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In this study, the effects of the wedge tail thickness on the performance of the NACA 0021 airfoil were
analyzed. The study employed RANS-CFD simulations in a two-dimensional domain to investigate the
aerodynamic characteristics of the airfoils and evaluated the effects of Mach numbers (0.05<M<0.25),
Reynolds numbers (O.25><106§Re§1 ><106), and angle of attack (1°<a<9°) on their performance. Sub-
sequently, the results were compared for all the airfoils, showing that the wedge tail increased the lift
coefficient of the NACA 0021 airfoil, although it also increased the drag coefficient.

1. Introduction.

Airfoils are essential components in various engineering ap-
plications, particularly in aerospace Tuncer and Platzer (2000)
and marine industries Sener and Aksu (2022); Fernandez and
Chakkor (2006), where they serve as control surfaces to regu-
late vehicle movement. Airfoils are commonly used on aircraft
wings, such as ailerons, elevators, and flaps, to adjust lift and
drag forces and control movement in different directions. Sim-
ilarly, airfoils are used as control surfaces on rudders and fins
to navigate ships and submarines in marine engineering. The
primary purpose of control surfaces is to produce force, which
helps regulate vehicle motion. While control surfaces may be
fixed or movable, in the marine field, movable control surfaces
are more prevalent, with the prime example being the ship rud-
der Molland (2011).

Implementing the Energy Efficiency Design Index (EEDI)
can reduce carbon dioxide emissions and protect the global en-
vironment by decreasing ship speeds. Consequently, maneu-
verability in low-speed operations has gained significance, with
marine rudders playing a pivotal role in ship navigation and
maneuvering. Therefore, a growing demand for developing
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high lift rudders are growing to improve ship maneuverability
Nguyen and Ikeda (2016). One approach to achieving this is
to enhance the cross-sectional design of the rudder Tasif and
Karim (2017).

Various studies have been conducted on increasing lift force
on lift surfaces, as discussed in textbooks such as Hoerner and
Borst (1975) and Molland and Turnock (2011). One way to im-
prove the performance of existing rudders is by adding a wedge
tail to the NACA series Liu and Hekkenberg (2015). Wedge
tail airfoil profiles have many practical applications in hydrody-
namics Tasif and Karim (2017), particularly in shallow waters
and at low speeds. Wedge tail rudders can extend the stall angle
Liu and Hekkenberg (2015) and generate high lift coefficients,
although they also cause additional drag Thieme (1965).

Previous studies by Van Nguyen and Ikeda (2013); Van and
Yoshiho (2015); Van Nguyen and Ikeda (2014a, b); Nguyen and
Ikeda (2014) have used the NACA 0024 airfoil section with a
fishtail, wedge tail, and flat plate at the trail to develop high-
lift rudders, showing an increase in lift coefficient with some
increase in the drag coefficient. According to Van Nguyen and
Ikeda (2014a), a fishtail with a small trailing edge and medium
maximum thickness provides better hydrodynamics than oth-
ers from the perspective of high lift, and low drag. Nguyen
and Ikeda (2016) used NACA 0018 to analyze the effects of
wedge tail on its performance and found a lift increase of up to
27% with some increase in drag. Additionally, Tasif and Karim
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(2017) analyzed the NACA 0012 airfoil section with a wedge
tail and found up to a 15% increase in lift coefficient. They also
analyzed the effects of a flap on the NACA 0012 airfoil section.

The NACA 0021 airfoil is one of the most thoroughly inves-
tigated and has various applications Rostamzadeh et al. (2013,
2014); Holst et al. (2019). Therefore, the effects of a wedge tail
need to be analyzed on its performance at a low angle of attack.

2. Computational fluid dynamics analysis.

In this study, simulations were conducted on NACA 0021
and NACA 0021 wedge tail airfoils at a range of Mach numbers
(0.05<M<0.25), Reynolds numbers (0.25x10°<Re<1x10°), and
angle of attack (1°<a<9°) using the Reynolds Averaged Navier-
Stokes (RANS) method in a two-dimensional domain. The
simulations were carried out using the commercial CFD soft-
ware ANSYS Fluent, and high-quality meshes for the simula-
tions were generated using ANSYS Mechanical. To validate the
RANS method, a 2D NACA 0021 airfoil section with a chord
length (¢) of 0.1524 m was used, to match the experimental
setup conducted by Sheldahl and Klimas (1981).

2.1. Airfoil geometries.

The wedge tail airfoils presented in this study are based
on the NACA 0021 airfoil profile, which exhibits a concave
shape at 0.95¢, and three different tail wedge thicknesses: 0.1c,
0.125¢, and 0.15¢. These values are presented in Table 1 and
illustrated in Fig. 1.

Table 1: List of wedge tail sections.

Name Trailing edge thickness
Wedge tail 01 0.1c
Wedge tail 02 0.125¢
Wedge tail 03 0.15¢

Source: Authors.

2.2. Governing equations.

The equations governing fluid flow problems are derived
from physical laws and can be expressed mathematically. In
particular, the equations for mass and momentum conservation
are essential for describing fluid flow in any given case. As
noted by Douvi et al. (2012), these equations can be represented

as follows:
dp
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where T is the stress tensor, which can be written as:
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For steady and non-compressible two-dimensional flows, the
continuity and momentum equations for viscous flow in the x
and y directions are:
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In this study, the SST k — w turbulence model proposed by
Menter (1994) has been utilized to account for turbulence ef-
fects in the simulation. This model is well suited for industrial
applications, which combines the features of the standard k — €
model in free flow with the Wilcox k — w model near walls. It
has the same computational requirements as the Wilcox k — w
model and low sensitivity to Reynolds number as the standard
k — € model. Moreover, this model overcomes some of the limi-
tations associated with these models, as pointed out by previous
studies Frei (2017); Versteeg and Malalasekera (2007). As in-
dicated by Suvanjumrat (2017), the SST k — w model consists
of two equations expressed as follows:
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where k, w, v, and y stand for turbulent kinetic energy,
turbulent frequency, dynamic viscosity, and distance from the

solid wall, respectively, and the values of oy, 3*, 01, Y2, P2, andoy,

are 1.0, 0.09, 2.0, 0.44, 0.083, and 1.17 respectively.

2.3. Boundary conditions.

In this study, the inlet flow on the left side of the C-shaped
domain was subjected to a uniform velocity, while slip bound-
ary conditions were applied to the top and bottom walls. The
outlet flow on the right side of the domain was controlled by
atmospheric pressure. The front and rear domains were defined
by a symmetry boundary condition, and only the airfoil profile
wall was imposed with no-slip conditions (u,, = 0). Simula-
tions were conducted for an incompressible flow with a density
of 1.225 kg/m? and dynamic viscosity of 1.7894x107> kg/(ms),
where the Reynolds numbers (Re) ranged from 0.25x10° to
1x10°%, and the Mach numbers (M) was between 0.05 to 0.25.
The airfoil domain and the corresponding boundary conditions
are shown in Fig. 2.
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Figure 1: Geometry of the (a) NACA 0021 (b) Wedge tail 01 (c) Wedge tail 02 (d) Wedge tail 03 airfoils.
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Figure 2: Simulation of fluid flow around an airfoil in a C-type
domain.
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2.4. Mesh generation.

The size of the computational mesh has a significant im-
pact on the accuracy of the numerical solution. Although in-
creasing the number of mesh nodes can improve accuracy, it re-
quires more computational resources and time. Therefore, the
first step in the CFD simulation is to examine the effect of the
mesh size on the solution outcomes. The impact of the number
of mesh elements on the lift coefficient (C.) and drag coefhi-
cient (Cp) for the NACA 0021 airfoil at an angle of attack (a)
of 3°,where the Reynolds number (Re) was set to 3.6x10°, is
presented in Fig. 3 and Table 2.
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Figure 3: (a) Lift coefficient (C) and (b) drag coefficient (Cp)
as a function of element number at 3° angle of attack (@) for
NACA 0021 airfoil with a Reynolds number (Re) of 3.6x10°.
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Table 2: Mesh independence study for a different number of elements on the surface of NACA 0021 airfoil with a Reynolds number

(Re) of 3.6x10°.

Angle of attack, a

Test case No. of elements 3°
Cr % Dewviation from Medium Cp % Deviation from Medium
Coarse 73800 0.27856 -5.17% 0.01715 -5.15%
Medium 145200 0.29375 0.00% 0.01631 0.00%
Fine 292088 0.29535 0.54% 0.01611 -1.23%

Source: Authors.

Figure 4: (a) Grid around NACA 0021 airfoil and (b) detail close to the NACA 0021 airfoil.

&

Source: Authors.

It was observed that a C-type grid with 145200 quadrilateral
elements would suffice for a mesh-independent solution. The
mesh resolution was increased to achieve higher computational
precision in certain parts, such as around the airfoils. The near-
wall cells on the upper and lower surfaces of the airfoil were
adjusted to achieve a desired y+ value of 1, based on boundary
layer theory, using the Pointwise® y+ calculator. According
to boundary layer theory, the inner parts of the boundary layer
must be resolved to a size of this y+. The mesh around the
NACA 0021 airfoil and associated near-body meshes are shown
in Fig. 4.

3. Results and Discussion.

3.1. Effects of the Mach number.

Five different Mach numbers were considered, namely M
= 0.05, 0.1, 0.15, 0.2, and 0.25, at a constant angle of attack
of @=3°. The impact of Mach number on velocity, pressure,
lift coefficient, and drag coefficient for four different airfoils
is presented in Figs. 5, 6, and 7, respectively. Fig. 7 shows
that Wedge Tail 02 has the highest lift coefficient, increasing

i

0.05F

0.05F

with the Mach number. In contrast, NACA 0021 airfoil has the
lowest drag coefficient, decreasing with an increase in Mach
number. Additionally, the wedge tail thickness has a consider-
able effect on the lift coefficient and drag coefficient, as demon-
strated in Fig. 8.

3.2. Effects of the Reynolds number.

Five different Reynolds numbers were considered, namely
Re =0.25x10°, 0.4375x10°, 0.625x10°, 0.8125x10° and 1x10°,
at a constant angle of attack of @ = 3°. The impact of Reynolds
number on velocity, pressure, lift coefficient, and drag coefli-
cient for four different airfoils is presented in Figs. 9, 10, and
11, respectively. Fig. 11 shows that Wedge Tail 02 has the
highest lift coefficient, increasing with the Reynolds number.
In contrast, NACA 0021 airfoil has the lowest drag coefficient,
decreasing with an increase in Reynolds number. Additionally,
the wedge tail thickness has a considerable effect on the lift co-
efficient and drag coefficient, as demonstrated in Fig. 12.

3.3. Effects of the angle of attack.
Five different angles of attack were considered, namely «
=1,3,5,7, and 9 at Reynolds number (Re) of 1x10°. The
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Figure 5: Velocity contours of the (a) NACA 0021 (b) Wedge tail 01 (c) Wedge tail 02 (d) Wedge tail 03 airfoil at 3° angle of attack
() with a Mach number (M) of 0.15.

Source: Authors.

Figure 6: Pressure contours of the (a) NACA 0021 (b) Wedge tail 01 (c) Wedge tail 02 (d) Wedge tail 03 airfoil at 3° angle of attack
(@) with a Mach number (M) of 0.15.
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(a) Lift coefficient (Cy) and (b) drag coefficient (Cp) as a function of Mach number (M) at 3° angle of attack (a).
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Figure 8: Percent increase in (a) lift coefficient (C) and (b) drag coefficient (Cp) with respect to NACA 0021 airfoil as a function
of Mach number (M) at 3° angle of attack ().
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Figure 9: Velocity contours of the (a) NACA 0021 (b) Wedge tail 01 (c) Wedge tail 02 (d) Wedge tail 03 airfoil at 3° angle of attack
(@) with a Reynolds number (Re) of 1x10°.
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Figure 10: Pressure contours of the (a) NACA 0021 (b) Wedge tail 01 (c) Wedge tail 02 (d) Wedge tail 03 airfoil at 3° angle of
attack () with a Reynolds number (Re) of 1x109.
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Figure 11: (a) Lift coeflicient (Cr) and (b) drag coefficient (Cp) as a function of Reynolds number (Re) at 3° angle of attack ().

0.48 - i
A
e T e i
= T =
o4z S et " L e e Mo, 2
5y T
~ L
H
E'l‘ 0.36 -
-3
[1] i NACA D021
B —»—Wedga tall 01
£ pao —#—Wiedge tail 02
- —w— Wedge tail 03
024 @o=r—-=- B - e T
L 1 1 1 1
250000 437500 B25000 812500 1000000

Source: Authors.

Reynolds number, Re

(2)

012
“"-—.
———
S008k R e .
g o =L ""h.“
i e
3 | S _ - —
B T -
goml T e
= —o— NAGA 021
= —=h— WVadige tail 01
o —a— Wedge tall &2
0.3 - —v— Wedge tail 03
e— = e P T -
1 L 1 1 " 'l
250000 437500 £25000 812500 1000000

Reynolds number, Re

(b

Figure 12: Percent increase in (a) lift coefficient (C;) and (b) drag coefficient (Cp) with respect to NACA 0021 airfoil as a function
of Reynolds number (Re) at 3° angle of attack ().

as
.-"'k._ mE
.'-'.-J
.. .
80 | a -
o /'H = o
k= r _..--"'_l
2 ’ 7
o i ..4-"
@ 2k ’ ="
E ’ ,F-'j
55 P e -
= r s -
E _f_.f‘ ra
& r =
agsl ¥ a7
e =r— Wedpgs tail (1
__,.-" —— Wisdge 1ail 02
—w— Wadge 1ail 03
EE 'l 1 1 L 'l
250000 437500 625000 812500 1000000

Source: Authors.

Reynolds number, Re

(&)

Percent increase in Cp

sod
"‘.‘ --“-'\
- - -’ 5
S ¥ "'*_\
"
449 A
- e -
378 ;
" —p— Wedge tail 1
—— Wedge lail 02
—r— Wadge tail 02
M5 -
N B e *
L 1 1 L ']
250000 437500 625000 812500 1000000

Reynolds number, Re

(k)



Md. Moynul Hasan et al. / Journal of Maritime Research Vol XX. No. Il (2023) 52—-63 60

Figure 13: Velocity contours of the (a) NACA 0021 (b) Wedge tail 01 (c) Wedge tail 02 (d) Wedge tail 03 airfoil at 9° angle of
attack (@) with a Reynolds number (Re) of 1x109.
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Figure 14: Pressure contours of the (a) NACA 0021 (b) Wedge tail 01 (c) Wedge tail 02 (d) Wedge tail 03 airfoil at 9° angle of
attack () with a Reynolds number (Re) of 1x109.
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Figure 15: (a) Lift coefficient (C.) and (b) drag coefficient (Cp) as a function of angle of attack (@) at Reynolds number (Re) of

1x10°.
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effects of the angle of attack on velocity, pressure, lift coeffi-
cient, and drag coefficient for four different airfoils is presented
in Figs. 13, 14, and 15, respectively. Fig. 15 shows that Wedge
Tail 02 has the highest lift coefficient, increasing with the angle
of attack. In contrast, NACA 0021 airfoil has the lowest drag
coefficient, increasing with an increase in angle of attack. Ad-
ditionally, the wedge tail thickness has a considerable effect on
the lift coefficient and drag coeflicient, as demonstrated in Fig.
16.

Conclusions.

The objective of this study was to analyze the effect of a
wedge tail thickness on the performance of the NACA 0021
airfoil. To achieve this, RANS-based CFD simulations were
conducted in a two-dimensional domain using the k — @ SST
turbulence model to determine the lift coefficient and drag co-
efficient of the airfoils. The study also investigated the effects
of the Mach numbers, Reynolds numbers, and angle of attack
on the performance of airfoils. The results of the study indicate
that both lift and drag coefficients increased with an increase
in the angle of attack, while an increase in Mach and Reynolds
numbers led to a decrease in drag coefficient and an increase
in lift coefficient. Furthermore, the inclusion of a wedge tail
had a positive effect on the lift coefficients but a negative effect
on the drag coefficients. The NACA 0021 airfoil with a wedge
tail thickness of 12.5% of the chord length of the airfoil has
demonstrated the highest percentage of lift coefficient increase,
ranging from 60% ~ 100%. In contrast, wedge tail thickness
of 15% of the chord length of the airfoil showed the highest
percentage of drag coefficient increase, ranging from 435% ~
670%. Overall, this study provides valuable insights into the
design and optimization of airfoils for improved aerodynamic
performance.
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