


attachment of the Gurney flap to the trailing edge of airfoils at a high-
Reynolds-number range of Re � 104–106 has been performed with
emphasis on uncovering the optimal flap height and deployment
strategy at different flight conditions [42–44]. Various numerical and
experimental studies have been performed in recent years to study
the effects of virtual Gurney flaps [45,46], which are deployed
using dielectric-barrier-discharge plasma actuators with the added
advantage of being an active flow-control technique.
On the low-Reynolds-number-flow side, studies onwakes at a very

low Reynolds number of Re � 1.0 × 103 have been performed in
literature for airfoils without a Gurney flap attached to the trailing
edge [47–49]. One of the few available literatures on incompressible
flow over airfoils with a Gurney flap at Re � 1.0 × 103 was
conducted numerically by Mateescu et al. [50]. Symmetric and
cambered NACA airfoils with a Gurney flap attached to the trailing
edge were analyzed by the authors. A basic knowledge on the flow
physics and aerodynamic forces was also reported. Applications of
flow control with Gurney flaps deployed at the trailing edge at high-
Reynolds-number flows are examined in the aforementioned studies.
On the contrary, the availability of such literature is limited for low-
Reynolds-number cases.Moreover, the behavior of the far-fieldwake
structure for both low- as well as high-Reynolds-number flows is not
well documented.
In the present work, we perform an extensive parametric study

to examine the influence of a Gurney flap on the aerodynamic
characteristics and two-dimensional wake patterns behind NACA
0000, 0006, 0012, and 0018 airfoils. In the next section, the
computational approach and setup for the study are described. This is
followed by the discussion of results from two-dimensional direct
numerical simulations (DNS) in Sec. III, in whichwe first classify the
four characteristic wake modes observed. A detailed discussion of
each wake mode is also provided. We then examine the effects of the
Gurney flap on lift, drag, and lift-to-drag ratio for all airfoils. We also
provide in Sec. IVa brief analysis on the spanwise effects on thewake
modes by performing companion three-dimensional simulations.
Concluding remarks are offered at the end of the paper to summarize
the findings and to discuss the potential uses of Gurney flaps.

II. Computational Approach

A. Two-Dimensional DNS

We investigate the influence of Gurney flaps on the two-
dimensional wake behind four different symmetric airfoils of NACA
0000 (flat plate), 0006, 0012, and 0018 at a chord-based Reynolds
number of Re ≡ u∞c∕ν � 1000. A wide range of values for the
Gurney-flap height and angle of attack are considered in this study for
the setup shown in Fig. 1a. The flowfield and force data obtained
for each case are analyzed in detail to acquire knowledge on the
underlying effect of flow control from the use of the Gurney flap on
the airfoils for aerodynamic-performance enhancement.

The problem setup for the current work is depicted in

Fig. 1a. Throughout this paper, the length, time, and velocity are

nondimensionalized by the chord length c, convective timescale

c∕u∞, and the freestream velocity u∞, respectively, unless otherwise

noted. Angles of attack α between 0 and 20 deg are considered for all

the airfoils, of which the Gurney flap is attached to the trailing edge

perpendicular to the chord line. For all cases, Gurney-flap heights of

h∕c between 0 and 0.15 are considered. The wing is placed in the

domain with its quarter chord at the origin with uniform flow

prescribed at the inlet.
For the current analysis, the immersed boundary projection

method [54,55] is used to simulate the flow. Thismethod is based on a

finite volume formulation and incorporates the no-slip boundary

condition along the immersed boundary into the projection operation.

The scheme is second-order accurate in time and has a spatial

accuracy of higher than first order in the L2 norm. Moreover, a

multidomain technique is used to simulate the flow over a body in

free space. The scheme has been validated for a number of cases

[14,25], and has been found robust and accurate [55]. Five nested

levels of multidomains are used with the finest level being

�x∕c; y∕c� ∈ �−1; 1� × �−1; 1� and the largest domain being

�x∕c; y∕c� ∈ �−16; 16� × �−16; 16� in size. The time step for all

cases is limited to a maximum Courant–Friedrichs–Lewy (CFL)

number of 0.3.
In the current study, the drag and lift coefficients are defined as

CD ≡
Fx

�1∕2�ρu2∞c
and CL ≡

Fy

�1∕2�ρu2∞c
(1)

respectively. The shedding frequency fs of the lift is non-

dimensionalized as the Strouhal number:

Sr ≡
fsl

�

u∞
(2)

in which the characteristic frontal length l� is taken to be

l� � c sin�α� � h cos�α� (3)

as illustrated in Fig. 1a. A grid-convergence study was performed on

the NACA 0012 airfoil without a flap at α � 10 deg for grid size

ranging from 200 × 200 to 500 × 500. A domainwith 360 × 360 grid

resolution was found to be sufficient with less than 1% error

in jCLjmax and Strouhal-number values, also capturing the wake

structures effectively. Figure 1b shows the comparison of mean CL

values of NACA 0012 airfoil at Re � 1.0 × 103 with past studies

[47,48,51–53]. The results obtained from the current simulations are

in agreement with the data from the literature.

α
u∞

c

h

Gurney flap

0 2 4 6 8 10 12 14 16 18 20

α [deg]

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

C
L

 Mittal and Tezduyar (1994)

 Hoarau et al. (2003)

 Suzuki et al. (2009)

 Liu et al. (2012)

 Kurtulus (2015)

 Present

a) b)

O
l*

x

y

Fig. 1 a) Representative setupwithNACA0012 airfoil at α � 9 degwithGurney flap of h∕c � 0.1 attached to the trailing-edge; b) comparison ofmean
lift coefficient CL for NACA 0012 airfoil at Re � 1.0 × 103 with previous studies in literature [47,48,51,53].

2 Article in Advance / GOPALAKRISHNAN MEENA, TAIRA, AND ASAI

D
o
w

n
lo

ad
ed

 b
y
 F

L
O

R
ID

A
 S

T
A

T
E

 U
N

IV
E

R
S

IT
Y

 o
n
 D

ec
em

b
er

 1
, 
2
0
1
7
 | 

h
tt

p
:/

/a
rc

.a
ia

a.
o
rg

 | 
D

O
I:

 1
0
.2

5
1
4
/1

.J
0
5
6
2
6
0
 



B. Three-Dimensional DNS

We also perform three-dimensional DNS on selected cases from the
two-dimensional analysis to acquire an understanding of the spanwise
effects on the wakes. The analysis is performed on the NACA 0006
airfoil with a Gurney flap of h∕c � 0.08 and α � 6; 12, and 18 deg at
Re � 1.0 × 103. The cases are selected to represent the characteristic
wake modes observed from the two-dimensional analysis. We
use a finite volume incompressible flow solver, Cliff (CharLES
software package), developed by Stanford University and Cascade
Technologies to solve the three-dimensional incompressible Navier–
Stokes equation [56–59]. A spatial domain of �x∕c; y∕c; z∕c� ∈
�−30; 30� × �−30; 30� × �0; 4� is considered. The spanwise extent of 4c
is chosen based on a three-dimensional analysis for the baseline cases
without a Gurney flap at a similar Reynolds-number range [41,44]. A
two-dimensional unstructured spatial grid discretization is used and
extruded in the spanwise direction with Δz∕c � 0.0625. The largest
nondimensional wall spacings along the suction side of the airfoil are
Δx � 0.004;Δy � 0.007, andΔz � 0.0625. The time step for all the
simulations is set to amaximumCFLnumber of 1.0. No-slip boundary
condition is specified on the airfoil and Gurney-flap surfaces. An
inflow boundary condition of u∕u∞ � �1; 0; 0� is prescribed at the
inlet and symmetric boundary conditions at the far-field boundaries
(top and bottom). A convective outflow boundary condition is
specified at the outflow to allow the wake structures to leave the
domainwithout disturbing the near-field solution. The flow is set to be
periodic in the spanwise direction.
A three-dimensional perturbation is introduced to ensure that the

three-dimensional structures are sufficiently developed. Temporal
convergence of the simulations is ensured through the rms and time-
averaged values of pressure and velocities, obtained from a probe
data located at the midspan and 1c downstream of the trailing edge,
having variations less than 2% in time. The solver is validated
with previous studies in the literature [48,53] and the current two-
dimensional analysis for the NACA 0012 airfoil at α � 20 degwith
the time-averaged CL having less than 2% difference.

III. Analysis of Two-Dimensional Flows

Findings from the two-dimensional numerical experiments
performed for flow over the four NACA airfoils with and without the
Gurney flap attached to the trailing edge are discussed here. The
addition of the Gurney flap and changes in angle of attack and airfoil
thickness bring about various changes to the aerodynamic forces
experienced by the airfoils. These variations in the aerodynamic
forces are caused by the flow modifications to the airfoil wake. The
observations on the airfoil-wake modifications are first discussed,
followed by a detailed analysis of the wake dynamics involved
through the wake modifications. The effects on the aerodynamic
forces are analyzed toward the end of this section.

A. Wake-Mode Classification

First, let us analyze the vorticity field around the airfoils at
Re � 1.0 × 103 for various Gurney-flap heights and angles of attack.
We observe the formation of four distinct types ofwakes develop over
the airfoil both with and without the Gurney flap.
The numerical simulations reveal that the flowfields can be

characterized into four different regimes depending on the character-
istics of vortex shedding. The far-field wake developments of different
regimes for a representative airfoil setup (NACA 0000 with a Gurney
flap of h∕c � 0.06) are summarized in Fig. 2. The four types of flow
regimes observed are 1) steady, 2) 2S (periodic von Kármán vortex
shedding), 3) P (periodic shedding of single vortex pairs), and 4) 2P
(periodic shedding of two distinct vortex pairs).
Thesewakemodes are classified on the basis of the flow structure of

the wake, vortex-shedding frequency, and force fluctuations. In this
section, we discuss the difference in the flow structure of the wake
modes along with the vortex-shedding frequencies corresponding to
each mode. The frequency spectra of the lift history for selected cases
of all airfoils are depicted in Fig. 3. Sampling time sufficient to capture
30–50 dominant shedding cycles is used to perform the spectral
analysis. The flow transition through the regimes is clearly evident by

the abrupt changes in the Strouhal-number valueswithα for theNACA
0000 case.
The nomenclature of the modes follows the wake-mode

classification performed by Williamson and Roshko [60] on the
analysis of wakes behind a cylinder in forced oscillation. The wake
modes observed in the current study correspond to the 2S, P, and 2P
wake modes defined by Williamson and Roshko. These 2S, P, and
2P modes are previously observed in studies involving oscillating
cylinder [60–62], as well as airfoils [48,49,63,64]. In particular, the
wake modes have also been observed for the baseline case of NACA
0012 airfoil at Re � 1.0 × 103 by Kurtulus [48,49].
In the steady regime (Fig. 2, α � 0 deg), the wake is steady and

the flow is attached to the airfoil surface. This flow regime attributes
to the lowest magnitude of drag experienced by the airfoil compared
to that in the other unsteady modes. With an increase in α or h∕c
values, the flow starts to become unsteady. With this, the wake is
classified into the next regime, the 2S mode.
The 2S mode (Fig. 2, α � 6 deg) is characterized by unsteady flow

with periodic vonKármánvortex shedding of alternating clockwise and
counterclockwise rotating vortices (2S represents two single vortices).
The time-averaged vorticity contour lines are below the center of the
wake. The wake height, observable from the time-averaged vorticity
fields, is larger compared to that of the steady regime, denoting an
increase in drag experienced by the airfoil. The smaller wake height for
the 2S regime compared to the other unsteady regimes is also noticed.
Also, a single peak in the frequency spectra, corresponding to thevortex-
shedding phenomenon, for the cases classified into the 2S regime can be
observed in Fig. 3. The Strouhal-number values corresponding to the
dominant vortex-shedding frequency lie between [0.12, 0.18] with an
increase in angle of attack through this regime.With further increase inα
and h∕c values, the wake transitions to the next regime, the P mode.
The P mode (Fig. 2, α � 9 deg) is distinguished by periodic von

Kármán shedding of a single vortex pair (P represents a single vortex
pair). The spatial separation between two vortex pairs is distinctly
larger compared to that observed between the single vortices in the 2S
mode. The time-averaged vorticity contour lines of the regime shift
above the center of thewake, portraying a decrease in lift experienced
by the airfoil. The height of the wake increases considerably
compared to the 2S regime. This increases the drag force experienced
by the airfoil. Similar to the 2S regime, the cases classified in the P
regime are characterized by the occurrence of single peaks in the
frequency spectra, as seen from Fig. 3. The Strouhal number
corresponding to these dominant vortex-shedding frequencies
saturates to values in [0.12, 0.18] for this regime. Further increase inα
and h∕c values causes the wake transition to the complex 2P mode.
The 2Pmode (Fig. 2, α � 15 deg) is characterized by two pairs of

vortices convecting above and below the center of the wake (2P
represents two vortex pairs). The time-averaged vorticity field for the
2P regime evidently depicts the vortex pairs convecting away from
the center of the wake. Compared to all other regimes, the 2P wake is
most prominent and has the largest height among the four wake
regimes. Consequently, the drag force experienced by the airfoils for
this regime is the highest compared to that of all the other modes.
Moreover, the downward force acting on the airfoil due to the upward
displacement of the mean flow reduces the lift enhancement. The
frequency spectra for cases classified in the 2P regime exhibit two
prominent peaks, portraying the shedding of the two pairs of vortices.
Also, the Strouhal-number values corresponding to the dominant
vortex-shedding frequency drop sharply from [0.12, 0.18] and
saturate at values Sr ∈ �0.06; 0.1�. These observations from the
frequency spectra of the lift compared to that of the 2S and P modes
signify the occurrence of the 2P mode. The occurrence of the 2P
mode is found in baseline cases (without a Gurney flap) for NACA
0012 at Re � 1.0 × 103 by Kurtulus [48,49], but only at very high
angles of attack, α ∈ �23; 41� deg. By adding the Gurney flap, the
emergence of the 2P regime is seen for lower α. This 2Pmodemay be a
predominantly two-dimensional phenomenon and may be suppressed
by spanwise (three-dimensional) instabilities. We provide discussions
on the influence of three-dimensionality on the 2P wake in Sec. IV.
Thus, the emergence of the 2P mode should be used as a cautionary
guide for the need of three-dimensional simulations to further analyze
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the flow. In fact, one should avoid operating an airfoil in such 2P
regime inmost cases, due to the large-scale unsteadiness.Nonetheless,
we provide discussions on the wake dynamics and aerodynamic

characteristics of the 2P mode in Secs. III.B and III.C to paint a
complete description of the four wake regimes observed in two-
dimensional flows.
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Fig. 3 Frequency spectra for a range of α for NACA 0000, 0006, 0012, and 0018 airfoils with Gurney flap; •, dominant vortex-shedding frequency;□,
harmonic vortex-shedding frequency; regions with dominant Sr ∈ �0.12;0.18� are classified as 2S and P regimes by the green and yellow regions,
respectively, and Sr ∈ �0.06;0.10� as 2P regime by the red region.

Fig. 2 Instantaneous and time-averaged two-dimensional vorticity fieldsωc∕u∞, aroundNACA0000with aGurney flap of h∕c � 0.06 at various α; the
contour plots represent the four characteristic regimes: steady, 2S, P, and 2P.
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Weuse the examination of the flow structure of thewake and the lift

spectra to summarize thewake regimes of all four airfoils using awake-

classification diagram on the �α; h∕c� plane. Figure 4 provides an

overview of the simulations performed and the influence of theGurney

flap on the wake modes for different airfoils. The baseline cases

without a flap are plotted on the x axis. Representative vorticity fields

of different wake regimes observed are also portrayed for each airfoil

case. With the addition of the Gurney flap, transition of the unsteady

wake modes is shifted to lower angles of attack. The protruding flap

disrupts the inflow, causing the flow to be unsteady at lower angles of

attack. The wake-classification diagram shifts toward the left axis of

the (α; h∕c) plane with an increase in the Gurney-flap height.
When the airfoil geometry is changed from a flat plate to a thick

airfoil, the occurrence of the 2P regime is delayed to higher h∕c and α
values. Furthermore, the size of the steady regime decreases.

Increasing the thickness of the airfoil leads to a decrease in the

influence of the Gurney flap as the thickness of the airfoil

overshadows the effect of the flap. As a result of this, the complex 2P

mode is revealed only at higher α and h∕c values for thicker airfoils.
The wake-classification diagram provides a broad picture of the

effect of adding a Gurney flap to the trailing edge of the airfoil. The

diagram is useful to determine the nature of flow at different h∕c and
α values for all the airfoils studied. The overall performance of

different airfoil Gurney-flap configurations can be understood from

the diagram. This can be used to determine the optimal geometric and

angle-of-attack conditions for different aerodynamic-performance

requirements. Depending on the necessity, the ideal airfoil and

corresponding Gurney-flap configuration can be chosen. In Sec. IV,

we present insights from companion three-dimensional simulations

and the influence of three-dimensionality on the wake dynamics.

B. Near-Wake Dynamics

Next, let us analyze the wake dynamics influencing the wake-

mode transitions, which is responsible for the unsteady aerodynamic

forces experienced by the airfoils. We, in particular, focus on the
difference in shear-layer rollup and near-wake vortical structures that

lead to the formation of vortices further downstream. Mainly three
regions are examined in detail: suction and pressure sides of the

airfoil, and vicinity of the Gurney flap. We depict the canonical near-
field wake vortical structures analyzed herein in Fig. 5.
Themainvortical structures observed at the nearwake of the airfoil

at different angles of attack and Gurney-flap heights are composed of
the main clockwise rotating leading-edge vortex (LEV) on the

suction side and the main counterclockwise rotating trailing-edge
vortex (TEV) on the pressure side, visualized in Fig. 5a. Secondary

LEV and TEV also shed from the airfoil at high angles of attack or

with a large Gurney flap (in the 2P regime). Apart from these vortical
structures, the formation of the secondary suction-side vortical

structure with positive vorticity between the leading-edge separation
and the suction-side wall, as shown in Fig. 5a, is observed to be

important for the wake dynamics. The formation of this secondary
structure is a result of the rollup of the large LEV caused by the

separated flow. The formation and behavior of the structures vary

with transition of the wake regime.
Let us present a brief summary of the near-wake dynamics,

followed by specific details for each wake mode. The formation and
periodic shedding of LEVand TEVare expected at moderate angles

of attack for flow past an airfoil. Once a sufficiently strong LEV is

formed, the secondary suction-side vortical structure emerges on the
suction surface. The increase of circulation of the secondary vortical

structure with a substantial increase of strength of the LEV is

Fig. 4 Wake-classification diagram for NACA0000, 0006, 0012, and 0018 airfoils are illustrated; all cases simulated in the current study are categorized
intodifferent characteristicwake regimeswith respect toh∕candαvalues; different regimes aredescribedby steady (blue), 2S (green), P (yellow), 2P (red),
and transition between two regimes (gray); the boundaries for all the regimes are obtained by polynomial curve fitting.
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observed. Moreover, the strong influence of the LEV and the
secondary vortical structure at higher α and h∕c (in the 2P regime)
causes the TEV to roll up onto the suction side, eventually leading to
the transfer of vorticity from the secondary vortical structure to the
TEV, as depicted in Fig. 5a. Note that the Gurney flap supports this
merger by locally delaying the incoming flow as the TEV forms and
merges with the secondary suction-side vortical structure. This
phenomenon is observed only at very high angles of attack or with a

substantially large Gurney flap, particularly in the 2P wake regime.
The process results in a broader wake, leading to an increase in drag.
Moreover, the mean flow is displaced upward with respect to the
center of the wake, which is evident for the 2P mode from the time-
averaged vorticity field in Fig. 5b, decreasing the lift enhancement.
For the 2S regime, Figs. 6a–6c, we observe the rollup and

convection of a vortical structure with positive vorticity between the
leading-edge separation and the suction-side wall, visible at the

0 1 2
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Leading-edge vortex
(LEV) 

Trailing-edge vortex
(TEV)

Secondary suction-side
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Fig. 5 Near-wake vortices forNACA0012with aGurney flap ofh∕c � 0.1 atα � 20 deg (2Pwake regime): a) instantaneous vorticity fieldwith 1)LEV,
2) TEV, and 3) secondary suction-side vortical structure; b) time-averaged vorticity field.

Fig. 6 Illustration of near-field flow of three cases classified under the a–c) 2S, d–f) P, and g–i) 2P regimes; the figure depicts instantaneous vorticity
contour plots of flow overNACA0000 airfoil atα � 6;12, and 15 degwith aGurney flap ofh∕c � 0.06; corresponding instantaneous lift data, represented
by , are also displayed on the bottom.
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trailing edge in Fig. 5c. We refer to this vortical structure as the
secondary suction-side vortical structure for the 2S regime. The
circulation of the secondary suction-side vortical structure is small
and is not strong enough to influence the TEV. The LEV and TEV
shed periodically as single vortices, and there is no upward shift of the
flow above the center of the wake. These are the reasons for the high
lift-to-drag ratios, CL∕CD, observed for cases in the 2S wake mode,
which are further described in Sec. III.C.
As the flow transitions to the P regime, Figs. 6d–6f, the circulation

of the near-wake vortical structures increases. The strengthened LEV
and secondary suction-side vortical structure influence the TEV to
roll up along the outer walls of the Gurney flap with considerable
transfer of vorticity from the secondary structure to the TEV. The
LEVand TEV shed periodically, but a distinct vortex pair is formed
compared to the individual vortices in thewake of the 2S regime. The
wake width also increases and the flow shifts above the center of the
wake. This leads to the increase in drag, decrease in lift enhancement,
and fall of the CL∕CD curve, as further discussed in Sec. III.C, for
cases in the P regime.
In the 2P regime, Figs. 6g–6i, the circulation of the secondary

suction-side vortical structure is sizable enough to influence the TEV
to roll up onto the suction side, and the vorticity from the secondary
vortical structure is transferred to the TEV. The transfer and
accumulation of positive vorticity on the suction side cause the main
LEV to shed, followed by the rollup of the leading-edge shear layer to
form the second LEV. The main TEV sheds after a considerable
buildup of circulation due to the transfer of vorticity from the
secondary vortical structure. This leads to rollup of the second TEV
on the pressure side. By the time the second LEV sheds from the
trailing edge, the second TEV rolls up along the outer walls of the
Gurney flap. The influence from the secondary vortical structure is

not strong enough for the rollup of the second TEVonto the suction

side. The second LEV convects downward, pairing up with the

secondary TEVabout 10c downstream. The wake width is increased

considerably compared to the other unsteady regimes, with the flow

shifting above and below the center of thewake. This wake dynamics

lead to an increase of drag, a decrease of lift enhancement, and a

degradation of the CL∕CD curve, which are described in Sec. III.C.

C. Aerodynamic Forces

Next, we examine the effects of the wake modifications on the

aerodynamic forces from the use of Gurney flaps. Themain objective

of attaching a Gurney flap to the trailing edge of an airfoil is to

enhance the lift force experienced by the airfoil. The current results

show that, at a low Reynolds number of Re � 1.0 × 103, the Gurney

flap is able to generate high levels of lift forces. It is also seen that, as

the height of the flap is increased, the lift also increases. The lift

coefficient CL of representative cases for each airfoil is shown in

Fig. 7, in which the time-averaged valuesCL are depicted by the solid

lines and the fluctuations in the forces are represented by the shaded

regions. The blue lines for h∕c � 0.00 cases depict the baseline

results without a Gurney flap for all the airfoils.

As discussed earlier, CL increases with α and h∕c values for all

airfoils. Lift-force enhancement of more than twice the baseline

values is achieved using the Gurney flap, particularly at h∕c � 0.10

for all airfoils in almost all cases. Because of the presence of the

Gurney flap, an effective camber of the airfoil increases, attributing to

lift enhancement. Fluctuations in the lift forces appear when the flow

transitions from steady to unsteady state (2S regime). For a given

angle of attack,CL aswell as the fluctuations ofCL are amplifiedwith

an increase in Gurney-flap height.
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Fig. 7 Lift coefficient CL over angle of attack α for NACA 0000, 0006, 0012, and 0018 airfoils with select Gurney-flap heights; the time-averaged CL

values are represented by the solid lines, and fluctuations in CL are represented by the shaded region for each configuration.
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At higher angles of attack, sudden jumps or bursts in CL

fluctuations are observed for all the cases. The fluctuations in CL

exhibit trends of sudden increase in magnitude with an increase in α,
suggesting a transition from one flow regime to another with different
Gurney-flap heights and angles of attack. The transitions correspond
to the wake-mode shift from the 2S mode to the P mode, and then to
the 2P mode. Thus, the airfoil experiences the highest magnitude of
CL as well as the fluctuations ofCL when thewake is classified under
the 2Pmode. Again, the transition of thewake from the steady regime
through the 2P regime can be evidently observed by the jagged
growth of CL fluctuations with α for the NACA 0000 airfoil. The
transition of the wake from the P to the 2P mode is clearly observed
for the NACA 0006 and 0012 cases at high angles of attack.
The benefit of lift enhancement is, however, accompanied with

a penalty of some drag increase. The drag coefficients CD of
representative cases for each airfoil are shown in Fig. 8. As it can be
observed, CD increases with α and h∕c values. The CD for all cases
have low values at lower angles of attack. The appearance of
fluctuations in CD in conjunction with the wake transition from the
steady regime to the 2S regime is also observed at lower α, but the
magnitudes of the fluctuations are small. Also, the sudden and jagged
variations in the fluctuations of CD with an increase in α are small
compared to that observed for theCL fluctuations. The fluctuations in
CD increase suddenly at high angles of attack when the wake
transitions from the P mode to the 2P mode, also observed above for
the lift, for all airfoils.
The thickness of the airfoil plays a major role on the aerodynamic

forces experienced by the airfoil.With an increase in airfoil thickness,
the effect of the Gurney flap is overshadowed. As a result, different
trends are observed for the lift and drag on the airfoils. For the range
of angles of attack considered in this study, the magnitudes ofCL and
fluctuations in CL decrease for thicker airfoils. Whereas the drag

force increases with airfoil thickness at low angles of attack, which is
expected for the baseline cases, the trend reverses at higher angles of
attack, and the drag generated decreases for thicker airfoils compared
to thinner airfoils. Another behavior observed is for the lift and drag
slopes. The lift slope,a � dCL∕dα, follows a jagged trend for thinner
airfoils, whereas the slope is smoother for thicker airfoils. The same is
observed for the drag slope, although the fluctuations of the drag
slope for thinner airfoils are small compared to that of the lift slope.
All the aforementioned observations further emphasize the reduced
influence from theGurney flap due to the overshadowing effect of the
airfoil thickness.
The lift-to-drag ratio, CL∕CD, for all airfoils is examined and

depicted in Fig. 9. With an increase in α, the CL∕CD increases
drastically, reaching its maximum value, and then decreases
gradually. The significant enhancement of CL∕CD is achieved with
the utilization of a Gurney flap. TheCL∕CD at lower angles of attack,
in the range of α ∈ �0; 12� deg, is observed to be higher compared to
the baseline cases in general for all airfoils and flap heights. This
range of α is smaller for thinner airfoils (NACA 0000 and 0006),
although the peak value of CL∕CD is higher compared to thicker
airfoils (NACA 0012 and 0018). This range of α corresponds to the
steady and 2S regime for all the airfoils, where the drag remains low.
At a higher range of α, theCL∕CD decreases and reaches values close
to the baselinevalues for the controlled cases of all airfoils. This range
of α corresponds to the P and 2P regimes of the respective airfoils
where the highest magnitude of drag is experienced by the airfoils.
TheCL∕CD curves degrade below the baseline cases for NACA0000
and 0006 at higher α.
All the aforementioned observations show that an airfoil with a

large Gurney flap at high angles of attack experiences large forces.
With an increase in α, thinner airfoils (NACA 0000 and 0006)
experience the highest increase in lift and drag, whereas thicker
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Fig. 8 Drag coefficient CD over angle of attack α for NACA 0000, 0006, 0012, and 0018 airfoils with select Gurney-flap heights; the time-averaged CD

values are represented by the solid lines, and fluctuations in CD are represented by the shaded region for each configuration.

8 Article in Advance / GOPALAKRISHNAN MEENA, TAIRA, AND ASAI

D
o
w

n
lo

ad
ed

 b
y
 F

L
O

R
ID

A
 S

T
A

T
E

 U
N

IV
E

R
S

IT
Y

 o
n
 D

ec
em

b
er

 1
, 
2
0
1
7
 | 

h
tt

p
:/

/a
rc

.a
ia

a.
o
rg

 | 
D

O
I:

 1
0
.2

5
1
4
/1

.J
0
5
6
2
6
0
 



airfoils (NACA 0012 and 0018) attribute with smoother lift and drag
slopes. The enhanced lift-to-drag ratio brought about by the Gurney
flap is maintained over a wider range of α and h∕c values in thicker
airfoils, whereas thinner airfoils experience higher magnitude of
CL∕CD over a narrower range of α. Thus, for high levels of lift
generation and CL∕CD requirements, thinner airfoils can be suitable
among the considered airfoils. In contrast, to obtain the enhanced
CL∕CD over a wider range of angles of attack and lower drag when a
Gurney flap is attached, thicker airfoils performwell, althoughwith a
relatively lower magnitude of CL∕CD.

IV. Analysis of Three-Dimensional Flows

A three-dimensional analysis is performed on the flow around the
NACA 0006 airfoil with a Gurney flap of h∕c � 0.08 at α � 6; 12,
and 18 deg to examine the spanwise effects on thewakes. The chosen
angles of attack yield the 2S, P, and 2Pwake regimes, respectively, for
a two-dimensional flow, as shown in Fig. 4b. The three-dimensional
flowfields and the resulting force characteristics are summarized in
Fig. 10. We use the isosurface of theQ criterion [65] to visualize the
three-dimensional airfoil wake. The aerodynamic force character-
istics of the three-dimensional flow are also compared to those
obtained from the two-dimensional analysis.
The cases with α � 6 and 12 deg, classified as the 2S and P wakes,

respectively, in a two-dimensional flow, remain two dimensional with
a spanwise extension of the airfoil. Although the 12 deg case shows
some spanwisevariations in the flow, it can be considered as nominally
two dimensional. The instantaneous snapshots of the two cases show
the presence of the alternating positive and negative vortices leading to
the formation of the von Kármán vortex street, previously observed
in the two-dimensional analysis. The time-averaged flowfield also
corresponds to that observed for a von Kármán wake, and previously

observed in the two-dimensional analysis. These observations suggest

that the dominant vortex-shedding frequency, lift and drag forces, and

the lift-to-drag ratio experienced by the airfoil are similar to those

observed in the two-dimensional analysis. This is noted from the

similarity in the aerodynamic force characteristics for the two-

dimensional and three-dimensional results in Fig. 10, further

highlighting the two-dimensional nature of the flow. The same criteria

used in the two-dimensional analysis are applied to classify the α � 6

and 12 deg cases under the 2S and P wake regimes.
The casewithα � 18 deg, classified under the 2P regime for a two-

dimensional flow, is influencedby the spanwise instabilities in the flow

and results in a fully three-dimensional flow with an underlying von

Kármán wake. The formation of the 2P wake mode is not observed.

The 2P wake structure is disrupted by the spanwise instabilities, and

the wake structure is suppressed to a von Kármán vortex street with

spanwise variations. As seen from the top view of Fig. 10, the cores of

the positive and negative vortices in the von Kármán street also show

spanwisevariations. The time-averaged flowfield depicts the reduction

in the wake thickness considerably compared to that observed in the

two-dimensional 2P wake structure (see Fig. 2). This reflects in

considerable reduction in the drag force experienced by the airfoil

compared to that for the two-dimensional 2P regime. The altered

dynamics of the shear-layer rollup leads to a reduction in the lift

force compared to the two-dimensional 2P case. These inferences

are observed from the aerodynamic force characteristics of the

α � 18 deg case in Fig. 10. The considerable decrease in the drag force

compensates for the reduction in the lift enhancement experiencedby the

airfoil to maintain the lift-to-drag ratio. The dominant shedding

frequency of Sr � 0.155, similar to the values observed for that of the

2S and P wake structures, substantiates the von Kármán wake behavior

for the dominant vortical structures of the three-dimensional flowfield.
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Fig. 9 Lift-to-drag ratio CL∕CD over angle of attack α for NACA 0000, 0006, 0012, and 0018 airfoils with Gurney flap.
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We have observed that the two-dimensional analysis provides a
foundation to understand the occurrence of the 2S and P wake
regimes for the three-dimensional spanwise-periodic setup. The
deviation with three-dimensional flow appears for the fully three-
dimensional flow for what would be the 2P wake regime in the two-
dimensional setting. Nonetheless, it should be noted that, at a higher
Reynolds number, the three-dimensionality of the wake structures
can be instigated to even the flow classified as two-dimensional wake
regimes at this Reynolds number. This transition of the flowfield
of each particular wake regime from two dimensional to three
dimensional is beyond the scope of the current work, and the readers
are referred to studies that focus in such analyses [51,66,67]. Further
analyses have to be performed to completely understand these effects
for the current problem. The novelty of the current work is in
understanding the transition of thewake regimes from steady through
2P or von Kármán vortex street having spanwise variations with
change in different parameters of airfoil thickness, angle of attack,
effects of the Gurney flap and the flap height, and associated effects
on the force characteristics of the airfoil in an incompressible flow
at Re � 1.0 × 103.

V. Conclusions

A large number of two-dimensional direct numerical simulations
for incompressible flow have been performed over different airfoils
—NACA 0000 (flat plate), 0006, 0012, and 0018—at Re �
1.0 × 103 with andwithout a Gurney flap attached to the trailing edge
over a range of angles of attack. The use of the Gurney flap
significantly enhances the lift experienced by the airfoils. Lift-to-drag
ratio increase exceeding twice that of the baseline cases are observed
with the attachment of the Gurney flap. However, the benefit of lift

enhancement is accompanied with a penalty of drag increase,

particularly at high angles of attack. This further leads to degradation of

the lift-to-drag ratios below baseline cases at high angles of attack,

althoughhigh-lift enhancement is alsoobservedat these flowconditions.

The overshadowing effect of thicker airfoils on the Gurney flap reduces

the influence of the flap on flow modification in such airfoils. The
aerodynamic forces experienced by these airfoils are also significantly

altered compared to that for thinner airfoils. Even though themagnitude

of the lift and lift-to-drag-ratio enhancement is reduced for thicker

airfoils, the lift and drag slopes are much smoother and the drag is also

reduced at higher angles of attack.
Analyzing the lift spectra and flow structure of the airfoil wake

reveals the presence of different vortex-shedding patterns in the wake.

These are classified into four wake regimes: 1) steady, 2) 2S (periodic

von Kármán vortex shedding of alternating counterclockwise and

clockwise rotating vortices), 3) P (periodic von Kármán shedding of a

single vortex pair), and 4) 2P (periodic shedding of two distinct vortex

pairs). Characteristic Strouhal number corresponding to the vortex-

shedding phenomenon is also observed for each of the wake modes.
The detailed analysis of the near-wake properties also revealed the

wake-mode transitions.Among the different vortical structures formed

in the near wake of the airfoils, the observations suggest that the strong

LEV and the secondary vortical structure with counterclockwise

direction of vorticity formed on the suction side of the airfoil lead to the

rollup of the TEV onto the suction side at high angles of attack and

Gurney-flap heights. This leads to the emergence of different vortex-
shedding patterns and, hence, the wake-mode transitions. A selected

number of three-dimensional DNS of representative cases have also

been performed to analyze the three-dimensional effects on these

wake-mode transitions in a spanwise periodic setting. The results

suggest that the 2S and P wake modes tend to remain two dimensional

Fig. 10 Flow visualization and aerodynamic force characteristics of flow over the NACA 0006 airfoil with Gurney flap of h∕c � 0.08 at α � 6;12, and
18 degwith three-dimensionalDNS; each row consists of the top andperspective views of instantaneous snapshots of theQ criterion [65] isosurface colored
with ux, the time-averaged ux, and the comparison of aerodynamic force characteristics between the respective cases of two-dimensional and three-

dimensional analyses.
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even with spanwise effects, although the flow presents three-
dimensionality at very high angles of attack at this Re � 1.0 × 103.
For a three-dimensional flow, the 2P mode is suppressed by the
spanwise instabilities reducing to a vonKármánvortex street likewake
structure, suggesting the need for a careful three-dimensional analysis.
The existence of the wake modes is summarized in a wake-

classification diagramover awide range of angles of attack andGurney-
flap heights for each of the airfoils. Unsteady wake regimes appear at
lower angles of attack with the addition of the Gurney flap. The wake-
classification diagram provides guidance on the implementation of the
Gurney flap at different conditions for the required aerodynamic
performance, motivating studies in passive as well as active Gurney
flaps. The airfoil performance can be assessed depending on the nature
of the wake regime the respective flow is classified under for the
particular angle of attack and flap height.
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