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Research Article ABSTRACT

Article History: A numerical investigation was performed on NACA 0018 airfoil with
Received: 18.11.2022 slot at various angles of attack. The computational fluid dynamics
Accepted: 12.06.2023 . L

Published online: 20.12.2023 (CFD) results were compared with the base airfoil to show the

effectiveness of the airfoil. Reynolds number was kept constant as
Re=3x10° to thoroughly understand how different locations of slot

Keywords: would provide passive flow control from aerodynamic perspective.
Airfoil . . .

CFD Three different slot locations were used to reveal the effectiveness of
Reynolds number the slot compared to the base airfoil for higher angles of attack. The
Slot results show that the slotted design would yield to increase the lift and
Passive flow cantrol to delay the stall angle of base airfoil.

Yarik agilan NACA 0018 Etrafindaki Akis Yapisinin Sayisal Incelenmesi

Arastirma Makalesi 0z

Makale Tarihgesi: Cesitli hiicum agilarinda slotlu NACA 0018 kanat profili iizerinde
Szgﬁfglr}.lﬁ.llgééigzzé sayisal bir inceleme yapilmistir. Hesaplamali akiskanlar dinamigi
Online Yaymlanma: 20.12.2023 (CFD) sonuglari, kanat profilinin etkinligini géstermek igin temel

kanat profili ile karsilagtirildi. Farkli yarik konumlarinin aerodinamik
perspektiften pasif akis kontroliinii nasil saglayacagini iyice anlamak

Anahtar Kelimeler:

Kanat profili icin Reynolds sayis1 Re = 3x10° olarak sabit tutuldu. Daha yiiksek
HAD hiicum agilar i¢in temel kanat profiline kiyasla yariklarin etkinligini
Reynolds sayist ortaya ¢ikarmak igin ti¢ farkli yuva konumu kullanilmistir. Sonuglar,
Yarik yarikli tasarmmin kaldirmayr artirmaya ve temel kanat profilinin

Pasif akis kontrolii . o . .
asth als Rontrott perdovites agisini geciktirmeye yol agacagini gostermektedir.

To Cite: Asan OF., Giiler E., Aksoy MM., Pinar E., Durhasan T. Numerical Investigation of Flow Structure around NACA
0018 with Slot. Osmaniye Korkut Ata Universitesi Fen Bilimleri Enstitiisii Dergisi 2023; 6(Ek Say1): 152-167.

Introduction
The fundamental purpose of an airfoil is to create a lift to the attached body with the help of pressure

difference between the upper and lower surfaces of it. The pressure distribution over an airfoil is one

of the important optimization topics in the flight industry. To enhance the ability of lifting, the flow
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structure at the upper surface of airfoils (suction surface) has been studied to control and to minimize
the turbulence effects that yields to stall the flight operation and worse conclusions.

Since there are many airfoil shapes (Giizelbey et al., 2018) for different flow types, the flow structure
around of the airfoils has been analyzed and also modified using active or passive flow control
techniques to enhance the aerodynamic performance. The main goal of the flow control is to achieve a
higher angle of attack (o) (i.e., the angle between flow direction and chord line) without stall
condition. For active flow control techniques, we need an external energy input to the boundary of the
airfoil such as using synthetic jets, actuators, control sensor tools, suction, and blowing (Abbasi and
Souri, 2020; Aley et al., 2020; Ohashi et al., 2020; Maldonado et al., 2021).

For passive control, various modifications applied to the airfoil geometry are available in the literature.
The manipulation with the geometrical structure of airfoils provides us to prevent the vortex shedding
at near wake of the trailing edge that leads to increase the lift and the angle of attack. Gurney flap is
one of the common methods to reduce the separation vortices at the upper side of the airfoil to increase
the lift forces (Wang et al., 2008). By attaching Gurney flap to NACA 4412, the maximum lift
coefficient (C.) has been raised from 1.49 up to 1.96. Also, when the height of Gurney flap (h) is
arranged to 1.25% of chord length (i.e., h=1.25%c), the maximum C, is enhanced 36% at the angle of
attack of 17°. Hence, with the help of high lift forces, drag coefficient (Cp) is decreased (Storms and
Jang, 1994). By comparing NACA 0011 and NACA 4412 with Gurney flap, there has been an raise in
the ratio of lift to drag coefficient (C/Cp) for the NACA 0011 which enhances the aerodynamic
performance unlike the NACA 4412 (Singh et al., 2007). The splitter plate is also used to advance the
flight conditions of airfoils. The observed improvements are likely for airfoils such as NACA 0012
(Ozkan, 2021), FB-3500-1750 (Metzinger et al., 2018), and even for wind turbine airfoils such as
DU97-W-300 (Song, 2020). For instance, based on three different splitter plates’ locations at the
trailing edge, it is revealed that the adverse influences of the vortex shedding near wake of the NACA
0012 airfoil has been significantly reduced for full stall condition (i.e., 0=16°) at Reynolds number,
Re=20,000 (Ozkan, 2021).

Moreover, slotted airfoils are utilized to improve aerodynamic performance for base NACA airfoil
models. The location of slot is mostly chosen on the front side of the airfoil. To control the laminar
separation bubble (LSB), two types of slots are investigated for NACA 0021 and a 4% rise on the C_
is observed as well as decreasing the length of LSB (Ramzi, 2018). Beyhaghi and Amono have
conducted both experimental and numerical studies on slotted NACA 4412, and their results provide
us that C_ could be raised up to 30% without a drag penalty (Beyhaghi and Amano, 2018). For an
optimum propeller design, Mohamed et al. have numerically studied different slotted NACA airfoils
and compared its results with the base airfoils. Their findings show that a slotted design is not always
working properly from the performance perspective. Additionally, their comprehensive results lead
that if the aerodynamic characteristic of the airfoil is constructed for high Re number and high lift, the

slotted propeller would work efficiently (Mohamed et al., 2021). Therefore, for the flight efficiency
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(i.e., high Re numbers and high lift characteristic are needed), slotted design of an airfoil usually gives
us beneficial results. For NACA 0018 airfoil, the slotted design would be effective to control the flow
at near wake of the body by preventing boundary layer separation (Mohamed et al., 2020).

Even though aforementioned airfoil studies with slot reveal good efficiency for the flight conditions,
the enhancement on the slot design variations would still yield to control the unfavorable effects of
turbulent flows. Thus, the flow structure of NACA 0018 airfoil with slot was numerically investigated
in this paper. The effects of these three slotted models are discussed further and compared with the
base airfoil to reveal how an airfoil with a slot would bring in a high lift coefficient as well as delay
the stall angle.

Material and Method

Model and Computational Grid

The computational fluid dynamics (CFD) analysis was numerically accomplished using ANSYS
Fluent for NACA 0018 airfoil. For CFD problems, ANSYS Fluent is commonly used to investigate
the flow structures (Hussein et al., 2021; Oztiirk and Demircan, 2022). In this 2-D problem, k-o SST
turbulence model was used (Menter, 1994) to solve the flow structure effectively. In this
computational experiment, the Reynolds number was kept constant to Re=3x10°. Reynolds number is
defined as pV.L/u, where p, V., and p are density of the fluid, freestream velocity of the fluid, and
dynamic viscosity of the fluid, respectively. L is the characteristic length in which it is the chord
length (c) of the airfoil. The chord length, c, was taken as 150 mm. Several dimensionless parameters
have been reproduced in order to have an idea about the performance of the wings such as drag
coefficient (Cp), pressure coefficient (Cp) lift coefficient (C.). The pressure distribution around the
airfoil can be dimensionless by using Equation 1 and the dimensionless number is called as the
pressure coefficient (Cy). In the equation; p is the static pressure of the measuring point on the body,
Po IS the static pressure of the freestream flow, v, is the velocity of the freestream flow, and p is the
density of the fluid.

Cp= PP (1)

1
EpVooz

Lift and drag coefficients are calculated by using Equation 2 and Equation 3, respectively. In the

equations, F_and Fp are lift and drag forces, respectively and A is reference area.

FL

Ci= ot )
2 )
F
Co= P 3)
2 )

All solutions were operated at steady-state solution with using coupled-implicit algorithm scheme was

operated for density-based solver. For gradient, the least square cell-based method was used. For
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spatial discretization, second order upwind method was utilized. No-slip wall boundary condition was
applied for airfoil. Also, the flow region was chosen as pressure far-field condition by 5% of turbulent
intensity and 0.1992 m of hydraulic diameter. Residuals for parameters were set to 10-8 convergence
absolute criteria.

Various fluid domains are created for base NACA 0018 airfoil (i.e., without slot) to compare it with
the current literature for the validation study, and three slotted airfoils. Also, the effect of outlet slot
location was examined at different angles of attack (0=0°, 4°, 6°, 8°, 10°, 12° 13°, 14° 15° 16° 17°,
18°, 19° and 20°). The schematic presentation of slotted NACA 0018 airfoil is shown in Figure 1. The
parameters in Figure 1 represented the chord length (c), the width of slot outlet (W1), the width of slot
inlet (W2), the angle of attack (a), and the radius of the inlet and outlet slot (R). The distance between
the midpoint of the slot’s width and leading-edge point was shown as L1 and L2 for upper and lower

surfaces of the airfoil, respectively.

Figure 1. Schematic view of slotted NACA 0018 airfoil.

To create three different slotted airfoils, firstly, the ratio of W2/W1 was kept as 4.0 (Belmadi et al.,
2016) and the inlet position of the slot (L2) was kept constant at 5% of the chord length. Then, L1
length was changed for three different locations as defining a new variable, x, with respect to the ratio
of chord length (x/c). Thus, the slot outlet was located at 20%, 40%, and 60% of total chord length for
three different slots. The details of the test cases for the slotted airfoil were given in Table 1. It was
referred to x/c=20%, x/c=40%, and x/c=60% models as Model 20, Model 40, and Model 60,
respectively, hereafter. We would present these slotted models in Figure 2 in detail.
Table 1. Test cases of slotted airfoil

Parameters Model 20 Model 40 Model 60

W1l/c 1% 1% 1%
Ll/c 20% 40% 60%
L2/c 5% 5% 5%
W2/W1 4 4 4
R/c 2% 7% 18%
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Figure 2. Schematic view of different configurations of slotted NACA 0018 airfoil.

Model 60

For the computational grid, the C-type mesh structure was used for providing a more uniform
distribution around the airfoil and to predict the boundary layer flows efficiently. The fluid domain
was designated as 12.5¢ and 25c for y-axis and x-axis directions, respectively. Hence, the effect of the
wall to the flow structure would be prevented. The grid structure is shown in Figure 3 for slotted
airfoil for 200,000 cells. The y* value was set to less than 1 and the growth rate was set as 1.2. The

mesh element size was formed smaller along the airfoil due to achieve plausible results.
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5

Figure 2. The mesh grid of slotted NACA 0018 airfoil.

Validation

At the angle of attack of a=10°, five different element numbers were examined for base airfoil. It was
conducted with k-o SST turbulence model to compare the obtained lift coefficients with both

experimental (Jacobs, 1937; Timmer, 2008) and numerical studies (Shabur et al., 2021) as seen in

Figure 3.
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Figure 3. Mesh independence study.
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It is clearly seen from Figure 3 that the increase in the number of mesh elements would not affect lift
coefficient significantly. In the present study, the number of mesh elements was taken to be 100,000
since the C, was nearly the same with the experimental results. Figure 4 reveals the value of CL with
respect to o for both present study and studies available in the literature, and it is clearly seen that the
curve of the present study has overlapped with experimental data (Jacobs, 1937; Timmer, 2008). The

maximum error is approximately 12% obtained for post stall angle (a=16°)
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Figure 4. Comparison of experimental results with this study.

Results and Discussion

It is presented the lift and drag coefficients for both slotted models and base NACA 0018 airfoil at
various angles of attack. Figure 5 shows the variation of the lift coefficient (C_) with respect to the
angle of attack (a) for different slotted configurations (i.e., Model 20, Model 40, and Model 60) and
the base case. Since NACA 0018 airfoil has a symmetrical geometry, the value of lift coefficient
enhances with the increasing angle of attack up to a point for all cases. For the base case, the
maximum value of C, is 0.99 at a=14°. It is clearly seen from Figure 5 that a sudden decrease in the
lift coefficient to C,= 0.86 was observed at the angle of attack of 0=16° due to the stall condition.

For the slotted models, all models could not achieve a higher lift coefficient than the base airfoil up to
the angle of attack of a=6°, because of having an impaired aerodynamic structure for lower a.
However, the value of lift coefficient enhances as the angle of attack raise. The C,_ values of Model 60
are slightly higher than Model 20 and Model 40 at lower angles of attack, and Model 60 was delayed
the stall angle 3° compared to the stall angle of base airfoil which is a=16°. It is observed the
accomplishment of Model 40 after 0=15° from the lift force perspective, and the stall angle is also
delayed around 4°. The maximum C_ is obtained as 1.6 at angle of attack of a=19° for Model 40. It is
observed that maximum C_ value of Model 40, and raised by about 150% compared to the maximum

C_ of base airfoil. As a result, it is revealed that Model 40 yields good results by delaying the stall
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angle as well as providing higher C.. For Model 20, it is clearly seen that the most delayed stall angle
is as opposed to other slotted models. Yet, C, values are not higher prior to the stall points of Model 40
and Model 60.

=il Gase
IMudei 20
Model 40

1.6 [ WP=Mode 60

1 " 1 " 1 " 1 i 1
o 5 10° 15° 20°

a
Figure 5. The variation of lift coefficients with angles of attack.

Figure 6 depicts the drag coefficients (Cp) at various angles of attack. For the base airfoil, the drag
coefficient is calculated as Cp=0.017 at zero angle of attack. Since the front cross-sectional area of the
airfoil increases at higher angles of attack, it is interpreted that the relationship between the angle of
attack and the drag force is directly proportional. The drag force is sharply enhanced about 200% after
the stall, a=16°, for base airfoil. As expected for the slotted models, modifying the geometrical
structure would cause to raise the drag force. Hence, up to 0=10°, higher Cp, is observed compared to
the base case. Even though the stall angle is delayed for the slotted models, it is observed that the
higher Cp values prior to the stall angle of the base airfoil. Furthermore, Model 40 would provide the

slowest increase of values with respect to other models.
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Figure 6. The variation of drag coefficients with angles of attack.

It is showed the pressure coefficient (Cp) values at 12°< a <19° to present the pressure distribution
around the airfoil in Figure 7. It is worth noting that the slotted airfoils have two pressure distrubution
parts; the front and rear parts of the slotted airfoil are represented as red and blue lines, respectively.
The black line shows the data for base airfoil. Firstly, it is observed that the peak magnitude of
pressure is decreased for base airfoil when angle of attack increases from 15° to 17° due to the stall
condition. This situation is more distinct at a=19°. It is clearly seen from Figure 7 that slotted model
remarkably delays the stall angle in comparison with the base airfoil, and also enhancing of the lift
force is dominated by rear part of airfoil for the slotted models. Also, another inconsistency in terms of
the peak of the C, graph is observed for Model 60 at 0=19°. Even though the pressure increases for
closer locations of the slot’s outlet towards the trailing edge, it is seen from Figure 7 that the pressure
of the Model 60 decreases in which slot’s outlet was located closest to the trailing edge compared to
Model 20 and 40. This phenomenon might be explained better by interpreting Figure 9 because it

gives rise to the recirculation region at a=19° for Model 60.
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Figure 7. The pressure coefficient distributions at 12°

<a<19°.
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Model 60

Figure 8 a. The streamlines of airfoils at 4°< o, <12°.
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Model 20]
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Figure 8 b. The streamlines of airfoils at 15°< o, <19°.

Figure 8a and 8b represent the streamline topologies at angles of attack of 4°, 8°, 10°, 12°, 15°, 17°
and 19°. At 0=4°, streamline patterns indicate that flow follows the airfoil surface for all models. For
Model 40 and 60, small foci (which indicates the recirculation region) observed in the slot. A slight
trailing edge separation appears for base airfoil at a=12°, while it is more distinct at o=15°.
Furthermore, laminar separation bubble is not observed for the base airfoil similar with the literature.
For the base airfoil, the separation point is closer to the leading edge with the increase in the angle of
attack and the recirculation region covers the suction surface of the airfoil. The trailing edge separation
is also observed for Model 20 at o=15°. On the contrary, the foci formation on the trailing edge is not
observed for Model 40 and 60 because the momentum transfer from slot’s outlet to the trailing edge
prevents the edge separation. The size of recirculation region increases at a=17° and 19°, but it is still
smaller than base airfoil. The trailing edge separation and the recirculation region on the section
surface is not observed for Model 40 at all angles of attack as a satisfactory result of the flow control.
From this point of view, it can be concluded that model 40 is the most successful model for all angles

of attack when compared to the other models.
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Model 20 Model 40 Model 60

TKE: 0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2 0.22 0.24 0.26 0.28 0.3
Figure 9a. Turbulence kinetic energy contours for 0°< a <10°.

Figure 9a and 9b show the turbulent kinetic energy (TKE) contours for all airfoils at different angles
of attack. For Figure 9a, the peak magnitude of TKE occurs at inlet and outlet of the slot due to the
flow separation inside the slot region. At a=4°, the existence of the slot adversely affects the flow
patterns and the peak magnitude of TKE remarkably increases in near wake region in comparison with
base airfoil. The effect of slot on the suppression of TKE is observed at a=8° especially for Model 40
and 60. For high angles of attacks, the effect of slot on the suppression of TKE is more apparent when
compared to the base airfoil. It is clearly seen that TKE is remarkably suppressed at a>10°. Especially
after the angle of attack of a= 15°, the very intense red region behind the base airfoil in the contour
indicates the severeness of produced TKE. While the turbulence intensities of Model 20 and Model 60
are similar to each other, turbulence intensity occurred in Model 40 is minimal. It can be concluded
that flow control around the airfoil can be achieved with the help of the slot design for high angles of

attack.
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Figure 9b. Turbulence kinetic energy contours for 12°< a <19°.

Conclusion

The aim of study is to control the recirculation area formed behind an airfoil by using slots at high
angles of attack, a. Therefore, NACA 0018 airfoil is numerically analyzed and slotted for different
chordwise locations at Re=3x10° and 0°<0<20°. The provided results were compared with base airfoil
due to reveal the effect of slot on flow characteristic and aerodynamic performance. The three slotted
models are created, namely Model 20, Model 40, Model 60, by changing the outlet location of the slot.
In general, it is observed that all slotted models provide us to delay the stall angle of base airfoil as
well as higher lift forces for high angles of attack. To comparison with the slotted models, Model 40
gives us the efficient lift results by annihilating the recirculation region of base airfoil at 0=19° and it

also yields to delay the stall angle by 4° compared to the base airfoil.
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