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Abstract: Modeling of the dynamic stall is crucial for analyzes of aeroelastic systems that
may attain high angles of attack in some operational regime. For two-dimensional studies,
some methods have been developed in the last decades. Analyzes of helicopter blades and
wind turbines, for example, frequently use the ONERA and the Beddoes-Leishman models.
However, the modeling of dynamic stall in finite wings still lacks on fast and efficient models.
In this sense, the present work proposes the development of a modified unsteady vortex lattice
method (UVLM) considering an ONERA-based methodology to modify the loads assessed by
the classical UVLM at each time step. By doing so, dynamic stall effects are captured using only
the static lift curve and the empirical coefficients for the ONERA associated with the airfoils in
the wing. Moreover, the difference between linear and stalled values for the lift coefficient in the
static condition will be given through the Kirchhoff flow model. Results show good agreement
between computational and experimental data, indicating that the proposed methodology can
be employed in analyses of finite wings in which dynamic stall effects are relevant.

1 INTRODUCTION

At low angles of attack, aerodynamic loads of airfoils in the steady regime are usually classified
as behaving linearly. As high angles of attack are attained, the flow separation induces nonlin-
earities in the loads, especially the lift reduction in the phenomenon known as stall. In unsteady
cases, this sequence of events accounts for delay effects in both the pressure distribution and
the flow separation over the airfoil. Moreover, the appearance and excursion of leading edge
vortices are also relevant for the airfoil loading and all these events are sources of nonlinearities
that must be considered during the dynamic stall [1].

As a consequence, the dynamic stall modeling remains a challenge. Even simulations of
Reynolds Averaged Navier-Stokes equations may fail to represent the flow reattachment de-
pending on the adopted turbulence method [2]. The use of discrete vortex methods was also
proposed as an alternative for the assessment of aerodynamic characteristics of airfoils dur-
ing dynamic stall [3]. However, the computational cost of such analyzes increases with the
appearance of new vortices in the system. As alternatives of low computational cost, some
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semi-empirical approaches were proposed for the prediction of aerodynamic loads during dy-
namic stall, such as the Beddoes-Leishman method [4] and the ONERA method [5]. Therefore,
they depend on constants obtained from the fitting of experimental data.

In the case of the ONERA model, it was first developed to model aerodynamic loads during dy-
namic stall considering ordinary differential equations (ODE). One first-order ODE represents
the linear regime and a second-order ODE emulates nonlinear effects that must be added to the
linear term to deliver the total aerodynamic loads. The difference between linear and nonlinear
static loads are used as input to the second-order ODE, thereby representing a source of non-
linearity to the system [5]. The ONERA model was employed to aeroelastic analyses of wind
turbines blades [6], identification of limit cycle oscillations and chaotic behaviors of elastic
mounted airfoils [7] and also for representation of dynamic stall loads at low wind speeds [8].

However, as observed in [9], the output of the first-order ODE responsible for the representation
of linear loads does not follow the exact response given by the Wagner method. In addition, as
shown in [10], the first-order ODE adopted by the ONERA model does not compute the same
lift deficiency function found by [11] in relation to the circulatory lift. As consequence, the
authors proposed the substitution of the first-order ODE by a second-order ODE.

In fact, the potential flow theory is a convenient approach to the assessment of aerodynamic
loads at low Mach numbers. References [11], [12] and [13] are classical examples of method-
ologies where the potential flow was assumed for the calculation of aerodynamic loads during
harmonic oscillations. Recently, reference [14] presented a compact state-space representation
of unsteady aerodynamics based on the potential flow theory and considering the quasi-steady
circulation as input for the model. Such methodology is very appropriate for simulations of
two-dimensional aerodynamics considering arbitrary motions of the airfoil. In addition, [15]
modified the potential flow theory by including viscous effects through the triple deck theory
as a replacement of the Kutta condition. Such replacement also affects the calculation of the
flutter velocity as a function of the Reynolds number [16].

Linear aerodynamics due to arbitrary motions at low wind speeds are also well represented by
using panel methods with a distribution of vortices in two-dimensional cases or vortex rings
in three-dimensional cases [17]. The wake is also represented by vortices or vortex rings that
are shed at each time step and the non-penetration boundary condition is employed for the
determination of the bond vorticity.

In this sense, the present work uses the capabilities of the UVLM to compute linear aerodynamic
loads at low wind speeds. Dynamic stall nonlinearities are assessed through the second-order
ODE of the ONERA method whose additional circulations are added to the circulations com-
puted by the classical UVLM at each time step. The differences between linear and nonlinear
static lift are modeled by the Kirchhoff flow. To the best of authors’ knowledge this is the first
time that a methodology for coupling the UVLM and the ONERA method is proposed.

2 METHODOLOGY

In the classic UVLM [17], the aerodynamic surface and its wake are divided into panels, such
as illustrated in Figure 1. One vortex ring is associated with each panel and, considering the no-
penetration boundary condition, the value of each circulation is assessed through the solution
of a system of equations in the form:
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Figure 1: Discretization in the UVLM.
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where a; ; are aerodynamic influence coefficients, I'; is the circulation of each panel, and V - n,
denotes the normal velocity at each panel, including velocities induced by the wake.

After determining the values of I';, the resultant force in each panel can be assessed from the
unsteady Kutta-Joukowski theorem accordingly to [18]:

A dr 1
F = pI'(U x 41 ——(U x4l 2
being p the air density, c the local chord length, U the freestream velocity and I the sum of
circulations around a segment Jl.

On the other hand, the ONERA method for dynamic stall describes the dynamics of aerody-
namic loads for two-dimensional sections by a set of differential equations. In the extended
model proposed by [5] and modified by [19], the circulations composing the total lift are repre-
sented by:
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where A, 0, u, o, a, r and e are semi-empirical parameters, W, and W, are associated with
induced speeds, « is the local angle of attack and AC is the difference between the linear and

nonlinear static curves for lift as function of the angle of attack. Then, the lift is calculated as a
function of the circulations I', and I';,.

and
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Equation (3) represents linear loads and depends on four semi-empirical parameters. However,
for low wind speeds, the potential flow theory is a convenient way to predict linear aerodynamic
loads without the needing of semi-empirical parameters. Therefore, in the present work, Eq. (3)
will be replaced by the loads given through the UVLM. Moreover, three-dimensional effects
are properly reproduced by the UVLM, which allows the extension of dynamic stall analyses to
finite wings.

On the other hand, Eq. (4) represents an additional circulation to the system and models dynamic
stall nonlinearities. It is worth to note that the expressions in Eq. (3) and (4) are independent
from each other. However, from the Beddoes-Leishman model for dynamic stall [20] important
links between linear and nonlinear loads during dynamic stall are observed, such as the delay in
the pressure distribution, the dynamic stall onset and the assessment of loads considering flow
separation. Here, some of these effects are included in the ONERA model. Firstly, a lagged
value for C;, C{ is defined following the first order equation proposed by [20] for each strip j
in the chordwise direction:

ey = (V) G i

L; — | 7 T )

2 . ®)

where T}, is a empirical constant and CYVEM is the value of C, given by the UVLM for each

strip.

From the value of Cg an effective angle of attack, &;, can be defined for each strip in the
UVLM. Then, AC;; = ACy,(&;) is defined and the Kirchhoff’s flow model [21] is employed
to determine its Value accordmg to:

ACy, () = 27, {1 —0.25[1 + ,/f(@j)]Q} , (6)

being f the portion of the airfoil where the flow remains attached. [20] offer an empirical rep-
resentation of this parameter for NACA airfoils given by:

f(ég) = | y E @)
0.04 — 0.66e =2 lf‘OAéJ‘ > o

where a4 is an angle defined when f = 0.7, usually near the stall angle, and s; and s, are
constants defined empirically.

Finally, with the value of AC; the circulation I'y; can be determined for each strip and the final
lift coefficient for each strip can be computed as:

I,

OL _CUVLM i )

®)

3 RESULTS

Before three-dimensional analyses, the ONERA model was analysed as its capabilities on pre-
dicting the lift force under dynamic stall effects for two-dimensional airfoils. The method pre-
sented here replaces linear loading by the Theodorsen method and also includes the calculation

4



IFASD-2019-039

of ACY as given by Equation (6). The case of study considers a NACA 0012 with chord 0.61
m at U = 12.24 m/s. The low wind speed selected for this test emulates the aerodynamic
regime considered during three-dimensional analyses. The airfoil undergoes pitching oscilla-
tions according to «(t) = 14.65° 4 14.04° sin(2kUt/c), being k = 0.104 the reduced frequency
of oscillation. Figure 2 compares the time history of the lift coefficient computed by the ON-
ERA model with the results from the Beddoes-Leishman model [22] and experimental data
from [23]. The time is nondimensionalized by 7' = w¢/(kU). For the NACA 0012, the values
of a; = 15.5°, s; = 3 and s, = 2.3 are adopted as in [22]. The parameters for Equation (4) in
the ONERA model were set as a = 0.18, e = 0.16 — AC? and r = (0.1 + 0.15AC?)? for a
better matching between experimental and computational results. The parameter 7, = 1.7 was
selected according to [22] and [24].
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Figure 2: Comparison between ONERA and Beddoes-Leishman methods against experimental data.

The maximum lift calculated by the ONERA method and by the Beddoes-Leishman model are
almost the same. However, it is extensively known that the Beddoes-Leishman method fails
on capturing the loads during the flow reattachment [22]. Such problem is visible in the results
presented in Figure 2. However, this limitation is not observed in the ONERA model. Moreover,
the method was able to indicate the existence of a secondary peak in the lift after the stall, as
observed in the experimental data. Therefore, the method can be considered an appropriate tool
for lift prediction under dynamic stall effects at low wind speeds.

On the other hand, two options of UVLM can be considered for the simulation of linear loads:
with a free-wake being deformed by all the potential velocities in the system; or a non-deforming
wake, shed according to the freestream speed. Both approaches were compared and the result-
ing lift coefficients are compared in Figure 4. A rectangular wing, as illustrated in Figure 3,
with aspect ratio AR = 10, ¢ = 0.305 m at U = 46.64 m/s and undergoing pitching oscillations
according to «(t) = 14.65° + 14.04° sin(2kUt/c) was analyzed, being £ = 0.196. This is the
most critical case used for the validation of the presented three-dimensional model. The wing
was divided in 30 panels in the span direction and 15 panels in the chord direction. The time
step of the simulations was selected as 1073 s. The maximum difference in the lift coefficient
considering or not wake deformation is 0.4%. However, the computational time required for the
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Figure 3: Schematic of the finite wing considered in this study.
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Figure 4: Comparison between the lift coefficient from the UVLM accounting or not for wake deformation.

simulation of 125 time steps considering a deforming wake was 266.3 s, while the simulation
without wake deformation took 31.5 s. Both simulations were performed in a laptop with a 2.2
GHz Intel Core i7 processor. This result is in accordance with [25] that also observed that the
computation of a free-wake does not improve the results in the UVLM considering angles of
attack up to 8°. The same is valid for the high angles of attack in the present study. As conse-
quence, the UVLM without wake deformation is selected for the analyzes in this work due to
the lower computational time required.

A third investigation prior to the analyses of dynamic stall with the three-dimensional method
addresses the mesh convergence in the UVLM method. Table 1 compares the difference be-
tween the value of maximum C; computed by the UVLM with different grids in relation to the
value computed using 100 panels in the span direction and 15 panels in the chord direction. As
expected, this difference decreases as the number of panels increases, but also the computational
cost increases with this refinement. Therefore, a grid with 30 spanwise panels and 15 chordwise
panels was considered adequate for the analyses with a difference of 1.29% in relation to the
most refined grid.

Table 1: Difference in the value of maximum C; in relation to a grid with 100 x 15 panels (%)

Chordwise panels
Spanwise panels 5 10 15 20
10 473 471 431 391
20 254 251 213 1.74
30 1.69 1.66 1.29 0.90

Finally, results from the three-dimensional method for dynamic stall were compared with those
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found in [26] for the rectangular wing illustrated in Figure 3 with airfoil NACA 0015. For this
airfoil, the parameters a; = 13°, s5; = 2°, s = 2.3° and 7, = 1.7 were observed. The parame-
ters for the ONERA model were kept the same as set for the two-dimensional study. In all the
analyses the wind speed is kept at U = 46.64 m/s and the pitching oscillations are described
by a(t) ~ 15.19° + 4.12°sin(2kUt/c). Figure 5 shows the lift coefficient as function of the
angle of attack for different reduced frequencies and at two positions of the span (considering
the origin of the coordinates system at the middle of the span): y/b = 0.25 and y/b = 0.5.
The selected positions are those with the most observable hysteresis due to dynamic stall ef-
fects. The graphics also compare the results with the output from the two-dimensional ONERA
model considering the same empirical constants for Equation (4) and the Theodorsen model to
predict linear loads.

Even at low reduced frequencies, dynamic stall effects are intense in the sections of the wing
being examined. Especially for y/b = 0.50 (c.f. Figure 5(b)) the model indicated with good
precision the maximum lift coefficient, which occurs at an angle of attack around 17°. However,
the two-dimensional model predicts a lower dynamic stall angle and a higher maximum lift
coefficient, which illustrates the importance of using a three-dimensional model to analyze the
dynamic stall behavior of three-dimensional wings instead of a two-dimensional model only. If
the reduced frequency is increased to £ = 0.098, the maximum lift coefficient is attained at the
maximum angle of attack during the motion. A similar behavior is observed for y/b = 0.25
(c.f. Figure 5(c)) and again for y/b = 0.50 (c.f. Figure 5(d)) the aerodynamic coefficients
calculated through the three-dimensional method are closer to the experimental values. In these
cases, the two-dimensional model approaches the experimental data while the angle of attack
is decreasing, but the maximum lift coefficient is still over-predicted and the angle of dynamic
stall is underestimated.

For cases at & = 0.196, the prediction of the lift coefficient at y/b = 0.25 (c.f. Figure 5(e))
presents good agreement with experimental data and at y/b = 0.50 (c.f: Figure 5(f)) the dynam-
ics of the aerodynamic loading is replicated despite of some underestimation in the maximum
lift coefficient and some overestimation of this coefficient at the lower angles of attack. How-
ever, the difference between results from the three-dimensional model and the two-dimensional
model are huge at this reduced frequency. In fact, the coupling between a two-dimensional
model for dynamic stall considering only parameters calibrated based on airfoil data with the
UVLM is able to capture the main features of dynamic stall loading, thereby allowing its use as
a reduced order model to be applied in aeroelastic analyzes.

4 CONCLUSIONS

This work described and validated a three-dimensional methodology for calculations of the lift
coefficient of finite wings under dynamic stall effects. The model considers the UVLM for cal-
culations of linear loads that will be corrected by an ONERA-type equation for each strip in the
UVLM grid. The angle used for computation of the difference between the linear and nonlin-
ear lift in the steady case is lagged following the approach presented in the Beddoes-Leishman
model. Analyses regarding only UVLM capabilities indicated that for pitching oscillations
of a rectangular wing, the presence of a free-wake does not modify the results despite of the
considerable increasing in the computational cost. Finally, results from the complete three-
dimensional methodology indicated that the use of the UVLM as a replacement for the linear
loading in the ONERA method is an appropriate choice to account for three-dimensional effects
in dynamic stall requiring only airfoil data.
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Figure 5: Comparison of the three-dimensional model against experimental data.
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