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Abstract The initiation of leading-edge-vortex formation in unsteady airfoil flows is governed by flow critical-
ity at the leading edge. While earlier works demonstrated the promise of criticality of leading-edge suction in
governing LEV shedding, this criterion is airfoil and Reynolds number dependent. In this work, by examining
results from Navier—Stokes computations for a large set of pitching airfoil cases at laminar flow conditions, we
show that the onset of flow reversal at the leading edge always corresponds to the boundary-layer shape factor
reaching the same critical value that governs laminar flow separation in steady airfoil flows. Further, we show
that low-order prediction of this boundary-layer criticality is possible with an integral-boundary-layer calcu-
lation performed using potential-flow velocity distributions from an unsteady panel method. The low-order
predictions agree well with the high-order computational results with a single empirical offset that is shown
to work for multiple airfoils. This work shows that boundary-layer criticality governs LEV initiation, and that
a low-order prediction approach is capable of predicting this boundary-layer criticality and LEV initiation.

Keywords Unsteady aerodynamics - LESP - Separated flows - Boundary layer separation - Vortical flows

1 Introduction

Although leading-edge-vortex (LEV) shedding from unsteady airfoils and wings is ubiquitous in nature and
engineering and has been studied for several decades, there is still much to be understood about the initiation of
LEV formation and how to predict it using low-order approaches. The formation, growth, and detachment of
the LEV often dominate the forces and moments on an unsteady airfoil and affect the surrounding flow fields
[1-11]. It may be argued that the first step in the correct prediction of LEV effects is to be able to predict the
initiation of LEV formation. On airfoils with sharp leading edges, the prediction is relatively easy as the LEV
starts forming soon after the stagnation point leaves the sharp edge. On round leading edges, the flow remains
attached for some time after the stagnation point moves away from the geometric leading-edge point, after which
flow reversal at the leading edge precedes LEV initiation. In a pitching motion, for example, this time duration
translates to a pitch angle for the LEV initiation, which ends up depending on a multitude of parameters such
as pitch rate, pivot location, leading-edge shape, and Reynolds number. It has been proposed that, irrespective
of the motion, leading-edge shape, and Reynolds number, LEV initiation occurs when the leading-edge flow
becomes critical [12—15]. The search for a universal criticality condition for LEV initiation, however, still
continues, especially for a criterion that can be easily incorporated in a low-order predictive approach. The
recent development [16] and refinement [17] of the criticality of the leading-edge suction parameter (LESP)
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have shown some promise in being able to predict LEV initiation for a given airfoil and Reynolds number while
being largely motion independent. However, the critical LESP depends on the airfoil and Reynolds number,
and, for each combination, the approach requires at least one high-fidelity computational or experimental result
to determine this critical LESP. Here, we study the use of boundary-layer growth on pitching round-leading-
edge airfoils to explore if criticality of the leading-edge boundary layer can be connected to LEV initiation,
and whether this criticality will be independent of not only motion kinematics, but also leading-edge shape
and Reynolds number. An important motivation is to find a boundary-layer parameter that can be predicted
using a low-order approach.

Much of the early work in LEV initiation and shedding was spurred by the need to understand and model
the dynamic stall phenomenon on rotorcraft [18—-20]. More recent interest over the past 15 years, on the other
hand, has been motivated by research in low-Reynolds-number applications and bio-inspired flapping flight
[21-26]. The LESP criterion provided a path forward for prediction of LEV initiation on round-leading-edge
geometries in both two- and three-dimensional flows. An advantage of the LESP is that it is closely connected
to the value at the leading edge of the bound-vortex-sheet strength used in theoretical models of unsteady
airfoils and wings. However, because of the dependence of the critical LESP on airfoil shape and Reynolds
number, it is worth searching for a flow parameter that avoid these dependencies. Because LEV initiation is
closely connected to the onset of boundary-layer separation at the leading edge, it is natural to explore the
use of a newer criterion that uses criticality of the leading-edge boundary layer. In recent years, several efforts
have studied the efficacy of LESP and various extensions of that criterion [27-29]. Other research efforts
have also explored the use of alternate approaches including criteria that involve boundary-layer quantities
[30-34]. Deparday and Mulleners [30] showed that there is a connection between the value of the shear-layer
height at the leading edge and LEV initiation. That parameter, however, depends on the availability of CFD or
experimental results and is not easily calculated in a low-order formulation. In another recent work, Sudharsan
and Sharma [33] connected the boundary enstrophy flux (BEF) with LEV initiation. In the current stage of
development, this BEF parameter also requires detailed computational results and is not suited to incorporation
in low-order prediction approaches.

There is a long history of critical values of various boundary-layer shape factors being used to predict
onset of flow separation in both laminar and turbulent steady boundary layers, for example, in Refs. [35-38].
The concept of vanishing shear stress being classified as separation by Prandtl [39] works well with steady
flows due to the separation point being fixed. In unsteady flow, however, boundary-layer separation is more
complicated because of the movement of the separation location. Although some requirements for the flow
at the unsteady separation point have been proposed [40-45], and calculation methods have been developed
for unsteady boundary layers [46—48], they are more challenging than for steady flows. Fortunately, as shown
by McDonald and Shamroth [49], for the flows associated with unsteady airfoils of interest in many practical
dynamic stall situations, accurate prediction of the unsteady boundary-layer development can be obtained
from steady-state boundary-layer theory using the velocity distribution imposed by the unsteady flow. This
was recently reaffirmed by the work of Smith and Jones [31] in which they used scaling analysis for pitching
and surging airfoils to show that unsteady boundary-layer effects would be negligible in predicting the onset
of vortex formation for motion rates similar to those being considered in this work. Thus, it appears promising
that a quasi-steady low-order approach could be developed in which the velocity distribution from an unsteady
potential-flow method is used as an input in a steady integral-boundary-layer calculation to calculate the onset
of separation. This idea was pursued even back in 1998 by Jones and Platzer [50] in which they used an unsteady
panel method and a steady boundary-layer code to calculate the onset of dynamic stall. The motions analyzed
were confined to high Reynolds number and low-pitch rate motions (k < 0.1). The pitch-angle predictions for
the onset of leading-edge separation were made using the boundary-layer code with the assumption that LEV
formation occurs at a location within 10% of the chord.

There are two obvious drawbacks to such a quasi-steady approach. First, the potential-flow pressure distri-
bution does not take into consideration the “decambering effect” of the thick and/or separated boundary layers
on the aft part of the airfoil. Second, it is not possible to carry out these boundary-layer calculations beyond the
first occurrence of flow reversal. The first drawback could be mitigated in future by one of several approaches:
incorporation of viscous—inviscid interaction [36,51], use of semiempirical means for modeling the unsteady
decambering effect [52—54], or by applying an empirical correction to the results. The second drawback can
be mitigated to some extent by using an unsteady boundary-layer calculation [46,47], which will allow the
calculations to proceed beyond the first occurrence of flow reversal to the point of unsteady separation, as done
by Paturle et al. [48].
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With the acknowledgement of these advantages and limitations, our work adopts this overall idea and
explores the use of such a quasi-steady approach for prediction of LEV initiation. This work is restricted to
low Reynolds number of approximately 10,000, at which the boundary layer on the airfoil surface is predicted
to be laminar for the shapes considered in this work. This restriction avoids the difficulty with having to model
boundary-layer transition and its effects. The two main goals of this work are to: (i) verify the main hypothesis
in this paper that there is a critical boundary-layer parameter that can be associated with LEV initiation for
a range of kinematics, leading-edge shapes, Reynolds numbers, and airfoil geometries and (ii) to study the
use of a low-order approach that uses this boundary-layer criticality in predicting LEV initiation on unsteady
airfoils without the explicit need for a high-order computation. Preliminary results from authors’ efforts were
presented in Refs. [55] and [56], which addressed the first and second goals, respectively. In the current article,
following the presentation of some essential background material on LESP and LEV initiation in Sect.2 and
a description of the unsteady motions in Sect. 3, we present the first part of the research approach in Sect.4 in
which boundary-layer information extracted from RANS CFD results for a large number of pitching-airfoil
cases are used to address the first research goal of finding a boundary-layer parameter, the criticality of which
is connected with LEV initiation. Section 5 then presents the second part of the research approach in which a
low-order approach is developed to predict LEV initiation using this boundary-layer parameter. The results for
multiple motions and geometry variations are then presented in Sect. 6 for two airfoils to show the generality
of the findings and the effectiveness of the prediction approach.

2 Background
2.1 Leading-edge suction parameter (LESP)

Inspired by earlier works on flow criticality at the leading edge, Ramesh et al. [16] showed that the onset of
separation at the leading edge is governed by criticality of the chordwise suction force. This chordwise force in
its non-dimensional form is referred as leading edge suction parameter (LESP, denoted by £). This parameter
was later implemented as part of a theoretical formulation wherein the bound-vortex-sheet strength y (x, 7) is
represented by a Fourier series:

1+ cosé

Y (0, 1) = 2Uret {Ao(t) sng T ZAn(t) Sin(HG)} , ey

n=1

where 6 represents the angular coordinate, given by 8 = (¢/2)(1 — cos ), and A (t), A1(¢), ..., A, (¢) are the
time-dependent Fourier coefficients. The instantaneous value of the LESP, denoted by £, can be connected
to the flow velocity at the leading-edge (VLg), as shown by Ramesh [57], and this can be correlated with the
circulation at leading edge which is represented by the A coefficient in Eqn. 1. Based on this knowledge, the
instantaneous L that is computed from theory, also referred as Ly.r, is set equal to Ay,

Lret (1) = Ao(1) 2

The subscript ref is used to denote that this £ was computed based on the single reference velocity Uper.
Subsequent work by Narsipur et al. [17] proposed an alteration to the above formulation which accounts for
the additional velocities resulting from high-pitch-rate motions which uses a net velocity denoted as Uy,;. The
ratio Upet/ Urer is expressed as:

Unet (t Ut) at)e (1 2 Tha) a@)e (1 2
net( )=\/|: ( )+oz( e (——@>sin0{(t):| +[Q__oz( ) <——x—p)cosot(t)} 3)
Uret Urer Urer \2 c Uret Urer \2 C
In the current work, U = U and U () is a constant. Using the above formulation, the definition of £ is
updated as follows:

Lier (1)
Lpet(t) = ———F—— 4
T Unet )/ Urer)
For all the discussion that follows in the remainder of this paper, any reference to £ should be understood
as Lpet.
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Fig. 1 Leading-edge force vector (I?LE) resolved into suction force (IE s.LE) and normal force (1:",1,]45)

2.2 Critical LESP hypothesis for LEV initiation

Katz [58] proposed that airfoils with rounded leading edge support a certain amount of suction even when
stagnation point is away from the leading edge. The amount of suction that can be supported is dependent
on the airfoil shape and Reynolds number. Using the previous understanding that LESP is a measure of the
velocity at the leading edge, the L. hypothesis proposed by Ramesh et al. [16] is that, for a given airfoil
and Reynolds number combination, the critical £ corresponding to LEV initiation is largely independent of
motion kinematics. The argument for such a thought is that for a rounded leading edge of an airfoil at a certain
Reynolds number, attached flow near the leading edge is supported so long as the leading-edge suction is below
a critical value. Once this critical value is exceeded, the flow at the leading edge will separate, resulting in
leading-edge-vortex shedding. Although there are still small unexplained variations [17,30,59,60] of critical £
with some motion parameters, critical £ is largely independent of motion kinematics and is a non-dimensional
measure of the suction. It therefore works as a good predictor for modeling LEV initiation on airfoils and
wings in low-order formulations [28,61,62] and has also been used in studying flow-disturbance effects on
unsteady airfoils [63] and unsteady motion design [64].

2.3 Determination of £ from pressure distribution

Although the LESP is a theoretical parameter, it is of interest to extract the instantaneous value of £ from
a surface pressure distribution. This surface pressure distribution could be from a computational result or an
experimental measurement. Since the £ is a non-dimensional form of the suction force due to the leading-
edge pressures, the first step is to calculate the leading-edge force, FLg. As shown in Fig. 1, this force can
be decomposed into a component along the camberline direction at the geometric leading edge, termed the
“suction force,” Fy 1 g, and a component normal to this direction, termed “normal” force, denoted by F, 1 E.

From computations (CFD or panel method results), we obtain the pressure coefficient (C)) all over the
surface and integrate the C, on all the panels over the front portion of the airfoil until some predefined distance
in the chordwise direction from the leading edge. As shown in Narsipur et al. [17], to calculate the LESP, a
good choice for the distance for integration (xmax/c) is the location of maximum thickness or approximately
30% of the chord.

The net force at the leading edge and hence suction force are calculated as follows,

Xmax/C
FE =g Z [Cp (513 X Zz)] (@)
x/c=0
is:_(iLE'gx)gx (6)

where g is the dynamic pressure, 8;, is the vector connecting the two end points of the panel for a counter-
clockwise ordering of the airfoil points, and €, and ¢, are the unit vectors in the chordwise and chord-normal
directions, respectively. The limit up to which panels are included in the suction force calculation is given by
Xmax/c. Thus, the suction force computed in this work is the chordwise component of the net pressure force
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Fig. 2 Geometries of the SD7003-based airfoils used for studying the effect of leading-edge radius, g, expressed as a ratio of
the baseline-airfoil value

acting on first 30% of the airfoil. On non-dimensionalizing by the dynamic pressure and chord, the suction
coefficient Cy is obtained.

|F|
Cy=— @)
doo €
The suction force coefficient, C, can be related to £ using the relation in Garrick [65].
[ Cs
»Cref — Sgn (Cn) 270 CS > O’ (8)
0, G, <0

The CFD-derived/viscous suction coefficient (Cy) could sometimes be a small negative value in instances
when the potential Cy is zero or a small positive value. To ensure compatibility with the potential Cg, the
CFD-derived L is set to zero at those time instants when the viscous Cy has a negative value. Additionally,
the sign of the £ is kept the same as that of the normal force coefficient, C,,, so a positive C, is assumed to
correspond to a flow with stagnation point on the lower surface, while a negative C,, would correspond to the
stagnation point being on the upper surface.

3 Cases and motion details

The pitch-up motions used in the initial part of this work use the SD7003 airfoil and its geometric derivatives.
The derivatives were developed by changing the maximum ¢ /¢ values using the XFOIL code [66] to effectively
generate airfoils with different leading-edge radii. Figure 2 compares the two SD7003-based derivatives with
the baseline SD7003 geometry. A total of 9 cases are studied to examine the boundary-layer behavior and
its connection to LEV initiation. Starting with a baseline case, these cases comprise changes in the non-
dimensional pitch rate (K = ac/(2U), where & is the pitch rate and ¢ is the airfoil chord), pivot location,
leading-edge radius (r_g), and Reynolds number (Re). Pivot location is defined as the x /c location from the
leading edge of the airfoil, and leading-edge radius (rLg) is presented as the ratio of the leading-edge radius to
that of the baseline airfoil. Table 1 lists the cases.

The same parametric variations listed in Table 1 are carried out for the NACA 0012 airfoil which is
geometrically different from the SD7003 airfoil as shown in Fig. 3. The NACA 0012 has no camber and is
significantly thicker (12%) as compared to the SD7003 airfoil (8.5%).

All motions are of pitch-up-hold type generated as shown in Fig. 4 using Eldredge’s canonical formulation
[67,68], and calculated using Egs. 9—11.

K cosh (ag (t* —tf
as cosh (ay (* — 13)) 2
where a; is the smoothing parameter from Granlund et al. [68] defined as:
2
K
as il (10)

" 20mp(1 — 0)
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Table 1 Cases studies using the SD7003 airfoil

Parameter K Pivot r'LE Re
Baseline 0.4 0.25 1.0 10,000
Pitch 0.1 0.25 1.0 10,000
Rate 0.3 0.25 1.0 10,000
Pivot 04 0.0 1.0 10,000
Location 0.4 0.5 1.0 10,000
Leading-edge 0.4 0.25 0.8 10,000
Radius 04 0.25 1.2 10,000
Reynolds 0.4 0.25 1.0 5,000
Number 04 0.25 1.0 15,000
Parameter change from the baseline are highlighted in bold
02r NACA 0012 SD7003 i
01r J
e —
-0.1 3
02f 1
0 0.2 0.4 0.6 0.8 1
x/c
Fig. 3 Geometries of the NACA 0012 and SD7003 airfoils
100
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«
(deg.)
50
K=0.1
25 K=03
K=0.4
0
0 2 4 6 8 10 12
.
Fig. 4 Pitching kinematics
and
Qamp
ty =1t + 11
2 =0+ ¢ (1D

In these equations, ;" denotes the time at start of ramp and 5 denotes the time at end of ramp. For all
motions simulated in this paper, #{ =2, aamp = 90° and ay = 11. The values of o corresponding to pitch rates
of K =0.4,0.3 and 0.1 are 0.88, 0.91 and 0.97, respectively.

4 CFD methodology
4.1 CFD

NCSU’s REACTMB-INS solver is used for the computational fluid dynamics (CFD) calculations performed
in this study. The governing equations are written in arbitrary Lagrangian/Eulerian form, which enables the
motion of a body-fitted computational mesh in accord with prescribed rate laws. An incompressible version of
Edwards’ Low-Diffusion Flux Splitting Scheme (LDFSS) [69] is used for discretizing inviscid fluxes in space.
Discretization of viscous terms is performed using a second-order central difference method. The LDFSS
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Fig. 5 Mesh topology around the airfoil
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Fig. 6 Comparison of computed C; versus o with the experimental results of Leishman [73] for the NACA 23012 airfoil at Re =
1.5 million, k = 0.10, «(t) = 20 + 10 sin(wt)

method is extended to higher order of accuracy in space using the piecewise-parabolic method (PPM) [70].
This method is extended to higher-order spatial accuracy using PPM interpolations of the primitive variables
[p,u,v, w]T and transported variable for the S-A model, v. For time integration, second-order temporal
accuracy is achieved by using an implicit artificial compressibility method [69] with eight subiterations at
each physical time step for continuity-equation convergence. A version of Spalart—Allmaras one-equation
eddy-viscosity model, modified by Edwards and Chandra [71], is used for turbulence closure.

Figure 5 shows the representative mesh distribution used in the current work. The meshes used in this
investigation were generated using Pointwise™ and contain approximately 0.15 million cells. The selected
computational domain is a typical O-type grid, with its outer boundary 20c away from the airfoil, and structured
grids are used for the whole domain. The distance of the first nodes adjacent to the airfoil surface is small
enough so that the condition of y* < 1 is strictly guaranteed. A growth factor of 1.15 was used, ensuring
isotropic mesh resolution in the regions close to the wall. REACTMB-INS has been extensively validated and
used for incompressible and compressible flow simulations (see, e.g., Ramesh et al. [16], Hirato et al. [28],
Narsipur et al. [17] and Nielsen et al. [72]).

4.2 CFD validation

Leishman [73] conducted experimental studies to examine the dynamic stall characteristics of a NACA 23012
airfoil section at a freestream Re of 1.5 million. The paper provides oscillatory pressure and force data for
multiple test conditions including systematic variations of mean angle of attack, oy, and oscillation amplitude,
a4, at different reduced frequencies (k). For our validation, we chose oy = 20°, with a non-dimensional
pitching frequency of k = wc/(2U) = 0.1 to compare lift coefficient histories (C; vs. o) between experiments
and CFD. The computational and experimental results are seen to compare well with each other, as shown in
Fig. 6.
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Fig. 7 Comparison of computed C; and Cy4 versus o with experimental results of Lee et al. [74] for the NACA 0012 airfoil at Re
=1.35 x 10°
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Fig. 8 Comparison for the SD7003 airfoil undergoing a pitch-up and hold motion: computed C; and C, versus « between fully
laminar and RANS results for Re = 10,000 and K = 0.4

Lee and Gerontakos [74] experimentally investigated the unsteady boundary layer and stall events occurring
on a sinusoidally pitching NACA 0012 airfoil at Re = 1.35 x 10°. The pitching motion is given by a(f) =
10 + 15 sin(wt), with k£ = 0.1. The measured lift and drag coefficients, C; and Cy, respectively, are used here
to compare with REACTMB-INS predictions. As shown in Fig. 7, good agreement is observed between the
measured data and the REACTMB predictions.

The current study is focused on a low Reynolds number of 10,000. At these Reynolds numbers, it is known
that the boundary layer is mostly laminar over the airfoil and especially at the leading edge. To examine the
difference between using a fully laminar-flow CFD solution and a CFD solution using a Reynolds-averaged
Navier Stokes (RANS) model, the REACTMB-INS code was used with both these options for the analysis
of a SD7003 airfoil undergoing a pitch-up—hold motion. The Spalart—Allmaras (SA) turbulence model was
used for the RANS simulation. Figure 8 shows the results for the variations of C; and C; with convective
time, t* = tU /c, from the two simulations. It is seen that the results are essentially identical. An examination
of the flow field from the RANS simulation confirmed that, for this Reynolds number, the solver activated
the turbulence model only in the wake behind the airfoil and the boundary layer was laminar. Based on this
analysis, it is seen that the choice of fully laminar vs. the use of a RANS turbulence model option in the CFD
analysis does not matter for the Reynolds numbers considered in this work. All the simulations in this paper
are carried out using the RANS model with the SA turbulence model.

4.3 Boundary-layer extraction algorithm
As an important part of the current work, we extract boundary-layer information from unsteady RANS compu-

tations for a large number of unsteady motions. According to conventional boundary-layer methodology, the
height above the surface at which the surface-parallel component of the flow velocity is 0.99U,, where Uy,
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Fig. 9 Illustration of the steps used in the extraction of boundary-layer information from CFD
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Fig. 10 Color bar for the non-dimensional vorticity (wc/Ux,) contours for the CFD flow field plots presented in this paper

is the freestream velocity, is to be deemed as the edge of the boundary layer. This holds true only for flat-plate
boundary layers. On an airfoil surface, because the edge velocity (U,) could be greater than or less than Uy,
the conventional approach does not work, and an alternate approach needs to be developed. Since boundary
layers can be viewed as regions of appreciable vorticity [75], we have developed a multi-step criterion which
uses field data from CFD, i.e., vorticity and tangential velocities, at each time step to extract boundary-layer
properties from the CFD solution. Figure9 illustrates the steps in the procedure using the color contour of
the vorticity around the airfoil surface for a representative case. The color scale for this and all the following
vorticity contour plots shown in his paper is shown in Fig. 10.
The boundary-layer extraction procedure uses the following steps:

1. The airfoil surface is first discretized into several points. At each point, a surface normal is constructed, and
flow quantities (vorticity and velocity) are extracted at several points along the normal. The vorticity at the
surface, wyall, is calculated for each point on the airfoil, as illustrated in Fig. 9a in which the surface point
is labeled “S.” The maximum surface vorticity, wmax, is defined as the maximum of the vorticity at the wall
over the entire airfoil surface (maximum value of wyay for all points on the airfoil) at a given time step or
pitch angle and is also calculated and stored.

2. For each surface point, the vorticity values along the normal are examined to determine the location at
which the vorticity ratio, @ /w1, becomes negligible. (A value of 1 x 1073 has been used in this work.)
From our experience with a large number of cases, this location, labeled “V;” in Fig. 9b, is the outer-most
possible location for the boundary-layer edge.

3. In the next step, we traverse in the opposite direction along the normal from the location V| to S, as
shown in Fig. 9b, to identify the location at which the ratio w/wmax approaches 1 x 1073, Based on our
experience, this location denoted by “V»,” is a better approximation for the outer-most possible location for
the boundary-layer edge. Using the ratio w/wmax for this step non-dimensionalizes the local vorticity with
the maximum surface vorticity and makes the determination of V; in this step of the algorithm relatively
insensitive to the flow conditions such as Reynolds number.

4. Next, we examine all the points on the normal line between the points V, and S to determine the point at
which surface-parallel velocity is a maximum. As illustrated in Fig. 9c, this point, labeled “E,” is taken as
the edge of the boundary layer for this location on the airfoil. The procedure is then repeated at all surface
points to estimate the boundary-layer edge around the airfoil as shown in Fig. 9d.

From the extracted velocity profile and the deduced boundary-layer thickness, §, the displacement, momen-
tum, and energy thicknesses, 81, 82, and &3, respectively, along with the shape factor, H3, are calculated using

Egs. 12 -15.
)
5 =/ (1 _ 1) dy (12)
0 Ue

)
52=/ i<1—i>dy (13)
0 Ue Ue
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Fig. 11 Skin-friction plots and vorticity contours for « values during a pitch-up motion leading to LEV formation: a « = 18.4°
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4.4 Identification of LEV initiation from CFD results

An important aspect in the current work is to consistently identify the time instant of LEV initiation from
CFD results. Although the initiation of LEV can qualitatively be inferred from the CFD flow field pictures
by selecting the time at which the first sign of an LEV structure appears, it is desirable to have an approach
that can be unambiguously applied to any motion case and that uses only surface quantities to allow for easy
determination for a large number of cases. For this purpose, we have used the skin-friction signature, which
is described in detail in Narsipur et al. [17]. This approach is explained by examining the events that lead
to the formation of an LEV for an example pitch-up case. Figure 11 displays the upper-surface skin-friction
coefficient, C 7, and the corresponding vorticity contours around the front half of the airfoil for four angles of
attack: at @ = 18.4 degrees shown in Fig. 11a, at which the flow over the front portion of the airfoil is fully
attached (C is positive); ata = 23.4 degrees shown in Fig. 11b, at which the first onset of flow reversal is seen
at the leading edge (C  first becomes negative); at « = 28.5 degrees shown in Fig. 11c, at which an inflection
point first occurs in the negative-C y region over which the surface flow is reversed; and at « = 33.5 degrees
shown in Fig. 11d, at which the vorticity contour shows the presence of an LEV structure in the early stage
of its formation. The time instant corresponding to the C¢ signature shown in Fig. 11c is used as the time
corresponding to LEV initiation. While it is well known that the occurrence of negative C y in unsteady flow
does not indicate flow separation [40—45], we use the occurrence of negative C s to indicate flow reversal,
which is a consistent precursor to LEV initiation [2,3,30,59,76-78].

4.5 Flow-reversal behavior during pitch-up motion

In this section, detailed results from the CFD solution for the baseline case are used to examine the behavior of
the surface and boundary-layer flow features as the pitch angle is increased. Of specific interest is the chordwise
variation of the boundary-layer shape parameter, H3 (Eq. 15), which is known to reach a critical value at the
location of flow reversal in steady laminar boundary layers.

It is well known that when a rounded-leading-edge airfoil is pitched up, the flow-separation behavior
depends on the non-dimensional pitch rate (K). For small pitch rates (e.g., K = 0.005 for the SD7003 airfoil
at Re = 10,000), reversed flow on the upper surface progresses upstream from the trailing edge with increasing
pitch angle until it reaches the leading-edge region, leading to a massively separated flow on the airfoil without
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Fig. 12 Variation of upper-surface flow reversal for the baseline case

the formation of a distinct LEV. On the other hand, for higher pitch rates (K of &~ 0.1 and higher for the
SD7003 airfoil at Re = 10, 000), although a trailing-edge flow-reversal zone starts at small pitch angles and
progresses upstream with increasing pitch angle, a distinct region of flow reversal develops near the leading
edge, which shortly thereafter gives rise to vortex shedding leading to LEV formation. This distinct region
near the leading edge is caused by the adverse pressure gradient becoming high enough to cause flow reversal
followed by vortex shedding. In earlier works, this behavior was shown to be associated with the LESP reaching
a critical value. Because the current work focuses on LEV formation, the interest is on the flow features for such
higher-pitch-rate motions. Figure 12 presents the variation of upper-surface flow-reversal regions (chordwise
locations where C y < 0) with pitch angle, «, for the baseline case. The chordwise regions of reversed flow at
the surface are shaded in gray. For the three pitch angles marked in Fig. 12, Fig. 13 shows surface flow details:
a zoomed-in plot of vorticity contours overlaid with streamlines, the upper-surface chordwise variations of
C,and a plot of the H3, vs x/c. The vorticity contour plots are presented with the airfoil chord oriented along
the horizontal direction.

Examining the results for « = 8.3° in Fig. 13a, it is seen that C ¢ is positive until x/c = 0.6 beyond which
trailing-edge reversed flow occurs. This behavior is corroborated by the vorticity plot in which the streamlines
confirm the upper-surface reversed flow near the trailing edge. The CFD-extracted Hz; is seen to gradually
decrease from approximately 1.6 in the leading-edge region to approximately 1.53 at x /c = 0.6, which is the
location for the start of flow reversal. Aft of x /c = 0.6, the H3, rises sharply in the reversed-flow region, much
of which is shown as a gray shaded region, with the dotted blue line showing the calculated variation of H3;
in this region. For much of the flow-reversal region, the procedure for the calculation of H3, breaks down,
resulting in artificially high values. This behavior is ignored in the current work, which is the reason for the
gray shading in the H3; plots for these regions.

Next, looking at o = 23.4° in Fig. 13b, it is seen from the C plot that the start of the trailing-edge flow
reversal has moved upstream to x/c =~ 0.5. More interestingly, it is seen that a second, distinct region of
reversed flow near the leading edge has started to form at this pitch angle, as seen by the C y becoming negative
over a small chordwise extent near the leading edge. It is seen that the H3; reaches a minimum value of
approximately 1.515 at the location near the leading edge where C ¢ becomes negative. The occurrence of the
new and distinct region of reverse flow near the leading edge is also shown in Fig. 12 for this pitch angle.

For the pitch angle of 28.5°, Fig. 13c¢ shows that the C ¢ remains negative for a larger region near the
leading edge indicating that the region of reversed flow at the trailing edge has grown in size in comparison
with that for o of 23.4°. The C ¢ distribution shows an inflection point in the negative-C y region at the leading
edge, which signals the initiation of LEV formation, which is indicated by the small bulge in the vorticity
contours and streamlines at the leading edge. For this condition also, it is again seen that the H3, decreases
to approximately 1.518 at the start of the reversed-flow region at the leading edge. This result shows that Hz;
reaches a value close to 1.515 at the location of the start of surface flow reversal, indicating that this behavior
could be used to predict the occurrence of flow reversal even in unsteady airfoil flows. However, the H3; at
the location of the occurrence of flow reversal is always around 1.515 even for higher pitch angles when the
reversed-flow region has become larger. Because the calculation of H3; is not reliable in regions of separation,
the criticality of H3> can be used to identify only the initial onset of reversed flow and cannot be used to
characterize the subsequent development of events such as the initiation of LEV formation.
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Fig. 13 Flow features for the baseline case at a o = 8.3 degrees, b o = 23.4 degrees, and ¢ « = 28.5 degrees

4.6 Criticality of boundary-layer shape factor

To confirm the universality of H3; criticality, Fig. 14 plots the H3, values at the x /c locations corresponding
to the start of the upper-surface leading-edge reversed-flow regions for each of the 9 cases listed in Table 1 for
all pitch angles from the onset of flow reversal to the LEV initiation in each case. Also shown for reference are
dashed lines corresponding to H3, values (for steady, incompressible flow) of 1.515 (purple) corresponding
to laminar separation, 1.57 (red) corresponding to a flat-plate zero-pressure-gradient flow, and 1.62 (cyan)
corresponding to stagnation-point flow. These values provide an appropriate scale for the Hz; axis. It is seen
that the H3; values for all these cases are clustered close to H3, of 1.515, indicating that criticality of H3; could
be used to identify the onset of flow reversal for unsteady airfoil motions for the range of pitch rates, pivot
locations, Reynolds numbers, and leading-edge radii used in this study. This result provides the motivation for
the development of a low-order approach to prediction of leading-edge flow reversal using computationally
inexpensive methods, leading to the second part of the research effort described in the following section.

5 Low-order prediction methodology

The low-order method (LOM) used in this work has two parts: (i) the unsteady vortex panel method (UVPM),
described in Sect. 5.1, and (ii) the integral-boundary-layer method (IBL), described in Sect. 5.2. The combined
LOM s described in Sect. 5.3. The LOM results for an example case are compared with CFD results in Sect. 5.4.
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Fig. 15 C), comparisons with the experiments of Miiller-Vahl et al. [82] for a sinusoidally pitching NACA 0018 airfoil pivoted
about the quarter chord a o = 2.1° b o = 5.9° ¢ @ = 9.3° during pitch up

5.1 Unsteady vortex panel method

Panel methods have been extensively used in the past to analyze flows past bodies of realistic geometries and
have proved to be successful under certain circumstances. It is important to understand that these methods are
based on potential-flow solutions and hence their forte is in accurately solving attached flow fields. The use
of these dates back to Hess and Smith [79]. Several extensions of these have been developed for many flow
situations. In the current method, we adopt an unsteady vortex panel method from Katz and Plotkin [80], as
implemented by Young [81], for calculating the potential-flow pressure distribution on pitching airfoils.

5.1.1 Validation of the UVPM

Three sets of comparisons were performed to establish the accuracy of the UVPM. In the first set of comparisons,
experimental results from Miiller-Vahl et al. [82] for a sinusoidal pitching NACA 0018 airfoil at a freestream
Reynolds number of 0.37 million are compared with the computed coefficient of pressure (C,) from CFD and
UVPM. The plots show excellent agreement between all three data sets as shown in Fig. 15. The comparisons
have been carried out only for small angles of attack at which viscous effects are relatively small.

In the next set of comparisons, we compared the velocity distributions for an SD7003 airfoil between UVPM
and CFD results from the current work for two pitch rates. Figure 16 shows that the velocity distributions for
K = 0.4, plotted against arc length from the upper-surface trailing edge to the lower-surface trailing edge,
obtained from UVPM display very good agreement with CFD. Overall, the stagnation points between the
two formulations match each other across various angle of attacks. For the higher « case, it is seen that the
non-dimensional boundary-layer edge velocity, U,/ U, is slightly higher in the UVPM formulation compared
to CFD. The reduced suction in the CFD results from the decambering effect of thick boundary layers and
trailing-edge separation. Similar behavior is seen for the velocity comparisons for K = 0.1 as shown in Fig. 17.

In the last set, we looked at £ and flowfield comparisons between CFD, UVPM, and the LDVM low-order
method developed by Ramesh et al. [16]. The baseline case (from Table 1) has been chosen for comparison.
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Because the UVPM has no model for LEV shedding, the LEV shedding has been turned off in LDVM as well
to ensure an equitable comparison between the two formulations. The variation of £ obtained from LDVM is
the Ao Fourier coefficient of the bound-vortex-sheet distribution, while the £ obtained in UVPM and CFD is
calculated by integrating C), distributions over the airfoil from the leading-edge to the predefined (x/¢)max,
as discussed in Sect. 2.3. The £ comparison is shown in Fig. 18a. Comparing the time variations from the
two low-order methods first, it is seen that the UVPM-predicted £ is higher than that predicted by LDVM.
This difference is because the UVPM predicts thickness effects, whereas the LDVM, being a thin-airfoil
formulation, does not model thickness effects. Comparing the LDVM prediction with that from CFD next, it is
seen that, until the onset of LEV initiation at t* = 1.62, the LDVM and CFD time variations have roughly the
same trend with the LDVM L being slightly higher than that of the CFD due to the absence of the reduction
in suction caused by the viscous “decambering effects” in the CFD predictions. After LEV initiation, the £
predicted by CFD levels off due to the LEV formation. In Fig. 18b, the shapes of the trailing-edge-vortex
wakes are compared at t* = 1.26 (marked in Fig. 18a) and have good similarity with each other. The wake
roll-up and locations of the previously shed vortices are in good agreement between the three approaches.

5.2 Integral boundary layer

The use of the steady integral-boundary-layer calculation keeps the low-order method (LOM) numerically
simpler compared to a relatively more intensive unsteady boundary-layer method. In our current work, we are
focused on events preceding the onset of flow reversal at the leading edge when the flow at the leading-edge is
attached. The method in this work, currently limited to handling only laminar boundary layers, is an adaptation
of that presented by Selig and Maughmer [37]. It uses steady boundary-layer closure relations from Drela and
Giles [36] using the instantaneous velocity distribution from the UVPM as input. The steady boundary layer
closure relations are provided below.

(4 — Hi)?
Hz = 1.515 +0.076H—, Hp; <4
12
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Using the results from UVPM and IBL, the first occurrence of reversed flow near the leading-edge region is
determined by identifying the time instant when H3; first approaches the critical value of 1.515 in this region.

5.3 Low-order boundary-layer prediction methodology

The low-order prediction approach here combines the UVPM and the IBL. To calculate the upper-surface
boundary layer at any instant of time for an unsteady motion, the UVPM-predicted instantaneous upper-surface
velocity distribution from the stagnation point is used as input to the IBL. The IBL calculates the boundary-
layer development until the occurrence of flow reversal (identified by Hz; = 1.515). This IBL method does
not have the capability to calculate the boundary-layer properties at chordwise locations much beyond this
first occurrence of flow reversal. Future improvement could examine the use of an unsteady boundary-layer
calculation approach like that presented in Matsushita et al. [46,47] and Paturle et al. [48] which has the
capability to continue the calculation beyond the first occurrence of flow reversal until the location of unsteady
separation. The main objective of this low-order prediction approach in this work is to identify the time instant
of the onset of flow reversal at the leading edge, which has been shown to be a precursor to initiation of LEV
formation.

To illustrate this calculation approach, the upper-surface Hs; variations from this low-order prediction
approach are presented for the baseline motion for a series of pitch angles in Fig. 19a. For comparison, Fig. 19b
shows the upper-surface Cy variations for several pitch angles extracted from the CFD using the method
described in Sect.4.3. It is seen that at small pitch angles, in both CFD and low-order predictions, the airfoil
has upper-surface reversed flow near the trailing-edge region. The occurrence of reversed flow is signaled in
the CFD results by C crossing from positive to negative, and in the low-order results by H3; crossing from
> 1.515 to < 1.515. With increasing pitch angle, the chordwise location for the first occurrence of reversed
flow is seen to progressively move to smaller x/c values. At some pitch angle, both sets of results show
the development of a minimum in the leading-edge region resulting from the leading-edge adverse pressure
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gradient causing the boundary-layer to tend toward flow separation. At some pitch angle (the value of which
is different between the CFD and low-order predictions), this minimum crosses the critical value (of C¢ =0
in the CFD results and H3; = 1.515 in the low-order results) indicating the sudden onset of flow reversal at
the leading edge, resulting in a rapid movement of the chordwise location of the occurrence of flow reversal.
The time instant corresponding to the sudden crossing over across the critical value is taken as the onset of
leading-edge flow reversal. Although the low-order approach is incapable of predicting the LEV initiation,
which occurs shortly after the onset of flow reversal, CFD results can be used to determine this time instant
using the inflection point in the C s distribution as described earlier in Sect. 4.4.

5.4 CFD versus low-order prediction for the baseline case

In this subsection, we compare the LOM and CFD predictions for the baseline case. Figure 20a compares the
variation of the LESP with pitch angle from CFD and UVPM predictions, and Fig. 20b compares the variation
of x /¢ for the first occurrence of flow reversal with £ between CFD and LOM. In both these plots, the triangle
symbols show the conditions corresponding to the CFD and LOM curves plotted in Fig. 19. The £ at any pitch
angle from CFD and UVPM has been calculated by integration of the corresponding pressure data over the
leading-edge region, as described in Sect. 2.3. It is seen that the UVPM predicts a higher £ than CFD. This is
because of the decambering effect of the thick and separated boundary layers on the aft portion of the upper
surface in CFD, which results in a reduction of the suction peak at the leading edge. On the other hand, the
potential-flow model in UVPM, which does not have any effective shape change due to the boundary layer,
predicts a higher suction peak. This difference in the suction peak between CFD and UVPM is also shown
earlier in Figs. 16 and 17.

Next, we compare the predicted variations of the location of the first occurrence of flow reversal on the
upper surface from CFD and LOM in Fig. 20b. This variation has been plotted with £ on the vertical axis. The
advantage of using the £ instead of « for the vertical axis to compare the CFD and low-order predictions is
that the £ takes the amount of leading-edge suction (for each « from each method) into consideration. As a
result, the discrepancy between the two curves is smaller when plotted against £ instead of against «.

Examining the CFD result first, it is seen that even at small pitch angles, there is flow reversal starting from
approximately x /¢ = 0.7 due to trailing-edge separation. With increasing pitch angle, this x /¢ value moves
forward until LESP = 0.23 («¢ = 23 degrees), when it jumps forward due to the sudden onset of flow reversal
at the leading edge. At a slightly higher pitch angle of 28.5 degrees, when LESP = 0.27, CFD predicts the
initiation of LEV formation. Examining the LOM prediction, it is seen that, at the low £ values, the predicted
x /c for flow reversal is smaller than that from the CFD results, indicating earlier occurrence of flow reversal
in the UVPM. This discrepancy is attributed to the higher suction peak and greater adverse pressure gradients
predicted in the potential-flow UVPM compared to the viscous CFD results that account for the thick and
separated boundary layers. The UVPM variation, like the CFD result, also shows a sudden forward movement
of the x/c for flow reversal, which is less abrupt than the corresponding jump seen in the CFD result, and
occurs at a smaller £ of 0.20, corresponding to o = 12.4. This £ value is taken as the LOM prediction for the
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onset of flow reversal. If the LOM predicted o and £ for the first onset of flow reversal at the leading edge
are taken as the reference values, it is seen that the CFD-predicted onset of flow reversal at the leading edge is
delayed by a Aap of 10.6 degrees or a ALESPg of 0.026, and the CFD-predicted LEV initiation is delayed
by a Aay of 16 degrees or a AL of 0.066. If the LOM is to be used for rapid prediction of leading-edge flow
reversal and LEV initiation for a range of motion parameters and airfoil shapes without the benefit of CFD
results, then these empirically determined offsets between the LOM and CFD predictions for this case should
be mostly independent of motion parameters and airfoil shapes. In the following section, the results for all the
cases are examined to assess whether the low-order prediction with such an empirical offset can be used to
predict LEV initiation for multiple motions and airfoils.

6 Results

We first present the results for all the motion cases for the SD7003 airfoil in Sect. 6.1. These results are also
used to assess the empirically determined offsets in « and £ between the CFD and LOM predictions for the
baseline case in Sect. 5.4. The next subsection (Sect. 6.2) presents results for a different airfoil (NACA 0012)
and compares the LOM predicted results corrected using the same offsets determined for the SD7003 airfoil
in Sect. 5.4 with the CFD results for the NACA 0012.

6.1 Results for the SD7003 airfoil

The LOM predictions for onset of flow reversal are compared with the CFD results for onset of flow reversal
and LEV initiation for the nine SD7003-airfoil cases listed in Table 1. The results are presented in Fig. 21 for
the four cases studies plotted in the four corresponding columns: pivot (x,/c), pitch rate (K), leading-edge
radius (rLg), and Reynolds number (Re). In each column, the top row presents the comparison for the pitch
angles, and the bottom row presents the results for the LESP values.

Examining the first column for the effect of pivot location, we see from the results plotted in the top row
that the LOM-predicted pitch angle for the onset of flow reversal increases by almost 15 degrees as the pivot
location is changed from the leading edge (x,/c = 0) to the half-chord location (x,/c = 0.5). The trend,
which is as expected, is because of the effect of the increased motion-induced downwash at the leading edge
as pivot is moved aft. This trend is also seen in the CFD results for both the onset of flow reversal and LEV
initiation, except that the CFD results have an offset in the « values in comparison with the LOM predictions.
Examining the results for £ in the bottom row, it is seen that the LOM-predicted £ values for onset of flow
reversal vary by approximately 0.04 for pivot change from the leading-edge to the half-chord location. This
trend is similar to those seen for the CFD-predicted £ for onset of flow reversal and LEV initiation. Although
the critical £ is expected to be mostly invariant with pivot location, these trends in £ values do show that there
is a variation. However, the variation is relatively small, and the trends are nearly the same between LOM and
CFD.
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Fig. 21 Scatter plots showing the variations of LOM and CFD predictions for the SD 7003 airfoil. Baseline values are shown
using filled symbols

Examining the data for the effect of non-dimensional pitch rate, K, on the pitch angle, «, in the upper
row of the second column, the values of LOM-predicted « for onset of flow reversal are seen to be relatively
invariant. Similar trends are seen in the CFD results as well. The £ variations, plotted in the bottom row, from
LOM and CFD predictions are similar in trend and show a change of approximately 0.05 for K variation from
0.1 to 0.4.

The plots in the third column show the effect of change in leading-edge radius, r g. Examining the trends
in the top row, the changes in pitch angle due to the change in 7 g are seen to be relatively small, and the trends
are similar between LOM and CFD. The variations of £ in the bottom row show that there is an approximately
0.05 change in the £ for both the CFD and LOM predictions over the range of r g studied here. It should be
mentioned that critical £ is not expected to be constant with change in 7. g, and an increase in the critical £ is
to be expected as the leading edge is made more round.

The fourth column shows the effect of Reynolds number. Examining the LOM results first, it is seen that the
Reynolds number has no effect on the critical £. This can be explained by noting that from theory, for a given
pressure distribution, the location of laminar separation is invariant with Reynolds number. Examining the CFD
results next, it is seen that Reynolds number has a small, but noticeable, effect on the critical £. This behavior is
attributed to the effect of the displacement thickness of the leading-edge boundary layer on the flow curvature
of the outer-flow streamlines (the streamlines outside the boundary layer). The curvature of the leading-edge
flow determines the leading-edge suction and, in turn, affects both the £ and the tendency of the boundary
layer to separate. Because the displacement thickness is affected by Reynolds number, there is an effect of
Reynolds number on the critical £. The results from the fourth column show that, for the range of Reynolds
numbers considered here, the trends in the CFD results are still similar to those seen in the LOM results. For a
larger Reynolds-number range, the deviation between LOM and CFD trends may become unacceptably high.
Future work could examine the use of viscous—inviscid interaction in the low-order formulation to account for
the effects of displacement thickness and bring the LOM trends closer to those seen from the CFD results.

One of the main aims of this work is to develop a low-order prediction method that uses boundary-layer
criticality to predict onset of flow reversal and LEV initiation for a large range of motion parameters. Although
the results of Fig. 21 show that the CFD results do not match with LOM predictions, it is seen that the trends
matched well. To better compare these results from the viewpoint of the assessment of the LOM for predictive
purposes, Fig. 22 plots the « and £ results from CFD against the corresponding predictions from LOM for
all the nine cases in Table 1. Figure 22a compares the CFD-predicted « values for onset of leading-edge flow
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reversal and LEV initiation against the LOM-predicted « values for onset of leading-edge flow reversal. A
45-degree line is shown for reference to indicate the deviation of the results from a perfect 1:1 correlation. It is
seen that the CFD results for the onset of flow reversal (red symbols) are all clustered around a 45-degree line
that is offset from the perfect correlation line by the Axp of 10.6 degrees determined for the baseline case in
Sect. 5.4. For all the cases considered here, the maximum « error from this offset line is 2.78 degrees. The CFD
results for the LEV initiation (blue symbols) are also clustered around another 45-degree line that is offset
from the perfect correlation line by the Aa; of 16 degrees, with the maximum error being 3.9 degrees. These o
offsets, determined for the baseline case, were listed in Sect. 5.4. Similar results are shown in Fig. 22b, which
plots the CFD-predicted £ values for onset of flow reversal and LEV initiation against the LOM-predicted £
values for onset of flow reversal. Here too the CFD predictions are seen to be clustered around offset 45-degree
lines, with the offsets, £ and £; obtained from the results for the baseline motion in Sect. 5.4. The maximum £
error for flow-reversal onset from the corresponding offset 45-degree line is 0.020, and the maximum error for
the LEV initiation from the corresponding line is 0.018. These results show that, with an empirical correction
obtained for one motion, the corrected LOM prediction is able to predict either onset of leading-edge flow
reversal or LEV initiation for any other motion within an acceptable error. As noted earlier, this empirical
correction may work only for a limited Reynolds number range such as that used in this work. To expand the
applicability over a larger range of Reynolds numbers may require enhancements to the LOM to incorporate
the effect of displacement thickness.

6.2 Assessment of the LOM predictions for the NACA 0012 airfoil

It is of interest to assess the performance of the corrected LOM predictions, using the corrections empirically
determined from the SD 7003 airfoil results, for another airfoil. Toward this objective, this section compares the
prediction accuracy of the corrected LOM results with the CFD results for LEV initiation for the NACA 0012
airfoil. To obtain the LOM predictions, for each motion, the LOM (UVPM and IBL) was used to determine the
« and £ for the time instant corresponding to the first onset of flow reversal at the leading edge. These values
were then corrected by adding the empirical offsets of A« of 16 degrees and AL E S P of 0.066 from Sect. 5.4
(determined from the results for the baseline motion for the SD7003 airfoil). Figure23 shows the comparison
of the CFD predictions for & and £ for LEV initiation against the corrected LOM results for the nine motions.
It is seen that the results are clustered around the 45-degree line for perfect correlation with the maximum
error in o of 3.1 degrees and maximum error in £ of 0.025. This excellent comparison shows the prediction
effectiveness of the LOM not only for different motions, leading-edge shapes, and Reynolds numbers (within
the limited range used in this work), but also for different airfoils.

7 Conclusions

Unsteady airfoil flows are often characterized by LEV formation and shedding. The growth and advection of
the resulting LEV strongly affect the forces and moments on the airfoil and dominate the flowfield. Low-order



H. Ramanathan, A. Gopalarathnam

a prediction from LOM with correction (deg)

(a)

45 0.35
o0 / A /7
:;‘i @ [ Vg
o 35 ’ © 03 7
£ x, £ § £0
O /f 2 *
& /0 g /7
g o) ¥  Baseline =5 0.2 4 ¥  Baseline
E 15 ’ it 2 7 it
£ A g variation g A r_g variation
'8 O Pivot variation Q 0.15 4 O Pivot variation
a 5 o K variation E?J 4 o K variation
3 X Re variation [N X Re variation
0.1
15 25 35 45 01 015 02 025 03 0.35

LESP prediction from LOM with correction

(b)

Fig. 23 CFD versus corrected LOM predictions of pitch angle («) and £ for the nine cases with the NACA 0012 airfoil

prediction of the initiation of LEV formation, however, has been a challenge, especially for round-leading-edge
airfoil geometries. Recent works on the criticality of LESP as a governing factor for the initiation of LEV
formation have shown success for both airfoil and finite-wing flows. The critical LESP, however, depends on
both the leading-edge radius and the Reynolds number. As a result, for each new combination of leading-edge
radius and Reynolds number, it needs to be determined using CFD or experiment for at least one motion case
before it can be used for other motions. In this work, we propose that criticality of the boundary layer at the
leading edge can be used as an improved governing criterion for predicting the initiation of LEV formation. To
be used successfully in low-order predictions, one of the objectives of this work was that this boundary-layer
criticality should be easily calculated using low-order approaches, thus avoiding the reliance on an expensive
CFD or experimental result. With a focus on low Reynolds numbers at which the flow on the airfoil is fully
laminar, the current work was carried out in two steps. In the first step, RANS CFD results were used to
verify the hypothesis of boundary-layer criticality. In the second step, a low-order prediction approach was
developed, in which an unsteady vortex panel method is used in combination with an integral-boundary-layer
calculation to predict the occurrence of boundary-layer criticality at the leading edge. The results from the
low-order approach are compared with the CFD results for LEV initiation.

To test the main hypothesis of boundary-layer criticality governing LEV initiation, in the first step, we
examined RANS CFD results for a large set of pitch-up motions. The motions include systematic variations
in pivot location, pitch rate, leading-edge radius, and Reynolds numbers. For each case, we extracted the
boundary-layer information to determine the variation of the boundary-layer shape factor (Hzy) from the
stagnation point until the first occurrence of flow reversal on the upper surface of the airfoil. We show that
the sudden occurrence of flow reversal at the leading edge is a precursor to LEV initiation, and this event is
distinct from the slow forward-moving flow reversal that characterizes trailing-edge separation. For all the
cases studied, it is shown that the value of the H3, at the onset of this leading-edge flow reversal is close to
1.515, which is the well-known critical value for flow separation in laminar boundary layers. This shape factor
is not valid in separated regions, which prevents its use for characterizing the time instant of LEV initiation,
which occurs shortly after the first onset of flow reversal. However, by consistently predicting the precursor
event to LEV initiation, the results clearly support the hypothesis that criticality of boundary layer governs the
initiation of LEV formation.

For the low-order prediction approach, an unsteady vortex panel method was used to obtain the instan-
taneous velocity distribution on the airfoil surface at a series of time steps in the motion. A steady integral-
boundary-layer calculation was used to calculate the upper-surface boundary-layer development from the
stagnation point until the first occurrence of flow reversal. Previous works have shown that a steady boundary-
layer calculation is sufficient for such unsteady airfoil flows as long as the instantaneous surface velocity
distribution is from an unsteady calculation. The occurrence of surface flow reversal is identified by the shape
factor, Hap, reaching the previously determined critical value of 1.515. This boundary-layer method does not
have the capability to continue the calculations beyond the first occurrence of flow reversal. During a pitch-up
motion, a sudden forward movement of the flow-reversal location to the leading-edge region signifies the onset
of leading-edge flow reversal. The predicted values of pitch angle and LESP for leading-edge flow-reversal
onset for all the motions were compared against CFD results. Although the low-order predictions for flow
reversal correctly captured the CFD trends in variation of pitch angle and LESP for LEV initiation with vari-
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ous motion parameters, they were offset from the CFD results. These pitch-angle and LESP offsets, attributed
to the absence of viscous effects such as trailing-edge boundary-layer separation in the potential-flow panel
method, were found to be mostly independent of the motion parameters. When these empirically determined
offsets, calculated from the results for the baseline case of the SD 7003 airfoil, were applied to the low-order
predictions for a different airfoil (NACA 0012), the results matched well with the CFD results with an error
of £3 degrees in pitch angle and -0.025 in LESP. These results show the promise of this low-order approach.
Future refinements to the approach could explore (i) the use of an unsteady boundary-layer method that can
extend the calculation until the onset of flow separation, (ii) the use of viscous—inviscid interaction to account
for displacement-thickness effects in the low-order calculations, and (iii) the extension of the approach to
higher Reynolds numbers by using a transition model in the boundary-layer method.
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