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The flow field of a low Reynolds number regime is three-dimensional and exceedingly
complicated due to numerous forms of vortical phenomena, which has triggered the
interest of many researchers. This study aims to investigate the influence of various
trailing edge configurations on the aerodynamic characteristics and flow structure of
airfoils. Specifically, five different configurations, namely baseline, serration, comb,
and comb-serration are analyzed in detail. The study seeks to identify the configuration
that provides optimal aerodynamic performance, which can then inform the design of
more efficient airfoils for a range of applications, including unmanned aerial vehicle
(UAV), wind energy, and automotive design. A Large-eddy simulation numerical model
was developed to effectively evaluate unsteady pressure fluctuations and turbulence
parameters at the source. The pressure coefficient and skin friction coefficient figures
reveal that modifications result in an early negative pressure zone and uneven flow
along the airfoil surfaces. This study presents numerical findings on the NACA0015
airfoil at a zero angle of attack. The pressure coefficient distribution along the airfoil
surface exhibits a symmetrical pattern, with the highest pressure observed at the
leading edge due to flow deceleration. Analysis of the skin friction coefficient confirms
the absence of separation zones on the airfoil surface, except for the tip of the trailing
edge. The velocity profile demonstrates a consistent and smooth flow, indicating stable
and symmetrical conditions across the airfoil. Moreover, the velocity profiles of the
baseline airfoil at zero angle of attack do not indicate any signs of flow separation.
Notably, the serrated, combed and comb-serrated trailing edge configurations each
yield distinctive effects on fluid flow. The serrated trailing edge promotes increased
fluid velocity and pressure drop, while the combed configuration induces separation
at the root. Meanwhile, the comb-serrated design sustains a continuous fluid flow over
the airfoil surface. Overall, these results contribute to a comprehensive understanding
of the aerodynamic behavior and flow characteristics influenced by various trailing
edge configurations.
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1. Introduction

The complexity of the low Reynolds number regime triggered the interest of many researchers.
The issues related to the flow field within low Reynolds numbers are important in the design of
sophisticated unmanned aerial vehicles and wind turbines that have industrial applications.
Furthermore, computer simulation has emerged as a cost-effective method for comprehending the
underlying physics of flow structures over airfoils. By harnessing the power of computer simulations,
a more precise visualization of flow topology becomes attainable, thereby facilitating the
identification of optimal flow conditions with greater ease.

This flow regime is three-dimensional and overly complex due to various forms of vortical
phenomena. The flow structures around an airfoil are entirely different for a wide range of Reynolds
numbers. Flow separation and formation of laminar separation bubbles (LSB) are among the key
features found in this flow regime [1]. The flow separates due to a strong adverse pressure gradient
[2,3]. Moreover, stronger adverse pressure gradients and weaker fluid momentum would keep the
flow separated, hence forming a considerable wake region downstream of the trailing edge [4].
Likewise, the separated flow field may interfere with the laminar boundary layer (LBL) and begin to
form unstable shear layers known as hydrodynamic instabilities. These shear layers disintegrate
inconsistently into a chaotic flow [5] due to the changes in the fluid pressure and velocity [6]. On the
other hand, the separated flow might go through a transition to turbulence [3,5] and thus the
turbulent boundary layer (TBL) is formed in the wake of a vortical structure known as reverse flow
[3]. This trend is because of an increase in the fluid momentum after the transition. Consequently,
the accelerated shear layers reattach to the airfoil surfaces to develop a region of low velocity and
low pressure known as a laminar separation bubble [3,5,7]. Besides that, the laminar separation
bubble might separate or reattach again after the trailing edge [4].

The laminar separation bubble is often categorized into long and short bubbles [8]. This
classification was based on the length scales of displacement thickness at the separation point and
the chord length. Long bubbles affect pressure fluctuations, whereas short bubbles can alter the
potential flow over the airfoil surface [3]. Additionally, the size of the bubble formed depends on the
Reynolds number of the flow, the bubble might form, burst, or vanish due to a slight change in the
Reynolds number [9,10]. For instance, short bubbles at times burst to form a huge bubble that either
reattaches with the surface or flows towards the wake without reattachment. The bursting of the
bubbles controls the stalling of an airfoil [3]. The features of the bubbles do not depend on Reynolds
number only but also on the angle of attack (AoA) [11]. At smaller angles of attack (below stall angle),
the bubbles determine the transition behavior of the flow. The bubbles are formed on both sides of
the airfoil for small angles of attack. When the angle of attack is increased, the size and the length of
the laminar separation bubble decrease gradually. Concurrently, the bubbles rapidly shift towards
the leading edge on the airfoil suction side [12], whereas the boundary layer moves closer to the
trailing edge on the pressure side [13]. Moreover, airfoil geometry and turbulence intensity affect
the wake features, for example, the vortex size, rotational direction, and shedding frequency [14,15]
as well as the wind turbine performance [16]. Some studies have demonstrated the dependence of
aerodynamic performance [4] and radiated noise [17] over 2D airfoils towards flow conditions at
relatively low Reynolds numbers. A slight change in the airfoil profile would alter the lift coefficient,
separation features, and stalling behavior [18]. Similarly, separation location and stalling
characteristics affect aircraft structure and aerodynamic performance [19]. This has sparked interest
among researchers in developing effective control tools capable of mitigating noise without affecting
aerodynamic performance. Consequently, a thorough analysis and understanding of the near-field
features are necessary.
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In recent years, the application of modified trailing edges such as serrated, has been
demonstrated experimentally [3,20-24] and numerically [25,26] that it can minimize noise generated
at the trailing edge. However, in most cases, these serrations are made into a thin flat plate and
inserted into the main body of the airfoil [27]. Theoretically, the geometry of the serration destructs
the coherent structure between the acoustic waves, thus altering the acoustic radiation along the
span. After that, noise reduction is achieved due to the interference of acoustics at the source
[28,29]. On the contrary, an experimental work examining the wall pressure power spectral density
and the coherent structure along the serration edges shows that the flow field is almost identical
[30]. Nevertheless, they have also observed vortices along the serration edges thus affecting the
momentum and turbulence energy distribution [30]. The vortices near the serration trailing edges
will affect the acoustic radiation, which will reduce the trailing edge noise [31]. Based on other studies
[32-34], serration affects the flow-field structure, by reducing the amplitude of the unsteady pressure
fluctuations along the span hence at times it is referred to as the source cut-off effect. Following one
of the studies [33], the unsteady pressure fluctuations at the source have a direct influence on the
noise generated. Therefore, reducing the pressure fluctuations at the source will affect the overall
noise generated. Yet another study revealed that the serration model produces lift and drag
coefficient profiles similar to the baseline within specific angles of attack [35].

Another exceptional technique that is incorporated with serration design is poro-serrated. This
approach offers further noise reduction [36]. Moreover, metal foams and porous coatings covering
a circular cylinder have shown notable noise reduction due to the stability of the vortical and
turbulence structure near the wake [37,38]. The most frequently used parameters to describe porous
materials are porosity, airflow resistivity, and tortuosity [39,40]. Porosity can be defined as the
measure of the void space in a material whereas resistivity indicates the ability of a material to
oppose the flow through its void spaces [1]. The porous material should be permeable to the
acoustically normal component velocity at the source and impermeable to the average flow velocity.
This reduces the unwanted flow leakage and thus maintains the aerodynamic performance [39]. Over
and above that, the porosity should progressively increase downstream of the porous material.
However, this cannot be achieved with cutting insertions due to the introduction of surface
discontinuity [39].

Some recent studies have confirmed that a porous trailing edge has the potential to reduce
trailing-edge noise due to the breakdown of spanwise pressure fluctuations [41-43] and a decrease
in streamwise convection velocity [43]. The underlying mechanisms that show the capability of
porous treatment in reducing noise generated are linked to the stabilization of turbulence structures
[41,44,45], attenuation of vortex shedding [41,46], controlling of flow-induced instabilities such as
pressure distributions and fluctuations [41,45] as well as minimizing the acoustical dipole strength
near the wake [31]. For instance, some of the concepts that can be applied to reduce vortex shedding
are the utilization of smaller pore size with a sub-millimeter diameter as well as correct placement of
the porous region on the airfoil's surface [46], which will reduce pressure fluctuation and peak swirl
velocity; consequently, reducing the generated noise [47]. Moreover, the artificial thickening of the
turbulent boundary layer on both sides of the airfoil is believed to be the main cause of surface
roughness noise [48].

Reynolds-averaged Navier—Stokes (RANS) is incapable of computing the unsteady solution at the
source accurately due to the enormous range of scales involved [49]. Therefore, in this paper, the
fluid-flow analysis is performed using incompressible large eddy simulation (LES) that enables well-
resolved and detailed information of the unsteady flow to be generated around the wing [50]. The
main concept of LES is to compute the filtered Navier-Stokes equations for the large-scale eddies and
analyze the effect of small-scale eddies using sub-grid scale (SGS) [51]. This approach is a promising
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model that effectively evaluates unsteady pressure fluctuations and turbulence parameters at the
source [49]. LES is suitable and applicable for examining complex fluid-flow structures [51].

The current study describes the development and the effects of various passive control methods
used for noise reduction, on the fluid flow field around a NACA 0015 airfoil placed at zero angle of
attack. The flow condition is at a chord-based Reynolds number of 1.6 x 10°. This study has relevance
to various applications such as unmanned air vehicles (UAV), and wind turbine blades, all of which
function at relatively low Reynolds numbers. To further assess the influence of different serration
designs on the flow parameters, combed and comb-sawtooth trailing-edge were included in the CFD
analysis. In this current work, streamwise velocity components, velocity profile along the airfoil’s top
surface, and vortical structures are investigated and presented. The mean flow variables and the
instantaneous quantities are computed and compared with other studies.

2. Methodology
2.1 Numerical Scheme

Large-eddy simulation is a numerical technique that filters the original Navier-Stokes equations
to accurately solve complex unsteady transient simulation with less computational time and space.
However, the smallest (sub-grid) perturbations less than the integral length scale are resolved by a
model known as the turbulence closure problem [52]. The filtered version can be performed explicitly
or implicitly or even combining both [50].

Filtered Navier-Stokes equation and continuity equations for incompressible flow can be written
as [53]:

d d d dp 0oty

E(Pﬂi) + a—xj(PEiﬂj) = a—xj(ffij ~ox —a—x]j, (1)
ap 7] _

o+ 5 (w) =0 )

where g;; is the stress tensor, it is interpreted as follows

= (g S)| 2 0k
O-ij - |:Il (6x]+ 6xl->] 3M6xl- 51] (3)

and 7;; is the subgrid-scale (SGS) stress tensor illustrated as

Ty = PUY — pULY (4)

Nonetheless, the subgrid-scale stress tensor is unknown and thus modeled based on isotropic
assumptions as shown by Eq. (5)

1
Tij = 3 Tik0ij = —2Vsgs5i; (5)

where v ¢ is the subgrid-scale kinematic viscosity and §;; is the strain rate from the smallest resolved
eddies. The rate of strain tensor is defined as
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In addition, the subgrid-scale kinematic viscosity is undetermined and thus becomes the variable
to be evaluated. Based on the original Smagorinsky method [54], SGS viscosity is computed as follows

Vsgs = Cséz |£| (7)

where C, is the model constant, also referred to as the Smagorinsky coefficient. It describes the ratio
of the cell size that gives the average eddy in a cell, it ranges from 0 to 1 because it is expected to be
less than the cell size. The second term on the right side of Eq. (7) (A) is the subgrid filter width, which
defines the mesh size. Lastly, |§| is the modulus of the strain rate tensor, which is equivalent to
v 25ijSij-

Following the computation of subgrid-scale kinematic viscosity, subgrid-scale stress tensor can
now be presented as shown by Eq. (8)

1
Ty — T8 = —2CA°(S]S;; (8)

However, the optimum C; value varies for each part of the flow and must be reduced near solid
walls to minimize the numerical dissipation introduced by the sub-grid scale model, this is particularly
the case for wind turbine blades where the surface fluctuations are assumed to be the main acoustic
sources. Therefore, the dynamic Smagorinsky method can be used [55].

In this model an extra filter level known as the test filter (A) is used in combination with the sub-
grid scale filter level, to estimate a value of C; .y, Which is a function of time and space [56].
Following Germano’s [55] evaluation, the two filters were compared as follows.

Lij = uiu} — ELQL (9)

where Zij can be computed using resolved eddies in a cell as shown by Eq. (10)

Lij = 2CsnewAM;; (10)

where M;; is defined as

—_—

M;; = (§)2|5]§u (11)

Moreover, the new model constant (Cs ,,,,) that provide stable solutions during the analysis is
presented by Eq. (12)

LijM;;
Cs,new_z = m (12)
2.2 Model Description

The present study focuses on the aerodynamic analysis of a NACA 0015 airfoil with a chord length
of 0.15 m and a span length of 0.298 m, as depicted in Figure 1. The airfoil design was such that it

61



Journal of Advanced Research in Applied Mechanics
Volume 112, Issue 1 (2023) 57-79

extended across the entire test section. The design of the trailing edge was intentionally kept
rounded to alleviate the complexity in meshing for the computational model, and to address the
limitations posed by sharp trailing edges in manufacturing. The fabrication of sharp trailing edges
often presents difficulties, so a rounded shape was deemed a more feasible solution. Moreover, to
capture the three-dimensional flow characteristics, a 3-D analysis was performed to improve the
accuracy of the results, despite the higher computational time required compared to two-
dimensional models. However, three-dimensional analyses provide relatively more accurate results.
They are less susceptible to 3-D perturbations at high Reynolds numbers [57], which makes them
well-suited for this study which is performed at relatively low Reynolds numbers.

In addition to the baseline NACA 0015 airfoil, the study also examines other trailing edge
configurations, including serrated, comb, and comb-serrated, as displayed in Figure 2. The
parameters employed for the serration, comb, and comb-serration configurations in this study are
based on established references [28,52]. These configurations are a result of modifications made to
the airfoil's trailing edge, located around 30% of the trailing edge. For instance, the serrated model
involved the addition of sawtooth-like projections to the airfoil surface, with serration height,
wavelength, and angle parameters of 38.55 mm, 8 mm, and 6 degrees, respectively. The comb
modification consisted of parallel ridges with a comb height of 38.55mm and a comb spacing of 5mm.
Additionally, the comb-serrated configuration was a combination of both serrated and comb
configurations and was defined by the parameters of serration height (38.55 mm), serration
wavelength (6.5 mm), comb height (38.55 mm), and comb spacing (1 mm). This examination aims to
assess the impact of these modifications on the aerodynamic performance and flow structure,
thereby expanding our understanding of how airfoil trailing edge modifications can impact
aerodynamic behavior.

1.5 mm

Fig. 1. Geometry of NACAOO015 airfoil used in this study
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Fig. 2. Geometry of all the trailing-edge sections used in this study

2.3 Computational Analysis

The computational domain (Figure 3) used to numerically investigate the flow field was about 15
airfoil chords upstream, above and below the airfoil surface. Additionally, it covers 30 airfoil chords
downstream; this was considered to capture the wake region and ensure uniform freestream
condition at the inlet [6]. The mesh is composed of 3 parts. The first shell is the partition for the finest
mesh near the airfoil walls since it is the closest to the boundary layer region. The fine mesh assists
in terms of the boundary layer resolution. The rest of the shells are subdivided next to each other,
following the first shell. The division provides an easy way to have a finer and well-distributed mesh
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around the area of most interest. An unstructured C-H grid topology was selected, as shown in Figure
4 (a)-(b). The y* value was computed and found to be approximately 0.9. This value defines the wall
resolution in that the boundary layer effects are captured well, especially near the viscous sublayer.

Considering the main points of focus are the airfoil surfaces, the cell sizes are reduced to about 2
mm. A relatively finer grid at those locations enhances the accuracy of the computational outputs.
Likewise, finer mesh allows the spectrum of high frequencies to be captured. Similarly, the
computational mesh for a serrated, comb, or comb-serrated model typically employs an unstructured
grid approach. The mesh refinement is done in areas close to the trailing edge, due to the complex
geometry and boundaries of the physical domain. The mesh refinement allows the grid to accurately
capture important geometric and flow features such as sharp edges, narrow gaps, or high gradients.
For instance, in a serrated configuration, a sawtooth-like triangular shape is positioned between the
serration surfaces to accurately represent the complex geometry of the trailing edge. This approach
ensures a more precise representation and computational results.

0.2
Z

Fig. 3. Diagram of the domain used in the present work
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Fig. 4. Close-up view of the mesh around the surface and at the trailing edge
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A large-eddy simulation model was used to analyze the unsteady fluid flow within the
computational domain. The sub-grid viscosity values were computed based on the dynamic
Smagorinsky model (DSM), thus the Smagorinsky constant will be a local value. This approach
enhances the accuracy of the results specifically near the wall compared to the original Smagorinsky
model which uses a single value for all the cases.

The pressure-velocity integrating scheme used is Simplec, and the gradients were evaluated
based on the Green-Gauss node-based technique. A second-order upwind discretization scheme was
utilized to solve all the equations. Finally, a bounded second-order implicit scheme has been selected
to set an appropriate time-dependent solution formulation.

A Fixed time-stepping scheme was used to evaluate the simulation. After examining a few time
intervals, a dimensionless time of 160 based on free-stream velocity and airfoil chord was found
sufficient for different cases. This has been reaffirmed by observing both instantaneous and averaged
lift (Cl) and drag coefficients (Cd). The total time used for the simulation was initially estimated via
the “hydraulic retention time” method. Nevertheless, the estimated flow time was doubled to have
enough time for the flow to wash through the domain twice. Moreover, double precision was
enabled so that the truncation error was reduced. This scheme has been verified with drag and lift
coefficient plots.

3. Comparison and Validation of Numerical Method
3.1 Verification of Aerodynamic Coefficient

Several validations of the results have been conducted in the present study. Amongst useful
resolution checks is to compare the mean lift coefficient of the present study with experimental study
of similar parameters. Figure 5 shows the average lift coefficients of NACA 0015 measured using the
present numerical model, compared to a published study [6] and experimental work [58,59]. The lift
coefficient pattern is quite satisfactory at all angles of attack. The model sufficiently predicts an
increase in the mean lift coefficient value as the angle of attack increases. However, the SST y — Ref
model based on two-dimensional analysis displayed a slight over-prediction of the mean lift
coefficient value above an angle of attack of 20. Moreover, the same pattern is still observed as the
angle of attack increases. Generally, a good agreement between the present work and the
experimental results is observed for all angles of attack. It should be noted that the experimental
data [59] and the present study were obtained at a relatively lower Reynolds number of about Re =
1.6 x 10°, whereas other studies, including the two-dimensional analysis, reported data at slightly
higher Reynolds numbers of Re = 1.7 x 10°.
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Fig. 5. Validation of the predicted values with the experimental data

4. Three-Dimensional Computational Analysis

4.1 Baseline Flow Field

Figure 6 (a)-(b) exhibits the variation of pressure and skin friction coefficient distribution over the
surface of the NACA0O015 airfoil at a zero angle of attack and a Reynolds number of 1.6 x 10°. The
pressure coefficient graph showed a symmetrical pressure distribution along the airfoil's surface. The
maximum pressure is detected along the leading edge as anticipated due to the flow slowing down
in this region. Moreover, a smooth pressure gradient is evident along the surface, and greater
changes towards the leading edge and a progressive drop in the pressure towards the trailing edge.
On the other hand, the skin friction coefficient reconfirmed the absence of a separation zone over
the airfoil’s surface, except for the tip part of the trailing edge. This is shown by the negative values
of the skin friction coefficient. Generally, the pattern is seen decreasing from the leading towards the
trailing edge, with the highest value at the leading edge. The figure indicated that the surface suffers

comparatively modest low skin friction drag force at zero angle of attack.
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Fig. 6. Pressure and skin friction coefficient of the baseline airfoil at a = 0°
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The mean x-velocity contour in Figure 7 (a)-(d) demonstrates the symmetrical flow pattern found
at a zero angle of attack. This trend is underlined by the uniform velocity magnitude present on the
airfoil’s top and lower surfaces. As one advances from the leading edge, the velocity progressively
increases until reaching a maximum near the mid-chord. The velocity then declines until reaching
roughly zero at the trailing edge, as seen by the detailed picture (Figure 7). This phenomenon is
aligned with the rules of fluid mechanics, which suggest that the velocity of fluid rises in regions with
decreasing pressure. Additionally, due to the airfoil's blunt design, the flow is distinguished by its
smoothness and absence of separation along the surface until after the tip of the trailing edge. The
streamlines are also observed to be straight and parallel, resulting in a steady and uniform velocity
distribution.

Mean X Velocity

(a) Side View of the airfoil model (b) Close-up view of the TE

(c) Top view of the airfoil model (d) Close-up view of the TE
Fig. 7. X-velocity magnitude of the baseline airfoil at a = 0°

The velocity profile of an airfoil at a zero angle of attack plays a key role in defining the overall
aerodynamic performance of the airfoil. The baseline model has a well-defined velocity profile at a
zero angle of attack, which is represented in Figure 8. The velocity profile plot illustrates a smooth
and consistent distribution of velocities throughout the airfoil’s chord. This pattern can be due to the
symmetrical and stable flow conditions occurring across the airfoil’s surface at zero angle of attack.
Furthermore, following the observation of the velocity profile gradient, it can be noted that the
velocity magnitudes increase as one approaches away from the leading edge. Lastly, the velocity
profiles of the baseline design at zero angle of attack do not display any signs of flow separation over
the airfoil surface. The lack of a rapid change in the velocity gradient and a reversed flow region
indicates the absence of flow separation. These imply a regular and well-behaved flow.
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4.2 Modified Trailing-Edge Flow Field

The pressure coefficient graph, which is used to analyze the influence of serration, comb, and
comb-serrated modifications on the trailing edge, is displayed in Figure 9 (a)-(c). This graph gives vital
information on the distribution of pressure throughout the airfoil’s surface and enables a full
evaluation of the aerodynamic performance impact of these adjustments. It is shown that all
modifications result in an early negative pressure zone near the trailing edge when compared to the
baseline model, with the earliest detected in the serration and comb models and a later occurrence
in the comb-serrated model. These adjustments are known to redistribute the flow over the airfoil’s
surface, resulting in changed flow structures. Despite this, identical pressure levels are seen at the
leading edge, which results from the adjustments being positioned near the trailing edge rather than
the leading edge. Like the baseline design, the pressure rises dramatically near the leading edge and
progressively declines. The skin friction coefficient graph for the serration, comb, and comb-serrated
trailing edge modifications at a zero angle of attack is provided in Figure 10 (a)-(c). The comparison
between the baseline model and the modified trailing edges is visible in this graph. The serrated
trailing edge reveals a separated flow, resulting in a tiny separation bubble at the trailing edge, as
evidenced by a negative zone in the skin friction coefficient plot. On the other hand, the comb
structure demonstrates a lower variability in skin friction compared to the baseline configuration.
This trend can be due to the comb structure that alters the fluid flow towards the trailing edge,
thereby decreasing turbulence and providing a more uniform flow. All the modified models, however,
still display an uneven flow with greater skin friction values near the trailing edge. The pattern is due
to the interaction between the flow and the redesigned trailing edges, generating turbulence and
enhancing the fluid's momentum that is transmitted to the airfoil’s surface.
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Fig. 10. Skin friction coefficient of the modified models at a = 0°

The x-velocity contours of serration, comb, and comb-serrated designs at a zero angle of attack
are presented in Figure 11 (a)-(f), Figure 12 (a)-(f), and Figure 13 (a)-(f). This analysis gives additional
insight into the influence of these adjustments on aerodynamic characteristics. At a zero angle of
attack, it is noticed that the flow separates at the tip and root regions of the modified trailing edges,
which is ascribed to the existence of surface structures that perturb the boundary layer and cause it
to separate from the surface (Figure 11). On the other hand, the comb structure does not display any
separation of the flow due to its perpendicular alignment with the surface, which helps maintain a
smooth flow. The comb-serrated layout, however, is seen to efficiently retain a somewhat regular
flow and demonstrate flow separation too, showing that the alteration effectively incorporates the
effects of both the serrated and comb configurations. Additionally, a thorough analysis of Figure 12
indicates that the flow separates significantly along the roots of the serrated and comb models. In
contrast, only a slight separation is noted for the comb-serrated design. This separation is a
consequence of the bluntness present along the root of the trailing edge. Furthermore, Figure 13
gives a complete illustration of the flow patterns of the models, revealing that the comb slows down
the flow more severely near the root of its trailing edge, followed by serration, and eventually, the
comb-serrated arrangement.

70



Journal of Advanced Research in Applied Mechanics
Volume 112, Issue 1 (2023) 57-79

s —

(b) Close-up view at the tip

(c) Combed TE model (Tip)

(e) Comb-Serrated TE model (Tip) (f) Close-up view at the tip
Fig. 11. X-velocity contour at the tip of the modified models at a = 0°

F

(a) Serrated TE model (Root) (b) Close-up view at the root
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(c) Combed TE model (Root) (d) Close-up view at the root

(e) Comb-Serrated TE model (Root) (f) Close-up view at the root
Fig. 12. X-velocity contour at the root of the modified models at a = 0°

(a) Serrated TE model (Top View) (b) Close-up view of the TE
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(c) Combed TE model (Top View) (d) Close-up view of the TE

(e) Comb-Serrated TE model (Top View) (f) Close-up view at the TE
Fig. 13. Top view contour of x-velocity component for the modified models at a = 0°

The velocity profile graph of serrated, comb, and comb-serrated configurations is provided in
Figure 14 (a) to (b), Figure 15 (a) to (b) and Figure 16 (a) to (b). It offers a thorough illustration of the
influence of modified trailing edges on the velocity distribution along the top surface of the airfoil.
This graph demonstrates how the distinct property of each arrangement affects fluid flow. As
represented in the velocity profile graph, the serrated trailing edge configuration shows an increase
in fluid velocity away from the leading edge. At the tip and root of the trailing edge, the onset of
separation and the development of vortices in the flow are noted at roughly 0.8c and 0.7c,
respectively. This change leads to a drop in overall pressure levels on the serrated trailing edge, as
illustrated clearly in Figure 14. On the other hand, the combed trailing-edge design does not
demonstrate any separation along the tip, but a separation zone of roughly 0.7c is noted along the
root of the trailing edge, as illustrated in Figures 11 and 12. As seen in the velocity profile graph, the
comb-serrated model exhibits no separation zone along either the sawtooth-like or comb-like
section. This flow characteristic is shown by a lack of sudden changes in the velocity gradient, which
suggests continuous fluid flow along the surface of the airfoil.
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Fig. 14. Velocity profile of serrated TE configuration at a = 0°
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Fig. 16. Velocity Profile of comb-serrated TE configuration at a = 0°

5. Conclusions

In conclusion, a detailed analysis of the results was undertaken numerically to understand the
results fully. The numerical model was validated by its accuracy in capturing the aerodynamic
features and flow structure, as proven by its prediction of lift fluctuations, mean lift coefficient, and
flow structure. The pressure coefficient and skin friction coefficient graphs reveal that all
modifications result in an early negative pressure zone and an uneven flow with greater skin friction
values near the trailing edge relative to the baseline design. This flow pattern can be ascribed to the
interaction between the flow and the redesigned trailing edges, which causes turbulence and boosts
the fluid's momentum delivered to the airfoil’s surface. The x-velocity contour analysis indicated that
the serrated, combed, and comb-serrated models have more stable flow patterns and shorter
separation bubbles when compared to the baseline configuration. Overall, the findings reveal that
the serrated, combed, and comb-serrated airfoil designs each have a distinct impact on fluid flow.
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The serrated trailing edge creates higher fluid velocity and pressure drop, while the combed trailing
edge induces separation at the root and the comb-serrated design maintains a continuous fluid flow
over the airfoil's surface.
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