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ABSTRACT

In the present work different trailing-edge serration models are designed and
their aerodynamic performances at realistic landing conditions around a wing-
flap system are investigated. The serration model with the best performance is
then introduced. The NLR 7301 wing and single-slotted flap is selected as
reference geometry and three types of serrations in the form of sinusoidal,
square, and triangular shapes are cut into the trailing edge of the main element.
The flow at Mach number 0.185 and the Reynolds number 2.51 million is
calculated by numerical solution of incompressible Navier-Stokes equations
using k-e realizable turbulence model. Results show that the serration has
exceptional positive effects on the aerodynamic characteristics of the system by
generating vortices that modify the flow structure downstream of the main
airfoil. All serrated models experience a reduction in drag coefficient compared
to the baseline model at incidence angles before stall. Additionally, the
maximum lift coefficients for all serrated models are increased. Among the
serrated models, the sinusoidal serration exhibits the best performance with
6.8% increase in the maximum lift coefficient, a 10.6% decrease in the drag
coefficient, and 2 degrees increase in the stall angle of attack of the wing-flap
system compared to the baseline geometry. Moreover, the effect of wavelength
on the performance of square shape serration is investigated and its aerodynamic
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advantages and disadvantages are presented.

1. INTRODUCTION

Flaps play a vital role in increasing the performance
and safety of the aircraft, especially in low-speed
situations like landing and take-off (Jahangirian &
Johnston, 2007). These moving surfaces, which are
usually located on the trailing edge of aircraft wings, by
increasing the lift force, enable the plane to take off and
land at lower speeds. Slotted flaps consist of several small
individual airfoils. The gap between the flap and the wing
helps the movement of high-pressure air moving from
under the wing to the upper surface re-energizing the
boundary layer, that may cause delaying flow separation
from the flap (Young, 1947).

In the past years, some studies have implemented
passive and active flow control systems, while others
studied on the feasibility of completely new systems, such
as morphing wings and Plasma actuators (Khoshkhoo &
Jahangirian, 2016; Nemati & Jahangirian, 2020).
However, these methods are often really complex and
require actuation systems, compressed air and extensive

power to operate. Another conventional passive control
system is the use of vane vortex generator. These devices
can be installed on the wing or the flap of high-lift devices
to suppress flow separation (Ichikawa et al., 2021).
However, in normal conditions these devices perform no
useful function and exert a significant drag penalty
(Saddoughi, 1994).

The use of serration on the trailing edge of a single
wing element have also been investigated. In 1970s, Hersh
et al.'s experiments on acoustic resonance showed that the
use of serrations on aerodynamic surfaces can reduce the
aerodynamic noise of the flow (Hersh & Hayden, 1971).
But the flow mechanism causing this remained unclear.
Gruber et al. compared the trailing edge noise reduction
using saw-tooth and slit serrations on a NACA651210
airfoil. However, these are shown to be considerably less
than theoretical predictions (Gruber et al., 2010). Also,
they suggested that the flow mechanisms by which
serrated trailing edges reduce noise are not yet fully
understood. Singh et al. (2022) investigated
the efficacy of sinusoidal trailing-edge serrations for noise
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NOMENCLATURE

Co  drag coefficient

Cp  pressure coefficient
CL lift coefficient

h amplitude

p static pressure
Re  Reynolds number
t time

velocity
* surface non-dimensional normal distance
angle of attack
wave length
kinematic viscosity
density

T < v <<

reduction purposes. Results showed that trailing-edge
serrations reduce leading-edge noise along with the self-
noise, which indicates the efficacy of trailing-edge
serrations in reducing the far-field noise. Tlua and Joana
(2020) investigated the reduction of Turbulent Boundary
Layer Trailing Edge (TBL-TE) interaction noise on
NACA 0012 airfoil and flat plate. Results showed that
serrated trailing edge configurations can yield less TBL-
TE noise compared to the baseline. In a study by Wei et
al. (2024) a bioinspired propeller design featuring novel
three-dimensional sinusoidal serrations on the propeller's
topology demonstrated improvements in both noise
reduction and aerodynamic efficiency. Experimental
results revealed a reduction in overall sound pressure
levels by up to 5.5 dB and an increase in propulsive
efficiency of more than 20%. Jawahar et al. (2020)
performed experimental measurements to assess the aero-
acoustic properties of 30P30N airfoil with two different
types of serrated slat cusps. The far-field noise
measurement results showed that significant noise
reduction at the vortex shedding frequency can be
achieved by the wuse of serration and No-Cusp
configuration. Alawadhi et al. (2014) studied the wing and
flap with a triangular serration on the trailing edge of the
main wing with variable serration angle relative to the
wing chord. They showed that larger deflection induces
stronger vortices. Also, serration energizes the boundary
layer and encourages the flow to remain attached to the
flap. Hussain et al. (2017) performed computational and
experimental study on NACAO0012 wing section with
serrated trailing edge. Two types of triangular and
quadratic serrations, were investigated for their influence
primarily on lift to drag ratio of the wing. Serrations tend
to enhance both aerodynamic and aero-acoustic
parameters and there is direct increase in the coefficient of
lift, caused by introducing trailing edge serrations. Ethiraj
and Pillai (2021) investigated the aerodynamic
characteristics of NACA series airfoils by altering the
trailing edge in the form of extended and serrated sections.
NACA 0020 airfoil was experimentally studied at the
angle of attack ranging from 0° to 45° and for the
Reynolds number of 2.46 x 105. All serrated trailing edge
delay stalling compared to the baseline model. Serrated
edge modification favors smooth stall and thereby acts as
an effective flow control device. Chandra and Sharma,
(2017) carried out experimental investigation on a low
aspect ratio wing at the Reynolds number of 7.6x10* with
sinusoidal serration at various wavelengths. It was
observed that applying the sinusoidal serrations at the
leading edge reduces the aerodynamic efficiency of the
wing. However, when the serrations are placed at the
trailing edge the aerodynamic efficiency in terms of
CL/CD improves compared to the clean wing. Naeini et

al. (2019) studied the effect of nature-inspired leading
edge 3D serration on the aerodynamic performance of a
65/35-degree double delta wing in a low-speed wind
tunnel. It was concluded that compared to the clean model,
there is a notable enhancement in the maximum lift
coefficient. A drag reduction is also achieved by installing
these elements, which provided a higher lift-to-drag ratio
for all incidence angles. Finally, the serrated leading edge
postponed the stall angle of the double delta wing.
Knepper and Garry (2005) carried out experimental
studies on a wing and single-slotted flap with triangular
serrations on the trailing edge and showed that a serrated
trailing edge can enhance slotted flap performance at
specific flap lap/gap settings and flap deflections
(Knepper & Garry, 2005). The results confirm that
longitudinal vortices in the wake of the serrations, delay
flow separation on the upper surface of the flap. Catalano
et al. (2007) carried out experimental and numerical
studies on a wing-flap model with only triangular
serrations at Reynolds number around. Results showed
that vortices are formed at the saw-toothed trailing edge
through the mixing between the flow from the pressure
side to the suction side at the main wing and flap gap.
Serrated trailing edge can therefore, improve the flow over
the flap by delaying flow separation consequently
decreasing pressure drag. Liu et al. (2019) performed
experimental study on the application of trailing-edge
serrations as a passive control method for reducing the
unsteady aerodynamics loading and noise on airfoils in
tandem configurations. Flow experiments were performed
using saw-tooth serration with different wavelength, for
several tandem airfoil configurations. Another study on
the NACAOQ012 airfoil showed that the serrations have
significant aerodynamic effects (Ji et al., 2023).

As mentioned before, enhancing the efficiency of
high-lift devices is crucial for improving flight safety and
passenger comfort, both of which are of utmost
importance in the aviation industry. Previous studies
indicated that the serrations can increase the energy of the
flow downwind. Moreover, increasing boundary layer
energy can result in higher lift coefficients. Despite
existing research, the aerodynamic effects of trailing edge
serrations in wing-flap systems, particularly at realistic
Reynolds and Mach numbers, as well as the influence of
serration patterns on system performance, remain
unexplored. Thus, in the present study the turbulent flow
around wing-flap systems with several trailing edge
serrated models at high Reynolds number flow conditions
are investigated. The effects of the serration type (square,
sinusoidal and triangular) and the wavelength of the
serration on the aerodynamic performance of the system
are discussed. Additionally, insights into the underlying
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Table 1 Properties of the 2D grids

Coarse Medium Fine Very Fine

Number of Elements 15141 31553 47184 80016
Inflation Layer 6 8 11 13
Growth rate 1.29 1.22 1.2 1.2

Element size 0.012 0.0075 0.005 0.003

(on airfoil)
Ci 2.36363 2.36945 2.37436 2.37424
Error% (Narsipur et al., 2012) 1.29 1.05 0.84 0.85

flow structure, lift generation, and drag reduction of the
system have also been presented.

2. NUMERICAL FLOW SOLUTION METHOD

2.1 Governing Flow Equations

In this study, the governing equations of the flow are
the conservation of mass, and momentum. The
conservation of mass (continuity) equation in the
differential form is presented in Equation (1) where p is
density and ¥ is the velocity vector (Batchelor, 2000):

V.(pV) =0 )

The linear momentum conservation equation is
obtained from Newton's second law of motion that can be
shown in Equation (2) (Batchelor, 2000):

d 1
— 5.V = —— VP V2D 2
at(v)+ (CADY ’ + v.V%¥ 2

In this equation, P is the static pressure and v is
kinematic viscosity. Due to low subsonic speed of the flow
in this study, it can be considered incompressible. As a
result, there is no need for the energy equation and it is
possible to simulate the flow acceptably with the
conservation of mass and momentum. After examining
different turbulence models and comparing their accuracy
and computational cost, it was decided to use the k-e
Realizable turbulence model with wall function settings
near the walls. This model, while being relatively simple,
has acceptable results. Furthermore, the model allows
using bigger cells near the wall up to y* = 20. Therefore,
the number of elements is reduced and the computational
cost especially in the 3D problems are decreased
significantly.

2.2 2D Grid Study

After examining different wing and flap models to
implement the idea, the reference geometry NLR 7301
wing-flap model is selected which has a complete set of
experimental databases (Van den Berg & Gooden, 1994).
This configuration is designed that no flow separation
occurs on the main element, apart from a small laminar
separation bubble on the wing nose. The 32% chord flap
is deflected 20 degrees. The experiments for this wing
have been carried out at Reynolds number 2.51 million
and Mach number of M = 0.185 (Van Den Berg &
Gooden, 1994). For grid study and to validate the solver,
a 2D flow around the reference geometry is selected from
which the experimental data are available. Considering the
complexity of the geometry and the requirements of the

| ()ullﬂ

30c
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Fig. 1 2D domain and boundary conditions

problem, a hybrid grid is used, in such a way that the
boundary layer is discretized by a structured grid and the
rest of the domain is unstructured. Also, a C-type domain
with an inlet radius 20 times the chord length and an outlet
distance 30 times the chord length was used (Fig. 1).

To ensure that the results are grid-independent,
different 2D grids were generated (namely coarse,
medium, fine and very fine grids) and the results are
presented in Table 1. Considering the lift coefficient
values the fine grid is chosen as the proper grid for the
numerical solution (Fig. 2).

2.3 Flow Solution Method

All the solutions are steady state and the effect of
gravity is ignored. A pressure-velocity coupling approach
is utilized and the equations are discretized with a second-
order accurate upwind method. Also, the Courant number
is set at 200. To verify the results, it is necessary to
compare them with experimental data. For this purpose,
the experimental data from AGARD (Van Den Berg &
Gooden, 1994) is used. The flow conditions are Mach
0.185 and the Reynolds number of 2.51 million. Also,
considering the grid study results, the Fine grid with 47184
elements is used for the validation computations. In Fig.
3, the surface pressure coefficients from the experimental
data and the numerical results for the angles of attack 6
and 13.1 degrees are presented. Due to this figure, it can
be concluded that the validation was successful. All
numerical computations were done on a computer system
equipped with an Intel(R) Core (TM) i7-4790K processor
with a frequency of 4.00 GHz and 32 GB RAM. As a
reference, the sinusoidal model at 6 degrees AOA took
about 6 hours to complete 500 iterations and reach
converged solution in this system.
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Fig. 3 Surface Pressure Coefficients at Re=2.51E6 and
Mach=0.185 (Van Den Berg & Gooden, 1994)

2.4 Design of Serrations

With  the studies conducted on different
serration patterns, three patterns of sinusoidal, square, and

Fig. 4 Serration Geometry

Table 2. Serration pattern properties

Ah 2h A
15 47mm 35.25mm
0.6 47mm 14.1mm

triangular with wavelength to amplitude ratio of 1.5 (Wh =
1.5) on the trailing edge of the main wing are applied.
Also, to compare and investigate the effect of the ratio of
wavelength to amplitude, a square wave model with a ratio
0f 0.6 (Ah = 0.6) has been studied. The chord length of the
main airfoil of the base model is equal to 940 mm.
According Fig. 4 the length of the tip to the bottom of the
serrations are set to be 5% of the chord length which is
equal to 47 mm. This amount is twice the wave amplitude
(Table 2). To be able to only examine the effect of the
serrations, patterns were cut into the main wing element as
shown in Fig. 5.

To better investigate the effect of serrations on the
performance of the system, with a minimum number of
grid elements, the 3D model is used with symmetry
boundary conditions. Using symmetry boundary
conditions allow to only study the serration effects and a
shorter span is numerically calculated. Hence, the
computational cost is decreased. To consider the effect of
serrations on each other, three serrations are used next to
each other. But in the square wave pattern with the ratio
0.6 (A/h=0.6), it was decided to use nine serrations instead
of three so that the model has a similar span to the other
serrated models.

2.5. 3D Boundary Conditions and Validation

According to the simulation conditions, the inlet
boundary condition is “Velocity Inlet” and the outlet
boundary condition is ‘“Pressure Outlet”. Also, all the
walls on the wing’s surfaces have the wall boundary
condition. Boundary conditions and the domain size are
displayed in Fig. 6. Also, the inlet pressure is equal to
101325 Pa.

To generate a proper 3D mesh, the settings of the 2D
fine grid specified in section 2-2 including the sizes on the
wing, the boundary layer sizes, etc., are used as a
reference. For a more accurate simulation, the sizes of the
cells on the serrations is slightly smaller, therefore, the
number of cells of the grids produced for the baseline,
triangular, sinusoidal, square (Ah = 1.5), and square (A/h
= 0.6) models are respectively 2.1, 2.2, 2.6, 2.1 and 3.1
million. The generated 3D girds are shown in Fig. 7. The
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(a) Sinusoidal (Mh=1.5)

(b) Triangular Wh=1.5)
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(d) Square model ( A/h = 0.6)
Fig. 5 NLR 7301 wing and flap with serrated trailing
edge

Fig. 6 3D Domain and Boundary Conditions

(d) Square (AM/h =0.6)
Fig. 7 3D Grids for the serrated models

skewness and orthogonality are used as the primary
criterion for preliminary grid evaluation. In this case, the
average skewness values for generated grids around
serrated cases are between the ranges of 0.269-0.399,
which are within the acceptable range. The average
orthogonality values are also between the range of 0.688
and 0.699 which are again within the acceptable range.
Nevertheless, among about 3 million 3d grid cells, there
may be some cells with low quality measures. For example
there are a few number of cells with maximum skewness
up to 0.999 and/or minimum orthogonality values around
le-3. However, these extreme values occur for grid cells
near the outer boundary where no important features are
present that can affect the results. It is noted that the above
discrepancy is mainly due to the fact that the span size of

1039



S. Ahmadkhah et al. / JAFM, Vol. 18, No.

1.4

+E)2(p. Main

(a) AOA=6°

Exp. Flap

CFD main —CFD Flap

'
-2

a
o u\ N
—-—szp. Main =—e—Exp. Flap -
(b) AOA=13.1°
Fig. 8 3D Surface Pressure Coefficients at Re=2.51E6
and Mach=0.185 (Van Den Berg & Gooden, 1994)

-CFD main —CFD flap

the domain is very smaller than other two domain sizes
(see Fig. 6).

The surface pressure distributions obtained from the
current numerical method computed at the middle of the
wing span baseline model (without serrations) is
compared to the experimental data at the angles of attack
6 and 13.1 degrees in Fig. 8. The results are with good
agreement that confirms the validity of the method for 3D
calculations.

3. RESULTS

In this section, the numerical results of four serrated
models that were introduced in the previous section are
presented and compared to those of the baseline model
(without serration). The simulations are performed at
Mach number 0.185 and the Reynolds number of 2.51
million which are similar to the experiment conditions in
AGARD (Van Den Berg & Gooden, 1994). The effects of
the serrated wing-flap system on the aerodynamic
coefficients, including lift, drag and aerodynamic
performance (L/D) are analyzed in the following.

According to Fig. 9a, it can be generally seen that all
serrated models except the triangular one have higher
maximum lift coefficients and stall angles compared to the
baseline model. This is very important since flaps are
generally used in landing and take-off conditions in which
the angle of attack is usually high. This figure also shows
that the gradual stall behavior of the base model has
changed to the sudden stall in the triangular and square
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Fig. 9 Aerodynamics coefficients diagrams for A/h =
1.5 models at Re=2.51E6 and Mach=0.185

models. This is mainly due to the leakage of the flow from
lower surface of the main element through serrations to the
upper surface that accelerates the flow separation from the
main element upper surface. Among different serration
models, the sinusoidal model has higher maximum lift
coefficient compared to other models which is 6.8 percent
greater than the baseline model. Figure 9b shows that the
drag coefficients of the serrated models are less than the
baseline model in all incidence angles before stall which
is due to separation control above the flap by flow vortices
initiated from serrations. In the best case, the sinusoidal
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Table 3 Break down of different models Lift Coefficients at AOA=6°

Serration Type

Flap

Wing

Total

Wing’s increment (%) Flap’s increment (%)

Baseline

0.331

2.005

2.336

Triangular

0.374

1.912

2.286

A7 13.0

Sinusoidal

0.377

1.900

2.277

-5.2 13.8

Square (A/h = 0.6)

0.382

1.857

2.240

-1.4 15.5

Square (\Vh = 1.5)

0.383

1.877

2.261

-6.4 15.9
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Fig. 10 Aerodynamics coefficients diagrams for A/h =
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1.5 models at Re=2.51E6 and Mach=0.185

model has a 10.6% reduction in the drag coefficient at an
attack angle of 17 degrees compared to the baseline model.
Figure 9c demonstrates that the aerodynamic efficiency
factors of the serrated models are improved for almost all
models in the full range of incidence angles compared
with the base model. It can be seen that as the angle of
attack increases, the aerodynamic performance of the
system also increases and at the incidence angle of 17
degrees, the aerodynamic performance coefficient (L/D)
of the sinusoidal model showed a significant increase of
19.53% compared to the baseline model (without
serration). It should be noted that this improvement is
achieved despite that the serrations are cut into the wing,
and the area of the wing is reduced compared to the
baseline model.

Figure 10 shows the effect of A/h ratio on the
aerodynamic coefficients at different incidence angles. As
demonstrated in this figure the square serrated model with
the (A/h = 0.6) has better performance than (Mh = 1.5)
particularly at the stall conditions.

In order to analyze the contributions of the wing and
flap in the lift coefficients value at different incidence
angles of 6, 15, 16 and 17 degrees, Tables 3, 4, 5 and 6 are
presented. It can be seen that in all incidence angles the
presence of serrations increases the flap lift coefficient,
especially in the higher angles of attack close to the stall.
As indicated in Table 3, at the low incidence angle of 6
degrees, the serrated models exhibit 2%-4% less total lift
coefficient in comparison with the base line model.
However, the flap lift coefficients are increased in all
serrated sections with the square model (Wh = 1.5)
showing the best performance by 15.9% increase
compared to the baseline model. It should be noted that
the main wing’s lift coefficient in all models is slightly
decreased in this angle of attack, which can be partly
attributed to the reduction of the wing’s area.

Tables 4, 5 and 6 are provided for results at higher
angles of attack close to the stall. It can be observed that
at these incidence angles unlike the 6 degree results, the
lift coefficients of the complete system with the serration
have been increased. It is notable that the lift coefficient
of the main wing has also been increased in some cases.
In these ranges of incidences, the sinusoidal type serration
shows the best performance with the highest Cimaxand ostan
and positive impact on the lift coefficient of both wing and
flap. Independent examination of wing and flap
coefficients for different wavelengths shows that the
square model with (A/h = 0.6) has more stable performance
than (Ah = 1.5) model particularly at the 17° incidence
angle.

In Fig. 11, the velocity contours of the sinusoidal
model and the baseline at 17 degrees angle of attack are
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Table 4 Break down of different models Lift Coefficients at AOA=15°

Serration Type Flap Wing Total Wing’s increment (%) Flap’s increment (%)
Baseline 0.290 2.795 3.085 - -
Triangular 0.344 2.806 3.151 0.4 18.7
Sinusoidal 0.348 2.797 3.146 0.1 20.0
Square (Ah = 0.6) 0.351 2.745 3.096 -1.8 21.2
Square (Wh = 1.5) 0.355 2.774 3.130 -0.7 22.4

Table 5 Lift Coefficients break down of different models at AOA=16°

Serration Type Flap Wing Total Wing’s increment (%) Flap’s increment (%)
Baseline 0.280 | 2.782 | 3.062 - -
Triangular (Separation) 0.615 | 1.120 | 1.735 -59.7 119.7
Sinusoidal 0.342 | 2.855 | 3.197 2.6 22.2
Square (Wh = 0.6) 0.344 | 2.786 | 3.131 0.2 23.0
Square (Vh = 1.5) 0.349 | 2.835 | 3.184 1.9 24.7

Table 6 Break down of different models Lift Coefficients at AOA=17°

Serration Type Flap | Wing | Total Wing’s increment (%) Flap’s increment (%)
Baseline 0.278 | 2.735 | 3.013 - -
Triangular Complete Separation
Sinusoidal 0.337 | 2.880 | 3.217 5.3 214
Square (Vh = 0.6) 0.339 | 2.807 | 3.146 2.6 22.1
Square (/h = 1.5) (Separation) 0.336 | 0.985 | 1.321 -56.2 -64.0

(a) Baseline

(b) Sinusoidal model

Fig. 11 Velocity contours at AOA of 17 degrees, Re=2.51E6, and Mach=0.185

presented. It can be seen from this figure that the serrations
have several important effects on the flow. First, the shear
layer (vortex line) behind the main element, which is
strongly present in the baseline model, is considerably
weakened in the serrated model. The second important
effect is the growth of the high-speed flow layer on the
upper surface of the flap which can be one reasons for
increasing the flap’s lift coefficient. Figure 12 shows the
velocity vectors around the wing-flap geometry of the base
model and the sinusoidal model at 17° incidence angle. As
demonstrated, in the serrated model the flow accelerated
between the wing and the flap passes through the teeth at
a high-speed generating a vortex flow above the flap. By
comparing Figs. 11 and 12, it can be inferred that the
serrations enhance the boundary layer energy, allowing

the flap to bear a higher aerodynamic load. Additionally,
the weakened shear layer is likely the primary factor
contributing to the drag reduction observed in the serrated
models.

According to the data obtained from the simulations,
it can be seen that the serrations generate vortices behind
the trailing edge of the main element. Also, studies show
that the serration patterns have an important effect on the
shape and size of these vortexes. The Q-criterion surfaces
with the level of 0.002 for all models at an angle of attack
16 degrees are presented in Fig. 13. It should be noted that
the triangular serration model is experiencing separation
at this angle of attack. In fact, by comparing the Q-
criterion surfaces in three areas i.e. close to the trailing
edge of the main element upper surface, the wake behind
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Fig. 12 Velocity Vectors at AOA=17°, Re=2.51E6, and Mach=0.185
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Fig. 13 Q-Criterion surfaces (0.002) for all models at the AOA of 16 degrees, Re=2.51E6, and Mach=0.185

1043



S. Ahmadkhah et al. / JAFM, Vol. 18, No. 4, pp. 1035-1047, 2025.

Turbulence Kinetic Energy [mA2 s7-2]

a) Baseline model

Turbulence Kinetic Energy

[m*2 s*-2]

(c) Square model (\/h = 1.5)

o P ®

Turbulence Kinetic Energy

b) Sinusoidal model

] > P
o PFTLLL LS

Turbulence Kinetic Energy [m"2 sA-2]

(d) Triangular model

Fig. 14 Turbulent Kkinetic energy contours for 2/h = 1.5 models at AOA = 16°, Re=2.51E6 and M=0.185

the trailing edge of the main element, and flap upper
surface, one can analyze the influence of different
serration models on the flow. It can be seen that the flow
passes through the serrations, mixes and produces
turbulent vortices above the flap that increase the energy
of the flow and delay separation on the flap upper surface.
However, this mechanism may also affect the stability of
the upstream flow that in the case of triangular serration,
produces early flow separation on the main airfoil. The
above conclusion can also be confirmed from Table 5
where the contributions of the wing and flap on lift
production is presented. Therefore, it can be concluded
that the existence of serrations can delay the separation on
the flap. In addition, this figure shows that the sinusoidal
model has the more stable flow above the wing and flap.

Figure 14 shows the contours of the turbulent kinetic
energy at 16-degree angle of attack. According to this
figure that displays the turbulent eddies, the triangular
model (Fig. 14d) is experiencing a leading edge
separation. Based on Fig. 9a, the Baseline model is stalling
at the incidence angle of 16 degrees. However, this is a
gradual stall from trailing edge of the main element which
is different to those of the triangular serrated model. It is
evident that in this angle of attack the sinusoidal and
rectangular serrations perform better than triangular
serration and baseline model. Figure 15 demonstrates the
turbulent kinetic energy contours at 17 degree angle of
attack which is the post stall condition of the wing flap
system. At this angle, the flow over triangular model is not
displayed since it was already separated from the leading
edge. As it is shown, in this condition the square serrated

model has separated from the leading edge while the flow
around the wing with sinusoidal serration has attached yet.

As shown in Fig. 9a, the serrated models demonstrate
lower drag coefficients than the baseline models.
Therefore, it is reasonable to conclude that the reduction
in drag coefficient is directly related to the decrease in
turbulent kinetic energy behind the system, resulting from
the presence of serrations.

To better investigate the mechanism of lift generation,
and the differences between the serrated models and the
baseline model, the surface pressure coefficients of the
baseline and the sinusoidal model at 17 degrees angle of
attack is presented in Fig. 16. It is noted that the pressure
coefficient diagram is derived from the middle of the span.
According to this figure, the main wing’s surface pressure
coefficients of the baseline model and the sinusoidal
model are almost identical, except for the end part where
the serrations are cut into the wing in the sinusoidal model.
However, the surface pressures along the flap leading edge
area are so different that may cause much higher lift
coefficient in the serrated model. According to Fig. 16,
this difference is largest at the front of the flap, and when
moving toward the end of the flap, the diagrams coincide.

4. CONCLUSIONS

This study examined the impact of different trailing-
edge serration patterns on the aerodynamic performance
of the NLR7301 wing-flap configuration at high
Reynolds number conditions. Numerical simulations were
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Fig. 15 Turbulent Kinetic Energy diagrams for A/h = 1.5 models at AOA =17°, Re=2.51E6 and Mach=0.185
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Fig. 16 Cer comparison of sinusoidal serration and baseline model at AOA = 17°, Re=2.51E6, and Mach=0.185

conducted to compare the performance of three sinusoidal,
square and triangular serrated models against a baseline
model. Results indicated that serrations generate vortices
that can significantly enhance the performance of the
system at high incidence angles by delaying flow
separation, increasing lift, and reducing drag. The
sinusoidal model demonstrated the best performance, with
a 19.5% increase in aerodynamic performance at a 17-
degree angle of attack compared to the baseline model.
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Additionally, it extended the stall angle by 2 degrees and
increased the maximum lift coefficient by 6.8%. Vortex
size and intensity directly influenced lift coefficient
produced by the flap, and the square model with the largest
vortices, experienced the highest increase in the lift
coefficient generation of the flap (24.7%). The square
model with a smaller wavelength-to-amplitude (Ah = 0.6)
ratio demonstrated average improvement of 1.2% in
aerodynamic performance, and a 2.4 percent reduction in
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drag coefficient compared to the model with (\/h = 1.5)
albeit with a lower maximum lift coefficient. Overall,
serrations showed to have tremendous effect on the
aerodynamic performance of the wing-flap assembly,
especially at high incidence angles when high-lift devices
are generally used. The current configuration showcases a
potential for future industrial use in aviation and other
industries that may require less complex passive control
methods.
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