity profiles at four phase angles, where the ar-
rows “ & "and “ v 7 represent upstroke and down-
stroke circle, respectively. The u-velocity profiles

at phase angles of 0° and 270° indicate an attached
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Fig.6 Comparisons of numerical and experimental results

for u-velocity profiles at z = 0.56 and x* = 0.6¢

flow. In contrast, the velocity profiles at 90° and
180° reveal a separated flow. Overall, the numerical
results are found to be in good agreements with the
experimental results, indicating the effectiveness

and accuracy of the numerical methods.
2 Results and Discussion

2.1 Computational model

Computations and analyses are performed for a
NACAO0012 wing with a chord length of 0.61 m, a
span of 4.88 m and zero twist, shown in Fig.7. The
wing has a high aspect ratio AR = b/c = 8. Both
static and dynamic characteristics of the wing are
simulated and analyzed at a Mach number of 0.283.
The Reynolds number based on the chord length is
3.9 10"

Symmetry

z
‘-VFreestream
x

b/2

Fig.7 Pitching wing configuration
2.2 Static characteristics

The static, aerodynamic characteristics of the
wing are computed at a Mach number of 0.283. The
lift, drag and pitching moment coefficients (C,, Cy,

C,) are shown in Fig.8. The experimental data at

1.6
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Fig.8 Comparisons of force coefficients between 2D airfoil
and 3D wing
Ma = 0.3"" and the numerical results at Ma =

0.283 of the NACA 0012 airfoil are also included in
Fig.8. At low AoAs, the wing generates smaller
lift, higher drag and slightly higher nose-down pitch-
ing moment compared to the 2D airfoil. Additional-
ly, the wing has a smaller lift slope than the 2D air-
foil. However, the wing stalls at a higher AoA than
the 2D airfoil and the changes in aerodynamic force
after stall are more gradual. These phenomena can
be attributed to the influence of 3D flow on the finite
wing.

Fig.9 displays the iso-surface of Q colored by
pressure coefficient for the finite wing at different
AoAs. At a=10° and 15°, flow is attached over the
wing surface except that two tip vortices form near

the two ends of the wing. The tip vortices induce

Wing tip vortices

(@) a=10°

Wing tip vortices

(b)a=15

Arch vortex

N
e
NWIN—O —
SooNBN O©

D

[
DU
Soovhbo ©

T @a=18

(e)a=20°

Fig.9 TIso-surface of Q colored by pressure coefficient for

the finite wing at different angles

downwash flow over the upper surface of the wing,
leading to a reduction in the effective angle and lift.
As the AoA increases, the strength of the tip vorti-
ces intensifies, resulting in a higher loss of lift at
larger angles. This phenomenon predominantly ac-
counts for the decreased lift slope observed in finite
wings. The 2D airfoil experiences a dramatic drop in
lift and an abrupt increase in drag and nose-down
pitching moment (shown in Fig.8) , revealing that
the airfoil encounters significant flow separation and
stall at an AoA of 15°. The downwash flow induced
by the wing tip vortices reduces the effective angle
of the wing, thus delaying the occurrence of stall.
As the AoA is increased to 17°, an arch vortex
forms near the middle section of the wing span, indi-
cating that flow separation initially occurs in the mid-
dle section. With further increase in AoA, the sepa-
rated region extends to both wing tips and additional
arch vortices generate over the upper surface, as
shown in Figs.9(d, e). The extension of separated
flow from middle section to wing tip results in the
gradual variation in aerodynamic force of the finite
wing.

Fig.10 presents a schematic diagram illustrat-
ing the positions of four spanwise sections of the
wing. In Fig.11, a comparisons of pressure coeffi-
cients between the wing sections and 2D airfoil is

z
‘I‘ Freestream I
1 1 X

Symmetry
1
1

z=025b  z=0375h

Fig.10 Schematic diagram of the positions of spanwise

z=0 2=0.125h

sections
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Fig.11 Comparisons of pressure coefficients of different

spanwise sections

presented. At « = 10°, flow remains attached on
both the wing and airfoil surfaces. The suction
peaks of the wing sections are lower than those of
the 2D airfoil. Additionally, as the wing section ap-
proaches the wing tip, the suction peak drops. This
can be attributed to the increased strength of the
downwash effects. As the AoA is increased to 15°,
a collapse of the suction peak is observed on the 2D
airfoil. The pressure coefficient remains nearly con-
stant over the upper surface, indicating significant
flow separation. In contrast, the suction peaks of
the wing are higher compared to an AoA of 10°, re-
vealing the flow still attaches to the wing surface.
When a is increased from 15° to 17°, an abrupt drop
in the suction peak is observed in the middle section
(x = 0), indicating significant flow separation. The
flow separation also affects the section at z=
0.1256, leading to a reduced suction peak compared
to @ = 15°. In the outer region (z = 0.250) , the
flow still attaches to the surface. At @ = 18°, flow

separation impacts all four wing sections.
2.3 Dynamic characteristics

The aerodynamic characteristics of the pitch-
ing, finite wing are computed at a Mach number of
0.283. A sinusoidal pitching motion is considered
with the reduced frequency £ = 0.151, mean angle
a, = 14.91° and pitching amplitude a, = 9.88°. The
solver runs for four cycles with 800 time steps in
each cycle, resulting in a nondimensional time step
of A7 = 0.026. Fig.12 shows the aerodynamic force
coefficients of the finite wing during one pitching cy-
cle. The experimental®™ and numerical results of

the 2D airfoil are also included in Fig.12. In the
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Fig.12 Comparisons of force coefficients of 2D airfoil and

finite wing

pitch-up circle, the finite wing generates a de-
creased lift and exhibits a smaller lift slope in com-
parison to the 2D airfoil. Both the 2D airfoil and fi-
nite wing encounter dynamic stall, with the latter
exhibiting a lighter feature. Moreover, the finite
wing delays the lift stall and drag and moment diver-
gence to a higher AoA.

Fig.13 illustrates the progression of the vortex
structure during one pitching cycle of the finite
wing. When the angle of attack reaches its maxi-
mum value of 24.79°, a DSV is already present on
the upper surface of the wing. At this point, the 2D
airfoil experiences a sudden decrease in lift (shown
in Fig.13(a) ), indicating the shedding of the DSV
from the airfoil surface. As the finite wing pitches
down, the DSV convects downstream (shown in
Fig.13(b) ). The DSV is fairly homogeneous in the
spanwise direction, with the exception of the tip re-
gion. Subsequently, the DSV transforms into an
O-type vortex with legs that are approximately per-
pendicular to the wing surface as the wing continues
to pitch down, as demonstrated in Figs.13(c,d). At

later stages, the Q2-type vortex undergoes vortex re-

4
2 B s L bolles SN
0
-2
-4
_g =
-10 @ . ‘oS = 4. . )

() a=2082"]

Ring vortex

) a=15.03"]
Fig.13 TIso-surface of Q colored by pressure coefficient for
the finite wing at different angles in one pitching

cycle

connection near the centerline of the wing, resulting
in the formation of a ring-like vortical structure, as
depicted in Figs.13 (e, ). Eventually, this vortex
ring is shed into the wake. The evolution of the
DSV into an 2-type and ring vortical structures ob-
served in this study bears similarities to the flow
phenomena found in the computations performed in
Ref.[34]. The evolution of the vortex structure for

the pitching wing significantly differs from the 2D
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airfoil and exhibits highly 3D features.

Fig.14 displays the comparisons of force coeffi-
cients of different spanwise sections. During the
pitching up circle, the lift slope gets smaller as the
spanwise location approaches to the wing tip. Each
cross—section demonstrates distinct dynamic stall
characteristics. The cross-sections closer to the cen-
ter experience an earlier onset of lift stall, drag, and
moment divergence with a deep stall regime. Con-
versely, the cross-sections closer to the wing tip en-
counter a delayed occurrence of these phenomena,
characterized by a light stall regime or no stall. The

variation in dynamic stall behavior across the span-

2.5
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201 .- z=025b
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15k--- z=045b
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05f
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al(’)
©C,
Fig.14 Comparisons of force coefficients of different

spanwise sections

wise sections is primarily attributed to the different

downwash effects induced by the wing tip vortex.
2.4 Aerodynamic damping

For helicopter rotor, torsional stability is tight-
ly associated with aerodynamic damping. If the
damping is negative, this would tend to promote
stall flutter. The cycle-averaged aerodynamic damp-
ing coefficient, 5. is defined as*”

Ecydenii C, da (5)
where q, denotes the pitching amplitude. The damp-
ing 1s positive when it corresponds to a counterclock-
wise loop in the C,, versus a curve.

A time-resolved aerodynamic damping coeffi-
cient 2(¢) is defined in Ref.[40].

1 -
E(t)=——(C, coswt— C, sinwt )=
a,
JCL+CE o C,
————"sin| arctan| — | — wr | (6)
a, C,

where C, is obtained using the integral Hilbert trans-
form of C,,.

Fig. 15 illustrates the pitching moment coeffi-
cient of the 2D airfoil and 3D wing in a pitch cycle.
As can be seen in the figure, clockwise loops in the
moment coefficient indicate negative damping,
while counterclockwise loops suggest positive damp-
ing. Notably, the 3D wing, which exhibits a light
stall regime, has a tendency to generate unstable
aerodynamic loads. Additionally, Fig.16 reveals
that the 2D airfoil produces positive cycle-averaged
damping, whereas the 3D wing produces negative

cycle-averaged damping. The comparison of time-re-

0.2
0.0
U02
04 O Experimental data (2D airfoil)
Numerical results (2D airfoil)
_0.6 1 L 1 1 1
0 5 10 15 20 25 30
al(’)
(a) 2D airfoil
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0.2 damping with spanwise locations of the finite wing.
It 1s illustrated that the inner section of the wing pri-
0.0 r marily generates negative damping, while positive
TS damping is only observed within a small range near
02 the tip. As the spanwise position moves from the
middle towards the wing tip, a trend of initially in-
<0
04 L Numerical results (3D wing) creasing and then decreasing negative damping val-
ues is observed. This phenomenon is closely related
~06 . . . . . to the wing’ s stall regime. The midsection of the
0 5 10 15 20 25 30 . . . . . .

@l (%) wing, being relatively distant from the wing tip vor-

(b) 3D wing

Fig.15 Aerodynamic damping from pitching moment
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Fig.16 Comparisons of aerodynamic damping between 2D

airfoil and 3D wing

solved damping between the 2D airfoil and 3D wing
is presented in Fig.16. In particular, the finite wing
demonstrates negative damping during a large phase
range of 0° to 120°, in contrast to the airfoil’s range
of 0° to 70°, indicating a higher instability for the fi-
nite wing.

Fig.17 shows the variations of cycle-averaged

Wing tip
]

Symmetry
}

_0.4 1 1 1 L 1 1
0.0 0.1 0.2 0.3 0.4 0.5
z/b

cycle-averaged

Fig.17 Variations  of damping  with

spanwise locations of the finite wing

tex, experiences a smaller downwash effect. Conse-
quently, during pitch oscillation, a deep stall oc-
curs, resulting in negative damping. As the span-
wise position approaches the ends, the downwash
effect on the section profile gradually intensifies,
transitioning the deep stall into a light stall and yield-
ing a larger negative damping. When the spanwise
position further approaches the wing tip, the section
profile experiences a strong downwash effect. This
helps to alleviate dynamic stall, leading to a positive

damping.
3 Conclusions

The aerodynamic characteristics of a finite
wing are computed and analyzed utilizing the URA -
NS method. The findings are concluded as:

(1) Good agreements are achieved between
the numerical and experimental results, indicating
that the present CED method can effectively and ac-
curately simulate the dynamic stall characteristics of
finite wings.

(2) For static cases, the wing reduces the lift
slope and delays the stall to a higher AoA due to the
downwash effects induced by the wing tip vortices.
The flow separation starts near the middle section
and spreads to both ends of the wing, forming sever-
al arch-type vortices.

(3) For dynamic cases, the aerodynamic forc-
es of the wing resemble a light stall with reduced lift
slope and delayed stall angle. The DSV exhibits rel-
ative uniformity in the spanwise direction, except in
the tip region. As it convects along the surface, the
DSV evolves into an Q2-type vortex before ultimate-

ly detaching from the wing in the form of a ring
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structure. Due to the variances in downwash effects
caused by the wing tip vortex, the cross-sections lo-
cated in closer proximity to the wing tip undergo a
light stall or no stall, while the cross-sections closer
to the center encounter a deep stall.

(4) Compared with a 2D airfoil, the finite
wing mitigates dynamic stall and experiences a light
stall. However, the finite wing produces negative
cycle-averaged and time-resolved damping over a
larger range of phase compared to a 2D airfoil. The
inboard sections of the wing primarily generate nega-
tive damping, particularly in sections that encounter
a light stall.
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