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Abstract: The aerodynamic performance of a novel trailing edge L-shaped flap design is

characterized numerically by means of computational fluid dynamics. The device is primarily

thought for aerodynamic load adaptation to flight conditions. The device could be applied on

a broad range of flying vehicles, like rotorcraft, for which it has been primarily designed, and

also fixed wing aircraft and wind turbines. The operation of this movable surface is twofold.

On one side, when the device is deployed downward, it acts as a Gurney flap, allowing the

increase of the aerodynamic lift, without severe drawbacks in terms of drag rise. On the other

side, when it is deflected upward, it is found capable to significantly alleviate the negative

effects of stall. Simulations are carried out on a NACA 0012 airfoil equipped with the present

L-shaped device at several angles of attack, both in linear and stall regimes. The reliability

of numerical computations is supported by comparisons with pressure measurements and PIV

surveys. Moreover, for small angles of attack, a Mach sensitivity analysis is performed, to assess

the effects of compressibility on the L-shaped flap. Additionally, this work highlights how such

device, when designed appropriately, can even delay the static stall onset.

Keywords: Aerodynamics, Gurney Flap, Computational Fluid Dynamics, Particle Image

Velocimetry, Load Alleviation
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Nomenclature

c airfoil chord, [m]

Cd drag coefficient

Cl lift coefficient

Cm pitching moment coefficient with respect to the quarter of chord

CP pressure coefficient

fs shedding frequency, [Hz]

h height of the L-tab, made dimensionless by the airfoil chord

k reduced frequency, k = ωc/2U

M freestream Mach number

Mr local Mach number

Re freestream Reynolds number

St Stouhual number St = fsh/U

t time, [s]

U freestream velocity, [m/s]

α angle of attack

β L-tab deflection angle, positive upward

ρ density

1 Introduction

In most fixed wing aircraft, the wing geometry does not change during the flight, with the only

exception of the take-off and the landing phases, when high-lift devices, including trailing edge

(TE) flaps and leading-edge slats, are deployed. The so-called clean wing geometry is optimized

to match a specific design point, i.e. for given cruise speed, altitude and weight. In fact, these

parameters may change significantly during cruise, depending on the actual operating conditions

experienced. Operation in off-design conditions usually leads to relevant modifications of the

load distribution along the wing, thus resulting in performance degradation.

The changes in flight conditions are even more significant for rotorcraft. In particular, a

drastic modification of the flow on each blade occurs between hover and forward flight. The

twist of the blades is designed looking for the best trade off between hover and forward flight

requirements (see [1] pp. 290-291). In particular the former flight condition requires much more
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twist with respect to the latter. Acting on the airfoil loads with a lifting surface, within the flight

envelope, may reduce performance limitations. Additionally, the application of this concept on

rotorcraft has several peculiar issues, concerning the related technological solutions. Such issues

are primarily due to the necessity to operate movable surfaces subject to high centrifugal loads,

as well as to limitations of in-blade available volumes for the stowage of actuation systems [2].

Abbas [3] reviewed several technological solutions for load alleviation, drag reduction and

separation control, to extend the flight envelope to off-design conditions. These devices deliber-

ately modify the flow-field over the wing and can be effectively used to optimize the span-wise

and chord-wise load distribution. A very interesting solution is represented by Gurney flaps

(GFs). In 1978 Liebeck [4] published one of the first works about the aeronautical application

of Gurney flaps. Ever since, this movable device has been of primary interest in research for

aeronautical applications. The main advantages of this solution were found to be the effective-

ness in lift enhancing, without severely affecting drag and lift to drag ratio [5,6]. Wang et al. [5]

carried out an experimental sensitivity analysis of GFs performance to height, plan form, setup

angle, location, and Reynolds number. They concluded that the most affecting parameter in lift

enhancement is the GF wet area, regardless to the plain form shape. Regarding the chord-wise

location, Gurney flaps were found to grant higher effectiveness, if installed on the TE. In Ref. [7]

it is also found that the lift enhancement mechanism changes for the transonic regime. In this

case, the downstream shift of the shock wave resulted to be the most affecting phenomenon for

the Gurney flap lift increase. Moreover, GFs show significant benefits with respect to classical

high lift devices in terms of ease of the actuation mechanical systems and simplification required

maintenance. During the last years, the interest in GFs for rotorcraft applications has grown

significantly. Several works investigated the application of Gurney flaps to rotorcraft and wind

turbines. Min et al. [8] employed a dynamically deployed GF as an active control system for

rotor blades vibration reduction. Liu et al. [9] used a CFD based reduced order aerodynamic

model of a microflap coupled with a structural solver to reduce vibratory loads. Several numeri-

cal and experimental investigations were performed to study the behavior of GFs [10–16]. These

studies highlighted how such movable devices allow to increase the lift, and in particular the

maximum lift and the lift to drag ratio. Kentfield [17] analytically showed that the performance

of helicopter rotors can be improved by means of GFs. Pastrikakis et al. [18] demonstrated

the potential effect of a Gurney flap on a hovering rotor. Cheng and Celi [19] showed that a
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2-per-revolution activation can be used to improve rotor performance, by increasing rotor thrust

or decreasing the required torque. Johnson et al. [20] discussed the application of GFs to wind

turbine.

In order to simplify the application of Gurney flaps to rotorcraft blades, Zanotti et al. [21]

proposed an L-shaped tab, that is a combination between a classical split flap, and a Gurney

flap. This tab has the advantage of locating the GF on the trailing edge, therefore maximizing

its performance [5]. Experimental measurements carried out in Ref. [21] showed that this novel

L-shaped tab could be exploited both downward deployed, as a GF, and upward deflected, as

a classical TE flap, to mitigate the negative effects of dynamic stall. The positive effects of a

combination between a TE flap, and a GF are emphasized also by Lee [22]. The experiments by

Zanotti et al. [21] involved pressure measurements and PIV surveys on a NACA 23012 airfoil

model oscillating in pitch. Measurements were carried out with the movable device in static

position both upward and downward deflected. The experiments showed promising effects that

could be provided by an actively controlled L-shaped tab for dynamic stall alleviation.

The interesting results obtained in the past experimental campaign [21] lead the authors to

search for a deeper insight into the aerodynamic features of this novel L-shaped TE device. The

main purpose of the present paper is to numerically investigate the aerodynamic behaviour of

L-tab in static conditions and for different flow conditions. The small angle of attack regime, as

well as the static stall conditions are taken under consideration. Numerical computations carried

out for an oscillating NACA 0012 section equipped with such L-tab were discussed in previous

works [23–25]. Moreover, a sensitivity analysis with respect to the geometrical configuration,

is carried out. Numerical computations are performed for several angles of attack, each with

various angular positions of the L-tab. The validation of numerical results is performed through a

time and space convergence analysis. Furthermore the reliability of the numerical investigation is

supported by the comparison with experimental data. To this purpose steady state simulations

are carried out on a NACA 23012 airfoil equipped with the L-tab under consideration. The

numerical pressure distributions and the flow fields in the TE region are compared to the results

of pressure measurements and PIV surveys.

The work is structured as follows. Section 2 deals with the numerical model for the airfoil

section equipped with the L-tab. The geometry, the computational grid and the numerical

solver are introduced at first. The convergence analyses of the numerical solution, with respect
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to the time and space resolution, are then reported. Additionally comparisons with experimental

data from literature and three-dimensional simulations are shown. In section 3 a comparison

with experimental results, specifically carried out on the L-tab geometry are discussed. Section

4 discusses the numerical results of steady state simulations at small angles of attack. The

force coefficients, obtained for different rotations of the L-tab, are extensively discussed and

compared to the airloads developed by the clean NACA 0012 airfoil. Furthermore, a Mach

number sensitivity analysis is presented. Section 5 reports static stall computations. It is found

that an upward deflection of the L-tab allows for a mitigation of the static stall negative effects.

Section 6 contains further remarks to the present work.

2 Geometry of the L-tab and numerical model

Figure 1(a) shows a sketch of the L-tab installed on the airfoil section model in the experiments

reported in Ref. [21], both in deployed and in retracted position. The L-tab chord-wise length

is equal to 10%c, while the height of the tab is equal to 1.33%c, as reported in figure 1(b). The

L-tab downward deployed actually protrudes 1.01%c from the airfoil pressure side, being the

geometry of the clean airfoil cut slightly upstream the trailing edge. The resulting size of the

tab vertical prong is consistent with the GF heights found in literature, that commonly range

between 1%c and 2.5%c, see Ref. [5]. A second configuration, similar to the first, but with

chord-wise length of the L-tab equal to 20%c, is also considered. The L-tab is in the baseline

configuration conceived when is upward rotated so that the end of its vertical prong lies on the

suction side corner of the trailing edge. This configuration is obtained with an upward rotation of

the L-tab corresponding to about nine degrees for the 10%c-long L-tab. Therefore, the baseline

shape of the resulting airfoil section resembles that of a divergent trailing edge solution, already

investigated for applications concerning transonic flows [7, 26], which are indeed not unusual

conditions for rotorcraft blades.

There is a general agreement, see e.g. Refs. [4, 9, 27], on the fact that the primary effects

induced by GFs consist of a modification of the effective camber line of the airfoil. As a conse-

quence, since the purpose of this work is to investigate the physical phenomena induced specif-

ically by the L-tab, it appears appropriate to use a symmetrical airfoil as basic section, such as

the NACA 0012. This allows to identify immediately the camber modification effects directly

related to the movable device.
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(a) Sketch of the L-tab Gurney flap (b) Computational geometry for the 10%c L-tab

Figure 1: Geometrical model for the L-tab equipped airfoil.

The ROSITA (ROtorcraft Software ITAly) solver [28] is used for numerical CFD simulations

on the airfoil model equipped with the L-tab. This solver integrates numerically the Reynolds

Average Navier-Stokes (RANS) equations, coupled with the one-equation turbulence model of

Spalart-Allmaras [29], in moving, overset, multi-block grids. A fully turbulent viscous flow

is assumed for the present numerical computations. The equations are discretized in space

by means of a cell-centred finite-volume implementation either of the Roe’s scheme, employed

in this work, or of the Jameson’s one, with scalar and matricial numerical viscosity. Second

order accuracy is obtained through the use of the Monotonic Upstream-Centred Scheme for

Conservation Laws (MUSCL) extrapolation [30, 31], supplemented with a modified version of

the Van Albada limiter introduced by Venkatakrishnan [32]. The viscous terms are computed

by the application of the Gauss theorem and using a cell-centred discretization scheme.

The space discretization leads to a system of ordinary differential equations for the rate

of change of the conservative flow variables–as well as of the turbulent viscosity–associated to

the centres of the control volumes. Such derivative equations are approximated by an implicit

second-order BDF formula using three levels in time. The resulting non-linear system is solved

by sub-iterations with respect to an additional virtual variable, referred to as pseudo-time. The

integration in the pseudo time is performed with a fully unfactored implicit Runge-Kutta scheme.

The accuracy of the solution at low speed is enhanced by the employment of the Turkel

preconditioner [33]. The generalized conjugate gradient, in conjunction with a block incomplete

lower-upper preconditioner, is used to solve the resulting linear system, see Refs. [28, 34,35] for

more details.

To manage the change of angular position of the L-tab, a system of two overlapped multi-
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Figure 2: Background C-type 51659 faces reference grid, realized from the airfoil up to the 25c
extended far-field.

block structured grids is realized. The background C-type grid, made of 51659 faces, goes from

the airfoil section up to the far-field and is shown in figure 2, where the entire airfoil and a detail

of the trailing edge region are shown. In particular 412 faces are located on the airfoil, 30 faces

across the boundary layer, 159 along the wake and 40 along the radial direction, from the end

of the boundary layer up to the far-field. The overlapping grid of 45281 faces lies just around

the L-tab and it has rectangular shape. It has width about three times the length of the tab

and height about twice the length of the movable device. Namely, 230 faces are located on the

L-tab, 25 faces along the L-tab boundary layer and 25 faces in the longitudinal and transverse

directions, from the end of the boundary layer up to the domain extremes. The overlapping

grid is shown in figure 3. The two grids are refined in the trailing edge region, to accurately

capture the expected high gradients of the flow across the slot between the airfoil and the L-

tab, see figures 2(b) and 3(b). Refinements are realized also along the solid walls, to correctly

represent the boundary layer. The first elements on the solid bodies have height of 2 · 10−5

chords, to keep the y+ parameter close to unit. Figures 4 display the computational grid in

the trailing edge region, obtained by the application of the interpolation procedure between the

background and the overlapping grids, for the L-tab downward deployed and upward deflected.

The geometry adopted for the numerical simulation is built to always grant a finite slot between

the L-tab and the airfoil, so that the correct functioning of the grid overlapping scheme is

ensured. As a consequence, in the resulting numerical model the hinge is not airtight as it was
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Figure 3: Overlapping rectangular 45281 faces grid, surrounding the L-tab.

(a) (b)

Figure 4: Computational grid for the L-tab downward deployed (a) and for the L-tab 9 deg.
upward deflected (b) after the application of the interpolation procedure, α = 0 deg.

in the experiments discussed in Section 3. For this reason it has been decided to perform an

assessment of the effect of the slot, discussed in Section 2.4.

The steady-state simulations are carried out at Reynolds number Re = 1 ·106, whereas three

values of the Mach number, i.e. M = 0.117, M = 0.5, and M = 0.7, are considered. The pitching

moment is expressed with respect to the quarter-chord throughout this work, unless otherwise

specified. Moreover, β = 0 deg. is associated to the L-tab completely downward deployed.

Positive values of β are used to indicate upward rotations of the L-tab.

2.1 Convergence analyses for the numerical model

Convergence analyses with respect to the pseudo-time and spatial resolution are performed, both

at small angle of attack and in the stall regime. Two-dimensional computations in stall conditions
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are meant to provide just qualitative results. In fact, to accurately capture the flow field and the

airloads for massively separated flows, three-dimensional time accurate computations, possibly

without Reynolds average operations, should be performed, as shown also in Ref. [36]. However,

2D computations in stall conditions, are widely employed in literature —see e.g. Refs. [2,9,27,37]

for a preliminary overview on the general behaviour of the flow.

The downward deployed configuration is selected for the convergence analyses, since the flow

conditions are found to be the most critical, among all possible configurations. In fact, when

the L-tab is completely downward deployed, the fluid through the slot, which in this specific

configuration presents the minimum cross section, reaches its maximum speed, with consequent

not negligible gradients in the other flow quantities. Moreover, the L-tab portion protruding

from the pressure side of the airfoil determines a recirculating flow region, which in turn further

increases complexity of the flow field.

Tables 1(a) and 1(b) report a pseudo-time and space convergence study, for the airfoil at angle

of attack α = 0 deg. with the L-tab downward deployed, i.e. β = 0 deg. In this configuration the

solver reaches the convergence in 5000 pseudo-time iterations, with the reference grid composed

of 51659+45181 faces. The spatial convergence is analysed by halving and doubling the number

of the surface elements in each overset grid. No significant modifications in the values of the

computed airloads with respect to the reference are found by refining the grid, whereas larger

differences appear with the coarser grid. As a consequence the 51659+45181 elements grid is

considered appropriate for the present computations.

(a) Steady state convergence

P-T steps Cl Cm Cd

5000 0.1468 -0.0686 0.0090
10000 0.1451 -0.0679 0.0089
40000 0.1450 -0.0679 0.0086

(b) Spatial convergence

Elements Cl Cm Cd

48420 0.3001 -0.1262 0.0087
96840 0.1468 -0.0686 0.0090
193680 0.1483 -0.0636 0.0082

Table 1: Pseudo-time (P-T) and space convergence analyses, α = 0 degrees, β = 0 degrees,
M = 0.117, Re = 1 · 106.

Table 1(c) reports the results obtained within the stall regime, at α = 20 degrees, with

the L-tab downward deployed. The convergence to steady state is achieved in 10000 iterations,

instead of the 5000 required for small angles of attack. On the other hand, the computations

carried out to study the spatial convergence, highlight how the reference grid, adopted for small

angles of attack, is still adequate for the stall regime, see table 1(d).
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Figure 5: Time history of the force coefficients
with the L-tab downward deployed, i.e. β = 0
deg., at α = 0 deg., M = 0.117 and Re = 1·106.

(c) Steady state convergence, α = 20 degrees, β
= 0 degrees, M = 0.117, Re = 1 · 106.

P-T steps Cl Cm Cd

5000 0.9944 -0.4145 0.3790
10000 0.8845 -0.3622 0.3449
40000 0.8979 -0.3701 0.3476

(d) Spatial convergence, α = 20 degrees, β =
0 degrees, M = 0.117, Re = 1 · 106.

Elements Cl Cm Cd

48420 0.9645 -0.3942 0.3481
96840 0.8845 -0.3622 0.3449
193680 0.8466 -0.3732 0.3465

Table 2: Pseudo-time (P-T) and space convergence.

To verify the presence of possible non negligible unsteadiness of the flow due to the presence

of the Gurney flap and the associated counter-rotating vortices, time resolved computations have

been carried out at β = 0 degrees. The results reported in figure 5, show the time histories of

the aerodynamic loads, at α = 0 degrees. At small angle of attack the time resolved simulation

converge to the steady state results. No significant oscillation is visible in the integral coefficients,

even though an oscillation in the flow field due to the shedding of the counter-rotating vortices

is expected (see section 4). In stall conditions a higher unsteadiness is expected. However, for

this preliminary qualitative assessment it has been considered sufficient to report the Reynolds

averaged steady state solutions.

2.2 Comparison with experimental data for a classical Gurney flaps

To validate the computational approach for airfoils equipped with a Gurney flap, a preliminary

numerical assessment is here presented exploiting the experimental data reported in Ref. [38].

Both the clean airfoil and a GF configuration equivalent to the case of the L-tab downward

deployed are taken under consideration, since Li et al. [38] performed several measurements on

a NACA 0012 section, both clean and equipped with a trailing edge GF with height equal to

1.5%c. A specific grid, using the same guidelines shown in the previous subsection, has been

built.

Figure 6 shows the comparison between the pressure coefficient of the current computations

and of the experimental measurements of Li et al. [38], at angle of attack α = 4 deg. for

10



both the clean and GF airfoil. A very good agreement is found between the numerical and

the experimental data. In particular the pressure peaks in the leading edge region, which

significantly affect the resulting aerodynamic loads, are very well captured by the numerical

computations. For the section with the GF, the behaviour in the trailing edge area is accurately

captured as well. The local mismatches between the CFD and the experiments in this region

are probably due to small differences in the geometrical features of the two trailing edge devices

under consideration.
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(a) NACA 0012 clean airfoil
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(b) NACA 0012 with L-tab/GF downward deployed

Figure 6: Comparison of the steady state pressure distribution at α = 4 deg. for the current
numerical computations and the experiments of Li et al [38] at Re = 2.1 · 106 and U∞ = 30m/s
on the NACA 0012 section without and with a trailing edge GF.
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Figure 7: Comparison of the steady state force coefficients for the current numerical compu-
tations and the experiments of Li [38] at Re = 2.1 · 106 and U∞ = 30m/s on the NACA 0012
section.

Figure 7 shows the comparison between numeric simulations and experiments for the lift,

quarter-chord moment and drag coefficients curves on the clean NACA 0012 section. A very

good agreement is found for each of the force coefficients in the linear range, . The maximum

difference in lift is lower than 3%, whereas the maximum errors for the pitching moment and for

the drag coefficients lie below 7% and 4%, respectively. An expected mismatch in the stall onset

prediction is observed between the numerical and the experimental results. Such discrepancy

can be ascribed to the reduced accuracy, typical of the turbulence model employed, at high

angles of attack. Figure 8 shows instead the lift, quarter-chord moment and drag coefficients,

for the configuration with the trailing edge device downward deployed. A very good agreement

is found between the numerical and the experimental data for each of the force coefficients,

12



−5 0 5 10 15 20

� [deg.]

0

0.5

1

1.5

2

2.5
C

l
Current, L-tab height = 1.5%c

Li (2003)

(a) Lift coefficient

0 5 10 15 20

�  �����

-0.25

-0.2

-0.15

-0.1

-0.05

0

0.05

C

�

(b) Quarter-chord moment coefficient

0 2 4 6 8 10 12 14 16

	 [deg.]

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

C




Current, L-tab height = 1.5%c

Li (2003)

(c) Drag coefficient

Figure 8: Comparison of the steady state force coefficients for the current numerical compu-
tations and the experiments of Li [38] at Re = 2.1 · 106 and U∞ = 30m/s on the NACA 0012
section with the L-tab/GF downward deployed.

including the drag. Namely, for attached flow conditions, the maximum difference in lift is lower

than 3%, whereas the maximum errors for the pitching moment and drag coefficient are smaller

than 6% and 5%, respectively. The same disagreement is found between the numerical and the

experimental results in terms of the stall onset prediction. Other authors, e.g. Liu et al. [9] and

Palacios et al. [2] found similar discrepancies between their RANS computations and reference

experimental data.

2.3 Three dimensional steady state computations

To validate the correctness of two-dimensional computations, at least for low and medium angles

of attack, three-dimensional steady state numerical simulations are carried out on a model with
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(a) (b)

Figure 9: Geometrical model for the three-dimensional computations, complete solid body (a)
and detail of the trailing edge (b).

a span length of two chords. The L-tab is supposed to be installed along the whole span. The

geometrical properties of the model are thought to be span-wise uniform. Figure 9 shows the

geometrical model for the three dimensional body. A system of two multi-block structured grids

is realized around the airfoil model, with the same approach adopted for the 2D geometry. That

is a C-type background grid, extending from the airfoil up to the far-field at twenty-five chords

is realized, see figure 10(a). Consistently, a small overlapping fine rectangular grid, surrounding

the L-tab, is built, see figure 10(b). The elements on the span sections are located consistently

with the two-dimensional model, in terms of number as well as of spatial distribution. Twenty

elements with uniform spacing are realized along the span direction, yielding a span-wise spatial

resolution of 0.1 chords. As a result the 3D background and overlapping grids are composed of

about one million of elements each. Slip symmetry boundary conditions are applied on the side

walls of the domain. Notice that the spanwise discretization of the grid is consistent with those

employed in some other works for similar CFD simulations. In Ref. [36] a comparable spacing

was used for the reference grid realized for three-dimensional dynamic stall computations, and

refinement studies on the spanwise spatial resolution of the grid were also performed. These

studies confirm that the spanwise spatial resolution of the grid here selected is appropriate for the

present three-dimensional computations at low angles of attack on the lifting surface equipped

with the L-tab.

The 3D simulations herein reported are carried out at Re = 1 · 106, M = 0.117, α = 0 deg.

and β = 0 degrees. Figure 11 shows the pressure coefficient CP extracted at four sections along

the span, compared to the two-dimensional results. Notice that, both on the airfoil and on the

L-tab, the 3D sectional pressure coefficient is overlapped to the corresponding 2D curves. The

flow field close to the trailing edge is extracted at two different sections along the span and
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Figure 10: Details of the three dimensional computational grid, airfoil (a) and L-tab (b).
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Figure 11: Pressure coefficient at several sections along the span together with the corresponding
2D; Re = 1 · 106, M = 0.117, α = 0 deg. and β = 0 degrees.
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Figure 12: Trailing edge Mach number flow field at two sections along the span, together with
the corresponding 2D; Re = 1 · 106, M = 0.117, α = 0 deg. and β = 0 deg.

compared to the 2D results as well, see figure 12. No significant differences are visible in the

trailing edge flow field moving along the span. Moreover the trailing edge flow field appears to

be very similar to that obtained with the 2D computations.

The good matching between the 3D sectional results and the 2D computations is a confirma-

tion of the feasibility of the two-dimensional flow hypothesis of the present work at small angles

of attack. A further validation of this basic assumption can be achieved by looking at span-wise

velocity component. It is found that the transverse velocity is everywhere lower than ∼ 10−3

m/s.

Figure 13 shows the streamlines close to the vertical edge of the L-tab. The same counter

rotating vortical structures shown by two-dimensional computations are observed. This latter
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Figure 13: Detail of the streamlines close to the transverse prong of the L-tab; Re = 1 · 106,
M = 0.117, α = 0 deg. and β = 0 degrees.

is a remarkable result in the context of the present work, since the aerodynamic loads generated

by the L-tab are interpreted as a direct consequence of the counter rotating vortical structures

developed close to the trailing edge.

2.4 Sensitivity to the slot between the L-tab and the airfoil

Most results on GFs available in literature are based on geometrical models with no slots between

the control surface and the airfoil. Since the grids used in this work have always a slot between the

airfoil and the L-tab, it is important to estimate the effects of this gap on the numerical solution.

A comparison between the loads computed using the reference slotted grid and one without slot

is here reported. The effects of the slot are expected to be concentrated primarily close the

recirculation area developed between the vertical prong of the L-tab and the pressure side of the

airfoil. Therefore, the comparison between the slotted and the no-slotted computational models

is performed when the L-tab is completely downward deployed, i.e. when the stagnation area is

more extended and the most significant suction effects through the slot are encountered.

A detail of the no slotted geometry in the trailing edge region is reported in figure 14. The

airfoil and the L-tab are modelled as a single solid body, so no overlapped grids are required.

The 10%c slotted L-tab is used as a reference for the present purpose.

Figure 15 shows the aerodynamic loads computed both on the slotted and on the no-slotted

configurations, at angles of attack ranging between α = −3 deg. and α = 20 deg. For low angles

of attack a similar behaviour is observed. On the contrary, a different behaviour is observed

at medium to high angles of attack. The no-slotted configuration significantly anticipates the

prediction of the stall onset, which is found well below 15 deg., see figure 15. This result is

perfectly consistent with CFD computations of other authors, e.g. Refs. [2,9], performed indeed
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Figure 14: Computational domain close to the trailing edge for the no-slotted configuration of
the L-tab. This geometry does not require the development of separate overlapping grids.
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Figure 15: Force coefficients for the slotted and the no-slotted geometries of the L-tab, together
with the results for clean NACA 0012 airfoil. Mach number M = 0.117, Reynolds number
Re = 1 · 106.
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on a NACA 0012 section equipped with no-slotted GF like devices. Both Liu et al. [9] and

Palacios et al. [2] found an anticipation of the stall onset with respect to the experimental

data used for comparison. The two authors explained this mismatch with the inaccuracy of

the turbulence models in capturing viscosity-dominated effects and with the intrinsically three-

dimensional nature of the flow for medium-high angles of attack, which of course is not accounted

for when performing 2D computations. The slotted configuration exhibits a delay in the stall

onset with respect to the no-slotted counterpart, highlighting how the slot somehow keeps the

flow attached. This is due to suction phenomena numerically observed in the slot, where the

high pressure fluid of the airfoil lower side moves to the upper side, with effects that can be

roughly assimilated to those obtained by blowing the boundary layer. Of course the suction

phenomena just mentioned is likely to be in large part a numerical effect. Two-dimensional

RANS computations are not expected to provide quantitatively accurate results at high angles of

attack. In this context an interesting further improvement to this work could be the experimental

investigation of the slot effects on the loads developed by the L-tab.

3 Validation of the numerical models with experimental mea-

surements on the L-tab

The proposed L-tab configuration presents a peculiar geometry, especially when the movable

surface is deflected upward. So to further validate the numerical model also in these flow

condition, an additional comparison with experimental tests specifically performed at Politecnico

di Milano over the NACA 23012 airfoil is here proposed.

3.1 Experimental set up

Pressure measurements and PIV surveys in steady conditions are carried out on a finite span

section model equipped with the L-tab. The experimental model of the L-tab is made in carbon

fibre with a chord-wise length equal to 8.33%c and a height equal to 1.33%c. The tab is mounted

along the whole span of the airfoil model by means of adhesive tape that acts as an airtight hinge.

Indeed it was shown that the effects of the slot on the prediction of the aerodynamic performance

are almost negligible in pre-stall conditions, at least for the lift and moment coefficients. At the

same time, starting from the angle of attack of 18 deg., the large differences in the sectional
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Figure 16: NACA 23012 finite span wing model inside the POLIMI wind tunnel.

coefficients between the slotted and no-slotted configurations are recovered (see Figure 15).

The test campaign is conducted in the 1.5m×1m low-speed closed-return wind tunnel of the

Aerodynamics Laboratory of the Dipartimento di Scienze e Tecnologie Aerospaziali (DSTA).

The experimental rig used for this activity is suitable for tests on oscillating airfoils successfully

used to study the retreating blade dynamic stall [21, 36]. Moreover, the same experimental

rig is employed to investigate the effects of the L-tab in fixed positions for deep dynamic stall

conditions [21]. The NACA 23012 section model, made using light aluminium alloy, has a chord

of 0.3 m and a span of 0.93 m (aspect ratio 3.1), see figure 16. The NACA 23012 airfoil is selected

for the experimental activity since it is a typical helicopter blade section. The model central

section is interchangeable depending on the measurement technique employed. In particular, one

central section is equipped with 21 pressure taps positioned along the midspan airfoil contour

(see Ref. [21] for the taps distribution along the chord). A different central section without taps

is used to perform PIV surveys in the model midspan plane. Pressure measurements are carried

out using a 32 ports PSI scanner system (1 psi F.S., accuracy 0.1% F.S.). The declared accuracy

of these pressure transducers led to an uncertainty in pressure coefficients of about ±0.01. The

2D PIV surveys are performed at the TE region where the L-tab is installed. The PIV system

uses a Nd:Yag double pulsed laser with 200 mJ output energy and a double shutter CCD camera

with a 12 bit, 1952 × 1112 pixel array. The dimensions of the measurement window around the

tab are 105 mm × 60mm. The accuracy of the PIV measurement can be estimated considering

a maximum displacement error of 0.1 px [39]. Taking into account the pulse-separation time

and the optical magnification [40], the maximum velocity error results to be 1.8% of the free-

stream velocity component. The correlation of the image pairs is carried out using a smaller

interrogation window of 8× 8 pixels. The PIV velocity fields are phase averaged over 100 image
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pairs. More details about the experimental set up can be found in Ref. [21].

The test activity includes steady state conditions reproducing both pre-stall and post-stall

conditions with the L-tab fixed in two different positions. When deployed, the tab is attached to

the airfoil upper surface so that the end prong protrudes at the airfoil TE. In retracted position

the tab features a deflection angle of β = 9.1 degrees. The tests are carried out at freestream

velocity of 30 m/s, corresponding to Re = 6 · 105 and M = 0.09. The numerical simulations are

performed on 2D computational overlapped grids specifically developed for the NACA 23012

section with a L-shaped GF of the same size of the experimental model.

3.2 Pre-stall condition

A validation of the numerical model is carried out by the comparison of the CP distribution

measured on the airfoil surface. Moreover, the flow fields computed at the trailing edge region

are compared with PIV results to investigate specifically the phenomena occurring close to the

L-shaped tab.

The comparison in pre-stall condition is carried out at the effective angle of attack, i.e. by

taking into account the wall induced incidence effect. In particular, the comparison is carried

out respectively at the effective angle of attack of 7.3 deg. for the L-tab deployed configuration

and at 7.7 deg. for the retracted L-tab configuration. Figure 17 shows the comparison between

the experimental and numerical CP distributions in the tested pre-stall condition. A very good

matching of the computed and measured CP over the upper and the lower surface of the airfoil

is obtained at the same effective angle of attack, for both the L-tab configurations tested. Notice

that also the CP nose peaks are well captured by the CFD. This quantitative comparison confirms

the reliability of the numerical model for the main scope of the work, which is focused mainly

on the investigation of the behaviour of the novel L-tab in attached flow conditions.

The comparison of the velocity fields past the trailing edge is presented in Figs. 18. These

show the velocity magnitude contours as well as the in-plane streamlines. For the test configura-

tion with the tab deployed reported in figure 18(a), the PIV survey confirms the generation of two

counter-rotating vortical structures behind the end prong of the tab. The numerical flow field

at the same effective angle of attack shows similar flow structures, but some differences can be

observed in the extent of the wake behind the tab. These discrepancies could be mainly related

to the fact that the comparison is performed between the PIV phase-averaged flow field for the
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Figure 17: Comparison of experimental and numerical CP distribution in pre-stall condition.
Mach number M = 0.09, Reynolds number Re = 6 · 105.

experimental case, and the numerical solution obtained with Reynolds-averaged computations.

To capture the same unsteady flow field near the trailing edge shown by the phase-averaged

PIV data, a time resolved CFD solution should have to be averaged over a quite longer time

computation. This was considered not feasible with the available computational resources and

the scope of this work. However, it must be pointed out that the differences observed in the

wake region could be also related to the lower accuracy of the PIV data in a flow region charac-

terized by very low flow velocities, such as the recirculation and wake region. Furthermore, the

reconstruction of very small vortical structures, such as those typical of the present test cases is

very challenging considering the resolution of the available PIV camera. Also the slot between

the airfoil and the tab is expected to induce local modifications in the flow field, though the

global effect in terms of loads is negligible at small angles of attack.

With the upward deflected tab, the PIV results show a structure similar to the one observed

for the deployed tab. In this case a bigger closed vortex turning counter-clockwise is observed

(see figure 18(b)). The numerical and the experimental flow field obtained in this configuration

show a very close flow structure behind the end prong of the tab. Also the extension of the wake

is better captured in this case with respect to the deployed tab configuration. Indeed, when the

L-tab is upward deflected, the effect of the slot on the counter-rotating vortical structures is

expected to be less significant.
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(a) α = 7.3 deg. and β = 0 deg. (b) α = 7.7 deg. and β = 9.1 deg.

Figure 18: Comparison of the velocity magnitude contours in pre-stall condition. Mach number
M = 0.09, Reynolds number Re = 6 · 105.
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Figure 19: Comparison of experimental and numerical CP distribution in post-stall condition.
Mach number M = 0.09, Reynolds number Re = 6 · 105.

3.3 Post-stall condition

The comparison in post-stall condition is carried out at the effective angle of attack of 18 deg.

for both L-tab configurations. Figure 19 shows the comparison between the experimental and

the numerical CP distributions in this case. A good agreement between the computed and

measured CP over the upper surface of the airfoil can be observed for both L-tab configurations.

On the other hand, discrepancies are found on the lower surface of the airfoil. This comparison

indicates that, as expected, for the post-stall condition the accuracy of a two-dimensional model

for the simulation of the flow is lower with respect to the attached flow conditions. This is

confirmed by the comparison of the flow fields at the trailing edge region. In particular, with

the tab both deployed and retracted, the phase averaged PIVs, as well as the Reynolds averaged

numerical flow fields, show a separation region at the trailing edge characterized by a large

vortical structure behind the end prong of the tab (see figures 20). The experimental and the

numerical flow fields exhibit streamlines with reasonably similar behaviour, in particular in the

shape and extension of the counter-clockwise vortical structure. Also the streamtraces of the

clockwise vortical structure related to the numerically computed separated area are remarkably

parallel to the experimental counterparts. Overall a very good correlation between the numerical

simulation and the experiments is found for the average inclination of the wake released by the

airfoil, an element that affects significantly the resulting airloads. Nevertheless, the quantitative

comparison of the velocity values in the investigated flow fields confirms some discrepancies
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(a) α =18 deg. and β = 0 deg. (b) α =18 deg. and β = 9.1 deg.

Figure 20: Comparison of the velocity magnitude contours in post-stall condition. Mach number
M = 0.09, Reynolds number Re = 6 · 105.

25



between the simulations and experiments results. These differences could be traced back, as

already highlighted, to the presence of the slot in the numerical model and to the limitations of

both the turbulence model employed, and of 2D flow hypothesis for the representation of deep

stall conditions.

4 Steady state computations at small angles of attack

Steady state computations at small angles of attack are carried out at Re = 1 · 106 and initially

at low Mach number M = 0.117. An assessment of the phenomena related to the L-tab can

be obtained with an insight into the features of the flow field. The generation of two counter

rotating vortical structures is a well known phenomenon occurring on GF-like devices and it is

extensively exploited in literature, see e.g. Refs. [9,27]. The widespread accepted explanation of

what occurs lies in the consideration that the fluid, encountering the vertical edge of the Gurney

flap, is forced to turn around it. This leads to the generation of the two counter-rotating vortical

(CRV) structures just mentioned. The primary effect of these vortical structures is a modification

in the effective mean line. Indeed the CRV cause a shift of the Kutta condition application point

downstream with respect to the trailing edge. An equivalent but longer chord-wise and more

cambered airfoil results from such modifications in the flow field. Therefore the curves of the

aerodynamic loads versus the angle of attack are expected to shift according to the rotation of

the L-tab, with a consequent shift of the zero lift angle.

Figure 21 shows the contours of the Mach number together with the streamlines close to

the trailing edge, computed with the L-tab both downward deployed and upward deflected .

Two CRV structures are clearly visible just behind the L-tab. Since the transverse edge of the

L-tab seems to behave as a bluff body, it is interesting to evaluate the shedding frequency fs

of the vortical structures. The shedding frequency is estimated through time resolved unsteady

numerical computations for a configurations of the airfoil with the L-tab in a fixed position.

The simulation time is equal to 2.3 s with a time step of 0.0019 s. In particular the Fourier

transformation is applied to the time histories of the computed aerodynamic loads. The spectrum

of the force coefficients is obtained by applying a Hann windowing to the reference time history

and using several repetitions of the original signal, to avoid leakage, see also Ref. [25]. The

resulting frequency resolution is 2 ·10−4 Hz. Figures 22 show the lift coefficient spectra achieved

for simulations at α = 0 deg. for β = 0 deg. and β = 4 degrees. Notice that the star symbol used
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Figure 21: Mach number flow field and streamlines close to the trailing edge of the L-tab
equipped airfoil α = 0 deg., freestream Mach number M = 0.117, Reynolds number Re = 1 ·106.
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Figure 22: Lift coefficient spectra for unsteady computations on fixed configurations of both
the L-tab and the airfoil; α = 0 deg., freestream Mach number M = 0.117, Reynolds number
Re = 1 · 106.

as a superscript for the variable |Cl(f)| indicates that the magnitude of the lift coefficient in the

frequency domain has not been scaled with respect to the amplitude of the input motion law.

A peak is clearly visible, lying in the range 48-58 Hz. This confirms that, also for the present

L-shaped GF, secondary unsteady phenomena occur at a specific fixed frequency, at least for this

regime of Reynolds number. In terms of the Strouhal number St, the non-dimensional shedding

frequency is found equal to St = fsh/U = 0.15, where h is the height of the L-tab. Such value

is very close to the Strouhal number typical of a rectangular cylinder at Reynolds Re = 1 · 106,

corresponding to St = 0.16, see for instance Ref. [41]. Notice that a similar value of the mean

Strouhal number was also computed by Tang and Dowell [27] and Lee and Kroo [42] for an

airfoil section equipped with a GF-like device. So, the assumption of average steady flow can

be considered valid at least at low angle of attack.

With the aim to investigate the local effects of the L-tab, the pressure coefficient CP along
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Figure 23: Pressure coefficient distribution for the upward/downward deflected L-tab equipped
section and for the clean airfoil, α = 6 degrees, M = 0.117, Re = 1 · 106.

the airfoil is computed. Figure 23 shows the comparison between the pressure coefficient at angle

of attack α = 6 deg., with the L-tab both downward deployed (blue long-dashed line and dark

blue dashed line) and upward deflected (light green dash-dot line and dark green dash-dot-dot

line), together with the results obtained for the clean airfoil (red solid line). It is interesting to

note how the L-tab, for subsonic flows, affects the pressure distribution along the entire airfoil,

up to the leading edge. In particular the area subtended by the CP curve of the clean airfoil is

larger than the one obtained with the L-tab upward deflected and smaller than the one related

to the downward deployed movable device. This is consistent with the interpretation given in

the above, according to which the effects of the L-tab on the distribution of loads are equivalent

to what can be obtained with a longer and more cambered airfoil.

Figure 24 shows the behaviour of the force coefficients at low angles of attack, for various

angular positions of the L-tab. The baseline configuration, with the L-tab 9 deg. upward

deflected is represented by the square markers. The corresponding curves for the clean NACA

0012 geometry are also reported. The Cl-α curve slope, see figure 24(a), with the L-tab installed

on the airfoil, is larger or almost equal with respect to the clean airfoil curve. In particular, the
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lift curves exhibit a downward vertical shift, as the L-tab is deflected upward, since the zero lift

angle gets positive. On the other hand, when the L-tab is downward deployed, the zero lift angle

gets negative and an upward shift of the Cl-α curve is obtained. Figure 24(b) shows the drag

coefficient for several angular rotations of the L-tab. The effects in terms of drag rise are limited

to a level which could be traded with improvements in terms of load distribution.. The present

findings concerning the behaviour of the drag coefficient, are partially supported by the unsteady

experimental results of Ref. [21] in which, in the upstroke phase of the airfoil oscillation, the

measured pressure drag exhibits a similar behaviour. Few configurations in figure 24(b) show a

light decrease in drag with the L-tab installed on the airfoil. This is in agreement with other

results found in literature on TE devices. Giguère [10] on the basis of various experimental

results provided a detailed explanation of the physical mechanisms, which, even at low angles

of attack, could yield drag reductions with respect to the clean airfoil, if properly sized GFs are

employed. More accurate computations should be performed to narrowly capture the behaviour

of the drag coefficient. Overall the results in figure 24(b) are primarily meant to show that

this novel L-tab is not expected to yield important drawbacks in terms of drag and therefore

enhancing its potential suitability for fixed- and rotary wing-aircraft applications. For upward

deflections of the L-tab, the movable device acts similarly to classical TE flaps.

The pitching moment coefficient Cm is computed with respect to the airfoil quarter chord,

see figure 24(c). As expected, this quantity appears to be almost constant for the clean airfoil.

On the other hand, with the L-tab installed, the Cm slightly changes with the angle of attack.

The behaviour of the pitching moment is affected by the change in the effective camber as well.

Such a modification leads to a chord-wise shift of the aerodynamic centre. In particular, it is

found that, with upward deflections of the movable device, the Cm is larger than for the clean

airfoil, i.e. the upward deflection of the movable device reduces the pitching moment magnitude.

On the contrary, when the L-tab is downward deployed, the pitching moment curve lies below

that of the clean airfoil.

Finally, the lift-to-drag ratio E = Cl/CD, is shown in figure 24(d). Such quantity behaves

according to the lift and the drag coefficients just discussed.
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Figure 24: Force coefficients and lift-to-drag ratio E = Cl/CD, for several rotations of the L-tab
together with the clean airfoil, at small angles of attack; M = 0.117, Re = 1 · 106.
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4.1 Sensitivity to the Mach number

One possible application that is foreseen for this device is on rotorcraft blades, where it can

also work for the alleviation of the dynamic stall negative effects, as presented in Ref. [21].

Consequently it can be expected to place this device in an area close to the 75% of the span,

where the effect on possible dynamic stall is maximum, see [9]. In this portion of the blade, as

reported in the classical helicopter textbook by Johnson (Ref. [43], pp. 294–298), it is shown

that, at maximum forward flight, a Mach close to 0.7 should be expected. So, to have a general

perspective on the Mach number sensitivity, simulations at freestream Mach numbers of M = 0.5

and M = 0.7 are performed. The behaviour of the flow field and of the aerodynamic loads for

other GF-like devices in transonic flows has been investigated in Refs. [7, 26,44].

Figure 25 shows the comparison between the pressure coefficient distribution along the chord,

for the clean airfoil and for the section equipped with the L-tab downward deployed and upward

deflected, at freestream Mach number M = 0.7. A drastic change is clearly visible between the

pressure distribution of the clean airfoil and of section equipped with the L-tab downward de-

ployed. In particular the intensity of the shock is found to be significantly larger with the device

protruding from the airfoil lower side. Moreover, with such configuration, the supersonic region

close to the nose, appears to be more extended with respect to the clean section. The pressure

coefficient behind the shock on the section with the L-tab downward deployed assumes almost

the same values of that of the clean configuration, where a weaker discontinuity is observed. The

L-tab upward deflected features a sightly larger super-velocity area and qualitatively a slightly

more intense shock, if compared to the clean section. The combined action of the post-shock

recompression and of the L-tab upward deflected yields the development of an almost stagnant

flow area, extending from the shock up to 10%c past the trailing edge. This in turn leads to

a significant loss in the pressure on the upper side. As a consequence, a smaller value of the

resulting lift coefficient with respect to the clean airfoil is obtained.

Figure 26 shows the Mach number flow field achieved with freestream Mach number M = 0.7,

for the clean airfoil, the section equipped with the L-tab downward deployed, and for the section

with the L-tab 9 deg. upward deflected. Consistently with the pressure coefficient, the flow

field highlights how the velocity peak area is more extended with the L-tab deployed than for

the clean section and for the configuration with the device upward deflected. Moreover the

M = 1 isoline—represented as a black line on figure 26—highlights how the supersonic region
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the section with the L-tab downward deployed (blue + cyan dash-dot lines), and with the tab 9
deg. upward deflected (green + light green solid lines) α = 6 deg. and β = 0 deg. at freestream
Mach number M = 0.7, Re = 1 · 106.

is more extended when the L-tab protrudes from the lower side of the airfoil trailing edge. A

slightly larger extension of the supersonic region with the L-tab upward deflected, is found with

respect to the clean section. This small difference can be noticed, if looking at the region just

above the edge of the airfoil. Additionally, the Mach number jump across the shock is visibly

larger when the L-tab protrudes from the airfoil lower side. The upper side, downstream the

super-velocity area, undergoes a flow separation for both the clean and the L-tab equipped

configurations. In particular, the separated flow region, has almost the same extension for the

deployed L-tab configuration and for the clean section. The thickness of the separated flow

area past the L-tab upward deflected is only slightly larger. Overall no significant growths of

skin-friction drag are expected on the airfoil equipped with the L-tab. On the other hand, the

L-tab downward deployed is expected to yield higher values of pressure drag with respect to the

clean configuration. This is due to the stronger compression occurring downstream the shock

on the L-tab equipped section. With regard to the pressure side, the flow is still subsonic and

the differences between the clean and the L-tab equipped section are qualitatively the same to

those found at lower Mach numbers.

Figure 27 shows the force coefficients computed at α = 6 deg. versus the freestream Mach

number for the configurations with the L-tab downward deployed and upward deflected, as well

as for the clean airfoil. The large suction area observed at M = 0.7 on the deployed L-tab
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Figure 26: Mach number flow field at freestream Mach number M = 0.7, Reynolds number
Re = 1 · 106 and angle of attack α = 6 degrees.
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equipped section, leads to a growth of the lift by increasing the Mach number for the L-tab

downward deployed, despite the re-compression behind the shock. On the contrary, this does

not occur on the clean airfoil, where the suction region of the nose is not sufficiently wide to

counteract the shock induced re-compression. As a consequence, a decrease in the lift coefficient

with respect to M = 0.5 is found, where the flow field is still entirely subsonic. The L-tab

upward deflected leads to a further reduction difference of pressure between the upper and the

lower side of the section. The corresponding lift coefficient vs. Mach number curve is almost

parallel to the clean airfoil counterpart, with an additional downshift due to the aforementioned

increase in the zero lift angle.

The drag coefficient, shown in figure 27(b), behaves according to the intensity of the re-

compression. So, the airfoil with the L-tab downward deployed shows a larger drag rise, with

the Mach number. At M = 0.5 there are no significant changes in the drag coefficient, for each of

the three configurations therein depicted. A slight decrease is found for the clean airfoil between

M = 0.117 and M = 0.5, which is not surprising, as analogous results were reported by Abbott

and von Doenhoff (Ref. [45], pp. 283-287).

The quarter-chord pitching moment coefficient is shown in figure 27(c). With the L-tab

upward deflected, the negative nose-up pitching moment is always positive (i.e. nose down).

For the clean airfoil the pitching moment becomes negative at M = 0.7. On the other hand,

with the L-tab downward deployed, the moment coefficient is found to be always negative. In

particular, the shift of this quantity between M = 0.117 and M = 0.5 is found to be almost the

same for the section with the L-tab downward deployed and for the clean airfoil. At M = 0.7

the supersonic region on the leading edge area gives an additional contribution to the pitching

moment, which undergoes a significant increase in magnitude, both for the downward deployed

L-tab configuration and for the clean airfoil.

Due to the drag rise, the lift to drag ratio (figure 27(d)) shows a general reduction trend

between M = 0.117 and M = 0.7. Nevertheless, at M = 0.5, the lift increase, together with no

significant changes in drag, leads to a light increase of Cl/Cd for the L-tab upward deflected

configuration and for the clean airfoil. Moreover, for the upward deflected configuration, a lower

loss in lift-to-drag ratio is found at M = 0.7, since a weaker re-compression is met on the upper

side, past the shock.

In general the L-shaped GF is found capable to effectively operate correctly in compressible
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Figure 27: Force coefficients and lift-to-drag ratio vs. freestream Mach number, for the clean
airfoil and for the L-tab equipped section. Reynolds number Re = 1 · 106 and angle of attack
α = 6 degrees.

and transonic flow conditions typically met on rotor blades. Indeed, the computations performed

at M = 0.7 highlight that, when downward deployed, the L-tab is still capable to significantly

increase the lift coefficient. Additionally, upward deflections of the L-tab at M = 0.7, are found

to allow for effective load alleviations.

The effective operation of the L-tab both when downward deployed and upward deflected

well suits the potential application of this device on rotorcraft, where the blade sections are

indeed expected to switch between these two configurations. Of course the one presented in

this paragraph is only a preliminary study. A future assessment of the L-tab transonic behavior

according to its deflection is mandatory to have a comprehensive insight into the operation of

the L-tab in such conditions.
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5 Steady state computations in stall conditions

The effects of the L-tab in static stall conditions are investigated by means of numerical com-

putations at high angles of attack. Notice that the L-tab is expected to be suitable specifically

for trailing edge separations. Such simulations are carried out at a Mach number of M = 0.117,

since low Mach numbers could be expected at high angles of attack. Several angular positions

of the movable device are considered to this purpose. Figure 29 shows the aerodynamic loads

and the lift to drag ratio in stall conditions. For angles of attack smaller than the stall value,

the behaviour found is qualitatively similar to what occurs at low angles of attack.

Figure 28 compares the Mach number at α = 18 deg. of the clean airfoil with that of the

L-tab 9 deg. upward deflected. The reduction of the separated flow area achieved through

the movable device is clearly visible. Moreover, the nose suction area with the L-tab upward

deflected is found to be more extended than the one related to the clean airfoil, thus helping in

achieving higher values of lift, see the squared marker at α = 18 deg. in figure 29(a).

(a) Clean NACA 0012 airfoil (b) Blade section with the L-tab, β = 9 deg.

Figure 28: Mach field at angle of attack α = 18 degrees. The velocity is made non-dimensional
with respect to the freestream sound speed cref = 346 m/s; freestream Mach number M = 0.117,
Reynolds number Re = 1 · 106.

The lift coefficient is shown in figure 29(a).The computed stall onset occurs at about α = 17

degrees for the clean airfoil and for upward deflections of the L-tab. On the other hand, with

the L-tab downward deployed, the stall is found to be slightly anticipated, namely between

α = 16 deg. and α = 17 deg. The L-tab upward deflection allows to increase the post-stall

lift, with respect to the clean airfoil, up to 20%. Therefore, a proper actuation of the movable
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device could be very helpful in alleviating some of the stall issues. Figure 29(b) shows that the

L-tab is also capable to significantly reduce the drag rise related to the stall separation. Indeed,

upward deflections of the L-tab show a less extended recirculating flow area, as it can be clearly

seen in figure 28. The present device results beneficial also for moment coefficient, which is

reported in figure 29(c). In particular the L-tab upward deflected leads to a drastic reduction

in the pitching moment magnitude for post-stall angles of attack. This effect is expected to

be important also for the alleviation of the negative effects of the dynamic stall, such as those

related to the stall flutter [46]. Namely, upward deflections of the tab allow for pitching moment

magnitude reductions higher than 80%. The lift-to-drag ratio is shown in figure 29(d) and it is

primarily affected by the drastic effects of the L-tab on the drag coefficient. A larger lift-to-drag

ratio is achieved with the L-tab upward deflected, if compared to the clean airfoil, therefore

helping in reducing power requirements.

5.1 Sensitivity to the L-tab chord-wise length

In order to evaluate an eventual improvement of its effectiveness, a L-tab with double chord-wise

length is tested. The distinguishing mark of this geometrical modification, with respect to the

reference size, lies in the location of tab hinge along the chord. Therefore, the difference between

these two solutions is not merely limited to the larger circular arch achieved for equal rotations

of the L-tab. Indeed, in the present case, the L-tab hinge is located upstream with respect to

the re-compression region of the suction side. As a consequence, an upward deflection of this

longer control surface is expected to be more effective on the flow separation, potentially leading

to a local reattachment of the flow.

Figure 30 shows the results of a preliminary study for the lift coefficient developed at high

angle of attack, namely α = 18 degrees, with respect to the L-tab deflection. The double length

L-tab provides larger lift, with respect to the 10%c long one, for equal rotation angles of the TE

device. With the longer tab a high peak in effectiveness is found for β = 27 degrees. Indeed,

for β = 27 deg. the improvements provided are so important, that the L-tab action results in a

stall onset delay, as is shown in the following. These results are consistent with those obtained

by other authors investigating the effect of trailing edge spoilers on stall [47].

The flow fields of the Mach number obtained at α = 18 deg. and β = 27 deg., for the 10%c

and the 20%c L-tab, are reported in figure 31. With the shorter tab, the flow is completely
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Figure 29: Force coefficients and lift to drag ratio vs. α for the 10%c L-tab at high angles of
attack; freestream Mach number M = 0.117, Reynolds number Re = 1 · 106.

separated, whereas with the longer configuration a region of reattachment is observed, therefore

reducing the lift coefficient losses typical of the stall condition.

The force coefficients and the lift to drag ratio, achieved with the 20%c L-tab, are reported in

figure 32. With the double-length L-tab, the static stall behaviour improves with respect to the

shorter device. Positive effects are found for all the aerodynamic integral loads. In particular,

simulations carried out at β = 18 deg. and β = 27 deg. highlight how the stall onset may be

even delayed to higher angles of attack, see figure 32(a). Figure 32(b) shows the improvements

achieved in terms of drag reduction with the longer L-tab. Furthermore, a more effective action

of the longer upward deployed L-tab is found on the pitching moment coefficient, as shown in

figure 32(c). The behaviour of the lift-to-drag ratio, represented in figure 32(d), follows from

what observed for the lift and drag coefficients.
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Figure 30: Lift coefficient computed at α = 18 deg. with the 10%c L-tab and with the 20%c
L-tab, respectively; freestream Mach number M = 0.117, Reynolds number Re = 1 · 106.

Overall the longer tab appears to be more effective at high/stall angles of attack. Addition-

ally, if the stall is delayed, the magnitude of the pitching moment coefficient is kept low as well.

This means that the pitching moment can act positively on the aerodynamic damping of the

blade.
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Figure 31: Flow field of the Mach number for the reference and the double-length L-tab, α = 18
deg. and β = 27 deg.; freestream Mach number M = 0.117, Reynolds number Re = 1 · 106.
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Figure 32: Force coefficients and lift-to-drag ratio E = Cl/CD for the 20%c L-tab at high angles
of attack; freestream Mach number M = 0.117, Reynolds number Re = 1 · 106.
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6 Concluding remarks

A novel L-shaped Gurney flap for rotorcraft applications is investigated numerically. Steady

state computations are carried out both at small angle of attacks and in deep stall conditions.

Configurations with several rotations of the movable device are considered. The numerical

results are supported by comparisons with experimental measurements obtained on a airfoil

model equipped with the L-tab.

The aerodynamic assessment carried out in this work highlights how beneficial effects can be

achieved with the L-tab both downward deployed and upward deflected. Several application can

be found for this device whenever significantly variable flow conditions are to be met by a lifting

surface and it can be useful to modify the load distribution. A typical example of this application

could be that of rotorcraft, where downward deployments or upward deflections of the L-tab

can be exploited to keep the load balance between the retreating and the advancing side. No

significant drawbacks in terms of drag rise are found with respect to the clean airfoil, for small

rotations of the L-tab. Additionally, upward deflections of the present device may potentially

mitigate the trailing edge stall negative effects. The L-tab is found capable to effectively operate

also in compressible and transonic flow conditions. The variation of moment coefficient shown

is not negligible, as expected for a trailing edge device. However, this aspect can be controlled

moving the L-tab whenever an harmonic actuation is sought, as for some rotorcraft applications.

The employment of the L-tab has also potential advantages in terms of integration and ac-

tuation systems. Indeed, since it lies entirely on the external skin of a lifting surface, issues

concerning the lack of internal volumes are prevented. Furthermore, no sliding actuation sys-

tems, commonly used for movable GFs, are required. Therefore failures likely to occur on bear-

ings under centrifugal fields, like those encountered on rotor blades, could be avoided as well.

Moreover, this concept has the advantage of locating the GF on the trailing edge, therefore

maximizing its performance. Overall the present L-shaped GF is found a promising innovative

solution for the load control, allowing to maximize the aerodynamic performance according to

the flight conditions.
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