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Abstract: To reduce the computational cost, the k-ω SST turbulence model with Rotation and Cur-
vature correction (SST-RC) is modified to predict the drag of practical aerodynamic configurations
mounted with drag-reducing riblets. In the modified model, wall ω is reconstructed based on the
existing experimental results and becomes a function of riblet geometry, angle of attack, position at the
surface, and parameters of computational grids. The modified SST-RC model is validated by existing
experimental and numerical examinations. Subsequently, a maximum error of 3.00% is achieved.
Furthermore, experimental and numerical studies on a wing–body configuration are conducted in
this work. The maximum error between the drag-reducing ratios obtained by numerical simulations
and those of experiments is 3.21%. Analysis of numerical results demonstrates a maximum of 5.36%
decline in skin friction coefficient for the model with riblets; moreover, the distribution of the pressure
coefficient is also changed.

Keywords: flow control; drag-reducing riblets; modified RANS method; wind tunnel experiment
validation

1. Introduction

For aircraft, both drag reduction and lift enhancement are crucial design objectives,
and they are also design evaluation criteria. Thus, the drag reduction is a vital aspect [1].
Moreover, there are active and passive methods to reduce drag. Riblets, as one of the
passive means, can reduce drag without extra energy consumption.

Initially, drag-reducing effects of riblets have been studied by experimental and analyt-
ical means for decades. Walsh [2–4] investigated the drag-reducing effects by experimental
techniques. He found that the drag reducing performance of riblets was associated with
their shape and that an optimal drag-reducing configuration existed. In the investigation
of Luchini et al. [5], an asymptotic viscous theory was applied to a simple model for tur-
bulent boundary layer interaction on a riblet surface. Vukoslavcevic et al. [6] employed
hot-wire methods to measure the boundary layer on riblets, and their experiment showed
that drag-decreasing riblets reduced the turbulent fluctuations within around 4% of the
boundary layer above the riblets. Moreover, Bruse et al. [7] also used hot-wires to obtained
the velocity profile of the boundary layer on riblets.

High-performance computers and Computational Fluid Dynamics (CFD) make it
possible to utilize numerical methods to resolve the complex flow phenomena. There are
various methods, for instance, the spectral element-Fourier technique [8], finite difference
method [9], and the immersed boundary method (IBM) [10], which can be used for the
examinations of complicated riblet flow. Moreover, the low-dissipation DNS method is
capable of reproducing the turbulence statistics on riblets. García-Mayoral and Jiménez [11]
found that the square root of the riblet cross section could be used to capture the effect
of spacing and shape of riblets on the drag reduction ratio. Zhang et al. [12] considered
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the riblet over the practical body as a slip-boundary condition, and this simplified the
numerical procedure, which lowered the computational cost. The LES simulations of Wu
et al. [13] found that transverse riblets could weaken the vortex intensity through Liutex
analysis. The DNS simulations in the work of Li [14] suggested the decrease in the weighted
Reynolds shear stress and the contribution of the spatial heterogeneity led to drag reduction.
The high-order DNS examinations of Li et al. [15] demonstrated that riblets affected the
distributions of near-wall streamwise vortices which was related to the decrease in wall
shear stress.

For practical flow, body curvature and angle of attack introduce the effect of the
pressure gradient, which enhances drag-reducing benefits. The experiments of Debisschop
et al. [16] and Nieuwstadt et al. [17] demonstrated that the effect of the pressure gradient
improved drag-reducing performance of riblets. Jung and Bhushan [18] also found that the
pressure drop could maintain the drag-reducing effect of riblets. Sundaram et al. [19] and
Subaschandar et al. [20] investigated aerodynamic characteristics of airfoils mounted with
riblets. Both works found that drag-reducing effects increase at moderate angles of attack.
LES examinations of Zhang et al. [21] demonstrated the viscous drag decreased, while the
pressure drag increased slightly. Boomsma et al. [22] revealed the enhancement effect on
drag reduction under the condition of the mild adverse pressure gradient. Buzica et al. [23]
found that the height of surface roughness of the diamond wing could affect the vortex
separation location.

For a practical three-dimensional body, the DNS and LES methods need a huge
amount of computational resources. Hence, the RANS method becomes more common for
engineering usage [24]. Wilcox [25] designed the k-ω turbulence model, based on which
Menter [26] proposed the k-ω SST model, which is an accurate two-equation model. As the
effect of the configuration curvature of the three-dimensional body was considered, Spalart
and Shur [27] suggested the rotation/curvature correction (RC correction). Subsequently,
Shur et al. [28] embedded the RC correction into the SST model and developed the SST-
RC model.

The practical configuration with the riblet surface has a large number of riblets; thus,
it is impossible to generate computational grids where the riblet structures are resolved.
Consequently, the RANS method cannot be applied directly due to the enormous compu-
tational cost [29]. To overcome the drawbacks, the modified riblet-equivalent boundary
condition is necessary to be established to predict the aerodynamic characteristics. Mele
and Tognaccini [30] considered the riblet surface modeling as a singular roughness problem
and changed the Wilcox boundary condition to adapt rough walls. Moreover, the modified
boundary condition made it possible to conduct the simulation of aircraft configurations.
Catalano et al. [31] modified the ω equation of the k − ω model and the effect of the ri-
blet geometry was introduced, resulting in a proper riblet-equivalent boundary condition.
A comparison of their numerical results with experimental data demonstrated that the
modification was reliable. Koepplin et al. [32] proposed a method to modify the RANS for
the simulation of turbomachinery, and, in the modification, the effect of adverse pressure
gradient was taken into account. Li et al. [33] modified the ω equation in the SST model
based on experimental data. Song et al. [34] proposed a response surface technique to
estimate the drag reduction ratio of micro-structures on cylindrical surfaces.

The k-ω SST model is capable of reproducing the boundary layer flow [35]. Because
the logarithmic region is shifted by riblets, which leads to drag reduction, the RANS
model can be modified to mimic the riblet surface based on this effect [29,30]. In this
work, based on the suggestions in the work of [29,30], a method to modify the k-ω SST
model and construct the riblet-equivalent wall boundary condition for drag prediction of
a practical configuration with a riblet surface is illustrated. Furthermore, the effect of the
riblet geometry, angle of attack, and parameters of the mesh are taken into account.

In the following sections, the construction procedure, validation, and performance of
the modified SST model will be demonstrated. The governing equations and procedures
to modify the model are illustrated in Section 2. Next, Section 3 demonstrates a three-
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step validation of the model. Subsequently, numerical simulations of a wing–body and a
corresponding wind tunnel test are demonstrated in Section 4. Then, results of numerical
simulations are illustrated and analyzed in Section 5. Finally, conclusions are drawn, and
the future work is discussed.

2. Numerical Method

The work aims to construct a modified RANS model for drag prediction of riblet
surface. In this section, governing equations, factors which affect the drag acting on a
wing–body with riblets, and the procedure of modifying the RANS model are demonstrated
and discussed.

2.1. Governing Equations

For a practical body, which is not like a flat plate surface, curvature exists. Many eddy
viscosity models cannot accurately predict the aerodynamic characteristics of bodies with
curvature [36]. To overcome the drawback, Spalart and Shur [27] proposed the rotation and
curvature correction (RC correction) which could be applied to both one- and two-equation
eddy viscosity models. Consequently, the effects of system curvature could be evaluated
more accurately.

In this work, the objective is to simulate practical bodies with curvature under different
angles of attack; hence, the k-ω SST model with RC-correction is considered. In the k-ω
SST-RC model, the empirical function to evaluate the effect of the curvature and system
rotation is proposed in [28], and the definition of the parameter is as follows:

frotation = (1 + cr1)
2r∗

1 + r∗
[
1− cr3tan−1(cr2r̃)

]
− cr1 (1)

where r∗ and r̃ represent non-dimensional criteria of rotation and curvature effects; cr1,cr2,
and cr3 denote the additional empirical constants.

In the work of by Smirnov and Menter [37], the functions of the original SST model [26]
are changed, and a modified function is added to modify the production term. Hence, the
governing equations of the SST-RC model are illustrated as follows:

D(ρk)
Dt

= Pk fr1 − β∗ρkω +
∂

∂xj

[
µef

∂k
∂xj

]
D(ρω)

Dt
= α∗

ρPk
µt

fr1 − Dω + Cdω +
∂

∂xj

[
µef

∂ω

∂xj

] (2)

with

fr1 = max{min( frotation, 1.25), 0.0} (3)

The parameters are as follows:

r∗ =S/Ω (4)

r̃ = 2ΩikSjk

(
DSij

Dt
+
(
εimnSjn + ε jmnSin

)
Ωrot

m

)
/ΩD3 (5)

where
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Sij = 0.5

(
∂ui
∂xj

+
∂uj

∂xi

)

Ωij = 0.5

((
∂ui
∂xj
− ∂uj

∂xi

)
+ 2εmjiΩrot

m

)
S2 = 2SijSij

Ω2 = 2ΩijΩij

D2 = max(S2, 0.09ω2)

(6)

where DSij/Dt denotes the Lagrangian derivative of the rate-of-strain tensor, which consists
of second derivatives. Generally, the factor r̃ of Equation (5) contains the effects of rotation
and curvature. According to [37], the term D2 is modified to avoid zero values of the
parameters in the free stream, and the denominator, D4 [27,28], in Equation (5) is replaced
with ΩD3 to account for Ω. The above formulae form the baseline numerical model where
the procedure of modifying ωw is carried out.

2.2. Impact Factors of Drag Reduction Ratio

To simulate the performance of riblets on a body with curvature, a modified k-ω SST-
RC model is constructed. The factors which can influence numerical results are gathered,
and the relations between the factors and wall ω value of the SST k-ω model are constructed.
Moreover, in this work, triangular streamwise riblets are used as an example to introduce
the procedure of modifying the SST-RC model. Hence, the factors that are taken into
account and their relationships are illustrated in Figure 1.

Figure 1. Schematic picture of the construction of the modified SST-RC model.

In Figure 1, h+ denotes non-dimensional height of the riblets, s+ denotes the non-
dimensional spacing of the riblets, η̂D represents the drag reduction ratio without angle of
attack, ηD is the drag-reducing effect with the effect of angle of attack, namely the drag-
reducing effect of practical configuration. Wall ω (denoted as ωw) represents the value of ω
at wall boundary, and wall y+ (denoted as y+w ) is the value of y+ at the wall boundary.

As shown in Figure 1, for the triangular riblets, the geometry parameters, h+ and
h+/s+ ratio, affect drag-reducing performance of the riblet surface. Hence, h+ and h+/s+

need to be taken into account. In addition, pressure gradient effects must be considered,
since the boundary layer of a three-dimensional wing–body configuration is affected by
different pressure gradients and since it has demonstrated that pressure gradients can
increase the drag-reducing effect of riblets [16,17]. For a practical configuration, angle of
attack affects the pressure gradient, so the effects of the pressure gradient are assessed by
angle of attack in this work.

For the k-ω SST model, Wilcox [25] proposed that the skin friction decreased with the
increasing wall ω value. Once the wall ω is changed, wall distance of the computational
grid, y+w , will also affect the result of drag prediction. Based on this property, both ωw and
y+w are taken into account to simulate the effect of riblets on viscous drag.
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The Investigation of Choi et al. [9] demonstrated that the riblet surface could shift the
logarithmic region, while the shape could be preserved. Compared with the smooth surface,
the shift in the profile of the logarithmic region denotes the drag-decreasing case, while the
overall decrease in the profile of the logarithmic region corresponds to the drag-increasing
case. For a smooth wall, the profile of the logarithmic region is as follows:

u+ =
1
κ

log y+ + C (7)

where y+ = yu∗/ν, u+ = u/u∗, κ (the von Karman constant) is 0.41, and C is 5.2. To take
into account the effects of shift on the logarithmic law, the profile for the riblet surface can be:

u+ =
1
κ

log y+ + C + ∆u+ (8)

where ∆u+ denotes the additional velocity caused by riblets.

2.3. Steps to Modify the SST-RC Model
2.3.1. The Effect of Riblet Geometry

For the triangular riblets, the height h+ and the h+/s+ ratio can determine the shape
of the riblets; hence, the two parameters can affect the drag-reducing effects. To avoid the
case where the final expression is complicated, the drag-reducing effect is defined as the
ratio of drag acting on the riblets to drag corresponding to the flat surface, as follows:

η̂D =
D̂riblets
Dsmooth

(9)

where η̂D represents the drag reduction ratio without angle of attack, D̂riblets denotes the
drag acting on the riblet surface without angle of attack, and Dsmooth denotes the drag
corresponding to the flat surface. In this step, without the effect of angle of attack, the
functional relationship between drag reduction and the riblet geometry shape factors is
constructed, as follows:

η̂D = η̂D

(
h+, h+/s+

)
(10)

where h+ denotes the dimensionless height of the riblet, and h+/s+ represents the height
to spacing ratio of the riblet.

To build the relationship between the drag reduction ratio and the two parameters, the
experimental data in [4,38,39] are used, as shown in Figure 2a. For the sake of simplicity,
in Figure 2a, only a part of the data is illustrated. To construct the functional relationship,
the cubic interpolation method is performed instead of the curve fitting. In the context
of this work, there are two drawbacks to the curve fitting method, one is that the surface
constructed by the curve fitting usually does not always hit the data points, and the other
is that the scattered data points lead to a complex fitting function. By the interpolation tech-
nique, a curve (for one independent variable) or a surface (for two independent variables)
through the data points is established, respectively. Consequently, at the data points, the
function value is accurate.

Furthermore, there are concealed conditions. In the cases where h+ = 0, or h+/s+ = 0,
the riblet surface denotes the case of smooth surface, so the corresponding drag reduction
ratio η̂D = 1. Consequently, the function, η̂D (h

+, h+/s+), which is constructed by the cubic
interpolation, is illustrated in Figure 2.
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(a) (b)

Figure 2. Relationship between drag reduction ratio and riblet geometry. (a) Drag reduction ratio
in [2,3,39]; (b) functional relationship between drag reduction ratio and riblet geometry generated by
interpolation.

2.3.2. The Effect of Angle of Attack

In this work, the effect of angle of attack is considered to be a drag-reducing enhance-
ment on the riblets in the cases where the airfoil are at 0◦ angle of attack. As mentioned in
Section 2.2, angle of attack is used as the direct parameter to construct the modified SST-RC
model. The drag-reduction enhancement factor is defined as follows:

λ = λ(α) (11)

where α denotes the angle of attack, and λ, the function of α, denotes the factor in eval-
uating the improvement on the drag-reduction effect based on riblets. In this work, it is
assumed that the drag-reducing effect is related to the angle of attack, which is similar
for different configurations. Hence, considering only NACA 0012 data, and only between
0◦ and 6◦ angle of attack, this correlation is sufficient for demonstration purposes of the
modelling approach presented in this work. Future work will focus on improving the
model calibration by including data of a larger number of airfoils and a wider range of
angles of attack.

ηD = λ(α) · η̂D

(
h+, h+/s+

)
(12)

where ηD = Driblets/Dsmooth, and it denotes the drag reduction ratio of riblets with the effect
of pressure gradient. Combined with Equation (9), λ(α) can be determined, as follows:

λ(α) =
Driblets

D̂riblets
(13)

In this work, the data of NACA 0012 in [19] are used to establish the functional relation-
ship, namely, the factor λ(α). Moreover, there is one important assumption. Although the
drag-reducing enhancing effect is obtained by the data of NACA 0012 airfoil, the improve-
ment in drag-reducing performance is considered to be the same for other configurations.
The relationship between λ(α) and α can be found in Figure 3.

In this step, the curve fitting method is employed to construct the functional rela-
tionship between ηD and η̂D . From the data points, a 2nd-polynomial fitting curve is
constructed. The functional relationship is shown as follows:

λ(α) = −0.00128α2 − 0.00356α + 0.96988 (14)

Thus, the relationship between ηD and η̂D is as follows:

ηD =
(
−0.00128α2 − 0.00356α + 0.96988

)
· η̂D

(
h+, h+/s+

)
(15)
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Angle of attack is also an important parameter for an aircraft, so using angle of attack
as a direct variable to establish the modified SST-RC model will simplify the calculation.

Figure 3. Drag reduction enhancement of angle of attack based on the data in [19].

2.3.3. The Effect of Numerical Parameters

In Sections 2.3.1 and 2.3.2, the parameters corresponding to the physical problem are
considered. In this step, the factors in numerical simulations are discussed. In the SST-RC
model, wall ω and y+w of the computational mesh will also affect the results of the drag.
The ratio of the modified ωw to ωw in the orginal SST-RC model is defined as:

ηω =
ωwm

ωw0
(16)

where ωwm denotes the wall ω in the modified SST-RC model, and ωw0 corresponds to that
of the original SST-RC model.

Although the change of drag is caused by the modification of the numerical parameters,
this can be regarded as a kind of drag-reducing effect. Hence, in numerical simulations,
drag reduction ratio ηD becomes the function of wall ω value and wall y+w , as follows:

ηD = ηD

(
ηω, y+w

)
(17)

According to Li et al. [33], the functional relationship can be determined by numerical
tests. In this work, the same method is conducted. A series of numerical simulation tests
with different wall ω and wall y+w are carried out. In this step, the channel flow model
is used to construct the relationship between the drag and mesh. The domain size of
the channel flow model is 3

2 πδ× 2δ× 1
3 πδ (streamwise, normal and spanwise), and the

Reynolds number based on the half height of the channel is 5000. There are 121, 101 and
81 nodes in streamwise, normal and spanwise direction respectively. The numerical results
are illustrated in Figure 4.

Consequently, the function ηD = ηD (ηω, y+w ) is established. Furthermore, the function
can be transformed into the following form:

ηω = ηω

(
ηD , y+w

)
(18)

From Equation (15) in Section 2.3.2, ηD is the function of α, h+, and h+/s+; hence, ηω

becomes the function of α, h+, h+/s+ and y+w , as follows:

ηω = ηω

(
α, y+w , h+, h+/s+

)
(19)
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(a) (b)

Figure 4. Functional relationship between drag-reducing effect and ηω , y+w . (a) drag reduction ratio
generated by numerical tests; (b) surface of drag reduction ratio generated by interpolation.

Namely, in the modified solver, the factors, angle of attack, y+ at wall and riblet
geometry are introduced directly to modify wall ω in the k-ω SST-RC model, and the
relationships in Figure 1 can be simplified, as shown in Figure 5.

Figure 5. Schematic picture of the simplified relationship among the parameters.

This is the whole procedure to construct the riblet-equivalent model. Based on the
steps, the relationship between wall ω value and the other variables, α, y+w , h+, and h+/s+,
can be constructed. The model can be applied to a three-dimensional model with a smooth
surface to predict the aerodynamic characteristics corresponding to the ribleted one.

In some steps, the functional relationships are built using an interpolation method;
therefore, the explicit expressions cannot be illustrated easily. The formulas have been
embedded in the code of the solver, and Figure 6 illustrates the variation of ηω with h+ and
h+/s+ at fixed α and y+w .

(a) The case of α = 0◦,y+w = 0.5 (b) The case of α = 0◦,y+w = 0.8

Figure 6. Cont.
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w  (c) The case of α = 4◦,y    = 0.5 +

w   (d) The case of α = 4◦,y   = 0.8

Figure 6. Functional relationship between ηω and riblet geometry.

3. Validation

In this work, the CFD solver is OpenFOAM v2012, and the modified RANS model is
combined with it. To validate the modified RANS model, the following three steps are used.
Firstly, the original k-ω SST-RC model is verified by the NACA 0012 model and compared
with the previous work in [40–42]. Secondly, by setting λ(α) to 1.0, the model corresponds
to the case of a zero pressure gradient flow (at 0◦ angle of attack). Then, the results of
drag reduction ratio and velocity profile are compared with those in [4,9,43]. Finally, the
modified model where the pressure gradient factor is embedded is validated. In this case,
NACA 0012 and GAW(2) airfoils, at different AoAs are studied, and the aerodynamic
characteristics validated by the data in [19,20].

3.1. Validation of the k-ω SST-RC Model

In this step, various aerodynamic data resources of NACA0012 airfoil are employed
to validate the k-ω SST-RC model. The Reynolds number based on the chord length is
1.0× 106. The O-type structured mesh is employed, and the mesh contains 500× 300 nodes
in the chordwise and radial directions, respectively. The maximum dimensionless wall
distance of the grid is 0.813. Because the solver is unstructured, the mesh will be converted
into unstructured one before solving. The low-speed aerodynamic characteristics of NACA
0012 airfoil obtained using original k-ω SST-RC model are illustrated in Figure 7.

(c) Lift variation with angle of attack (d) Drag variation with lift

Figure 7. Comparison work of SST-RC model in the present code with previous work ([40–42]).

As reflected in Figure 7, the SST-RC model performs well in predicting aerodynamic
forces at both lower and higher AoAs. Hence, the original SST-RC model is accurate
and reliable to resolve the aerodynamic characteristics of a three-dimensional body at
AoAs. Moreover, it is reasonable to use the SST-RC model as the baseline model where the
modifications are conducted.

Figure 6. Functional relationship between ηω and riblet geometry.

3. Validation

In this work, the CFD solver is OpenFOAM v2012, and the modified RANS model is
combined with it. To validate the modified RANS model, the following three steps are used.
Firstly, the original k-ω SST-RC model is verified by the NACA 0012 model and compared
with the previous work in [40–42]. Secondly, by setting λ(α) to 1.0, the model corresponds
to the case of a zero pressure gradient flow (at 0◦ angle of attack). Then, the results of
drag reduction ratio and velocity profile are compared with those in [4,9,43]. Finally, the
modified model where the pressure gradient factor is embedded is validated. In this case,
NACA 0012 and GAW(2) airfoils, at different AoAs are studied, and the aerodynamic
characteristics validated by the data in [19,20].

3.1. Validation of the k-ω SST-RC Model

In this step, various aerodynamic data resources of NACA0012 airfoil are employed
to validate the k-ω SST-RC model. The Reynolds number based on the chord length is
1.0× 106. The O-type structured mesh is employed, and the mesh contains 500× 300 nodes
in the chordwise and radial directions, respectively. The maximum dimensionless wall
distance of the grid is 0.813. Because the solver is unstructured, the mesh will be converted
into unstructured one before solving. The low-speed aerodynamic characteristics of NACA
0012 airfoil obtained using original k-ω SST-RC model are illustrated in Figure 7.

(a) Lift variation with angle of attack (b) Drag variation with lift

Figure 7. Comparison work of SST-RC model in the present code with previous work [40–42].

As reflected in Figure 7, the SST-RC model performs well in predicting aerodynamic
forces at both lower and higher AoAs. Hence, the original SST-RC model is accurate
and reliable to resolve the aerodynamic characteristics of a three-dimensional body at
AoAs. Moreover, it is reasonable to use the SST-RC model as the baseline model where the
modifications are conducted.
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3.2. Validation of Riblet Flow without Angle of Attack

In this validation step, the velocity profiles on the flat surface and the riblet surface
in [9,43] are used for verification purposes. Kim et al. [43] examined the fully developed
turbulence bounded in a channel using the DNS method, where Reτ is 180. Choi et al. [9]
utilized the channel model to investigate the turbulence statistics over riblets, where
Reδ = 4200 (based on the half-channel height), corresponding Reτ = 180. To estimate the
performance of the modified SST-RC model, the channel model is utilized. The walls are
flat, and the riblet-equivalent boundary is employed, as shown in Figure 8.

Figure 8. Schematic picture of the channel flow model.

Moreover, there is no effect of angle of attack in this numerical simulation. Namely, λ
is set to 1.0 in this validation step. The results of drag-reducing effects are illustrated in
Table 1.

Table 1. Drag reducing effect obtained by the modified SST-RC model.

Case Drag Reduction Ratio

Numerical result of Choi et al. [9] − 6.00%
Experimental result of Walsh [4] −3.90%

Present work −3.91%

Table 1 compares the results of the present work and previous work. It can be observed
that the riblet-equivalent boundary condition is fairly accurate. Because the SST-RC model
is modified according to the data in [4], the results accomplished through the modified
SST-RC model will agree with the experimental data in [4]. Thus, after modifications, the
SST-RC model is accurate in predicting the drag of riblets.

At the same time, the velocity profile in this work is compared with the previous work,
as shown in Figure 9. For the logarithmical region in each case, the profile has the same
slope (1/κ) but a different intercept. In addition, the shift of the intercept corresponds to
drag reduction. As reflected in Figure 9, there is a shift in the logarithmical region for the
velocity profiles. Moreover, the drag reduction ratio is 6.00%, according to the results of the
work of Choi et al. [9], and the effect is 3.91% in the present work. The shift of logarithmical
in present work is smaller than that in [9], and the logarithmical region is higher than that
in the case of the flat plate.
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Figure 9. Comparison work of velocity profiles in the present work with DNS results in [9,43].

Then, the comparison work between the modified SST-RC model in this work and the
numerical method of Catalano et al. [31] is conducted. In the work of Catalano et al. [31], a
modified k−ω model is used to evaluate the flow over riblets, and the mean velocity profile
on the riblet surface is compared with that of the flat plate. In [31], the single parameter l+

is used, and l+ = 10.5, which corresponds to the maximum drag reduction ratio. In this
work, two parameters, h+ and h+/s+, are used, and the maximum drag-reducing effect is
accomplished in the case of h+ = s+ = 15, which is corresponding to the case of l+ = 10.5
in [31]. Then, the results of the simulation in this work and [31] are compared, as shown in
Figure 10.

Figure 10. Comparison work of velocity profiles in the present work with the modified RANS model
in [31].

From the figure, it can be observed that the result of the modified RANS model in
this work is in accordance to that in [31]. In this work, the drag reduction ratio is 5.8%,
a little lower than the ratio of 6% reported in [31]. As reflected in Figure 10, the shift in
the logarithmic region is lower than that in [31], which is in agreement with the work of
Catalano et al. [31]. Therefore, the comparison work illustrates that the modified SST-RC
model performs well on predicting the velocity profile of the flat surface.

3.3. Validation of Riblet Flow with Angle of Attack

In this step, the drag characteristics of the airfoils in [19,20] are employed to test the
modified SST-RC model. For the airfoils, the existence of angle of attack can maintain
the drag-reducing effect of riblets. Sundaram et al. [19] measured the drag of ribleted
NACA 0012 airfoil at different angles of attack, and Subaschandar et al. [20] examined
the same phenomenon based on the ribleted GAW(2) airfoil. The results achieved by the
modified SST-RC model in this work are compared with the two experimental studies, as
demonstrated in Figure 11.
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Figure 11. Comparison work of drag-reduction ratio for the flow with pressure gradient.

From Figure 11, the drag predicted by the modified model is accurate in both cases.
For the NACA 0012 airfoil, the prediction of the drag-reducing effect is fairly accurate
because the parameters in the SST-RC model are calibrated using the experimental results
of NACA 0012 from studies in [19]. For a GAW(2) airfoil, a maximum error of predicting
the drag reduction ratio is 3.00%, which is accomplished at 3◦ AoA. Therefore, the modified
SST-RC model is still of fine accuracy, although it is modified according to the drag-reducing
performance of NACA 0012. Hence, within the angle of attack range used for calibration,
the modified model is accurate for the simulation of the three-dimensional configurations.

4. Numerical and Experimental Investigations on a Wing–Body

In this section, the drag acting on a wing–body configuration is predicted by the
modified k-ω SST-RC model. Then, an aerodynamic force measurement experiment is
conducted to examine the effects of riblets. Subsequently, the aerodynamic drag is exam-
ined by experimental techniques, and the drag characteristics obtained by both methods
are compared.

4.1. Details of the Practical Configuration

In this work, a wing–body configuration only has the fuselage, wings, horizontal
stabilizer, and vertical stabilizer, as shown in Figure 12.

Figure 12. The baseline model and ribleted model of the wing–body configuration.

In this work, the size of the aircraft model in the numerical simulation and that in the
experimental investigation are the same, and the detailed size of the model is illustrated in
Table 2.
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Table 2. Parameters of the wing–body configuration.

Parameters Value

Fuselage Equivalent diameter (m) 0.0944
Length (m) 0.7568

Wing
Mean aerodynamic chord (m) 0.0928

Area (m2) 0.0744
Span (m) 0.7464

Horizontal stabilizer
Mean aerodynamic chord (m) 0.0488

Area (m2) 0.0064
Span (m) 0.2488

Vertical stabilizer
Mean aerodynamic chord (m) 0.0792

Area (m2) 0.0104
Span (m) 0.1192

For the ribleted wing–body model in this work, most of the area of the fuselage, wings,
and stabilizers are covered with riblets. For the riblet surface, the spacing is 0.41 mm.
Because the ridge angle of the riblet is 60◦, h+/s+ = 0.87. Then, the riblet height is
supposed to be 0.36 mm. To adapt the change of cross-sectional shape along the body,
the width of the riblet will be modified. Therefore, the spacing at the head of the body is
0.7 mm, and it is 0.30 mm at the end of body. The area covered with riblets is also illustrated
in Figure 12.

4.2. Computational Details
4.2.1. Computational Domain

The far-field is of cylinder shape, the radius and height of which is 15 and 30 aircraft
body lengths, respectively, as shown in Figure 13. Moreover, the unstructured mesh is used.
At the body of the aircraft, in the area of riblets, the riblet-equivalent boundary condition
and modified ωw are employed, while the no-slip wall is employed for the smooth surface.
At the inlet boundary, the velocity value is set to a fixed value, which is 25 m/s in this
work, while the zero-gradient condition is used for pressure. At the outlet, the boundary
condition of velocity is zero-gradient, while pressure value is set to a given value, which
is 0 Pa. For the side wall, the slip-wall boundary is conducted. The riblet surface is a
type of drag-reducing method for turbulent regime, and most of the surface of the wing–
body configuration is mounted with riblets. Thus, the fully turbulent flow is assumed. In
addition, for unseparated flow, according to Catalano et al. [31], there was no need for
the treatment to predict separation location. Hence, in this work, no extra work on the
prediction of the transition or separation location is conducted.

(a) (b)

Figure 13. Computational domains and boundary conditions. (a) computational domain and coordi-
nates; (b) wall boundary set for the ribleted model.
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The flow direction can also affect the drag-reducing effect of riblets. In the case where
there is non-ignorable spanwise flow in flow field, the riblet surface can be regarded as
the directional riblet. According to Wu et al. [44], directional riblet surfaces can affect the
turbulent/non-turbulent interface and modify the drag reduction ratio. For the modified
RANS model in this work, it is assumed that there is no strong spanwise flow on the riblet.
In addition, the speed of the wing–body configuration is low, and the there is no side-slip
angle. Hence, in this work, the spanwise flow is ignorable and the modified SST-RC model
can be applied.

The simulations were performed using a steady, incompressible solver. The Reynolds
number, based on the main body length, is 1.16× 106. For this Reynolds number, h+ varied
between 26 at the head and 18 in the tail region. The simulations were carried out on a
cluster system consisting of AMD EPYC 7452 nodes, with 64 cores each. Using 10 cluster
nodes in parallel required a calculation time of approximately 1.5 h to obtain a converged
solution for the finest mesh of 7.95 million nodes.

4.2.2. Grid Independence Validation

The grid resolution and the number of points can affect the results of the simulation. To
ensure that the mesh is resolved enough in this numerical simulation, the grid independence
is checked. The case where the angle of attack is 2◦ is used for verification purposes. In
this work, four sets of mesh are prepared, and the corresponding drag coefficients are
demonstrated in Figure 14. In the grid independence validation, not only do the total
nodes increase, but also the number of nodes in the near-wall region is also increased. In
this work, the mesh in the region whose y+ is lower than 500 is refined. For the cases in
Figure 14, from the coarser mesh to the resolved mesh, the growth rates of the boundary
layer mesh are 1.4, 1.3, 1.2, and 1.1, and the sizes of the surface mesh cells are decreased.

Figure 14. Result of grid independence validation on the drag coefficient.

As reflected in Figure 14, the result of drag prediction is highly accurate, when the
number of grids is larger than 6.64 million. In addition, a further comparison work is
conducted. In this work, the skin friction coefficient and pressure coefficient on the cross
section, which is 1/6 wing span to the wing root in each case, are illustrated, as shown in
Figure 15.

From Figure 15a, it can be observed that there are differences between the distributions
of skin friction coefficient obtained using coarser mesh and those obtained using refined
mesh. For the distribution of the pressure coefficient in Figure 15b, the phenomenon is
similar. Therefore, the increase in the number of nodes cannot cause the changes in the skin
friction coefficient and pressure coefficient, when the number of nodes reaches 6.64 million.
This indicates that the mesh which contains 6.64 million points is fine enough. Hence, all
simulations in this work employ this set of the grid with 6.64 million points. The maximum
y+w for this mesh is 0.8571, and hexahedral cells are generated to resolve the boundary layer,
as demonstrated in Figure 16.
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(a) Profile of skin friction coefficient (b) Profile of pressure coefficient

Figure 15. Result of grid independence validation on skin friction coefficient and pressure coefficient.

(a) (b)

Figure 16. Computational grid for the numerical simulation of the wing–body. (a) mesh of numerical
simulation (spanwise cross-section); (b) mesh of numerical simulation (steamwise cross-section).

4.2.3. Computational Results

The computation will be stopped, when the force coefficient converges or the magni-
tude of the residual becomes too small. In this work, the drag coefficient of the wing–body
configuration is defined as:

CD =
D

1
2

ρ∞V2
∞Sw

(20)

where D corresponds to the aerodynamic drag; ρ∞ and V∞ are the fluid density and the
flow velocity in the free stream, respectively; finally, Sw represents the area of wings. Riblet
performance can be assessed by introducing the drag reduction ratio, as follows:

ηDwb =
(CD)riblets − (CD)smooth

(CD)smooth
× 100% (21)

where (CD)smooth denotes the drag acting on the baseline model, and (CD)riblets represents
the drag corresponding to the wing–body mounted with riblets. The results of drag
coefficients and drag reduction performance are illustrated in Figure 17.
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Figure 17. Numerical results of the modified SST-RC model.

For the cases in the numerical work, the angle of attack is up to 4◦, which stays within
the angle of attack range used for calibration. As shown in Figure 17, the drag-reducing
effect is achieved, and drag reduction ratios are between 2% and 3%. It can be observed
that the drag-reducing effect increases with the incline in AoA. It is noted that, in this
work, data that are used to construct the riblet-equivalent boundary condition only contain
the results where the angle of attack is up to 6◦. The functional relationship between
drag-reducing enhancement and angle of attack in this work is based on the curve fitting
method (Section 2.3.2). If the value of an input parameter is outside the scope of the dataset,
which is used to calibrate the modified model, a larger error may be introduced.

4.3. Experimental Details

In this section, the drag of the wing–body is investigated by experimental techniques;
moreover, drag-reducing effects are compared with the numerical prediction. A brief
introduction of the experiment setup is shown; then, results of experimental examinations
are shown.

4.3.1. Experimental Setup

Experiments are carried out in a wind tunnel, and the airflow speed ranges between
20 m/s to 130 m/s. The wind tunnel has a 1.8 m × 1.4 m cross-section, where the pressure
stability is 0.2%, and the turbulence intensity is 0.08%. The schematic plot of the wind
tunnel is shown in Figure 18a. In experiments, the model is the same as that in the numerical
simulation (Figure 12). In addition, two models are manufactured, and they are the smooth
model and the riblet model. For the riblet one, the area where riblets are covered is the
same as that in numerical simulations.

(a) The schematic picture of the low-speed wind tunnel (b) Installation of the wing–body

Figure 18. Experiment wind tunnel and installation.

During the wind tunnel test, the internal six-component strain stress balance is used
to obtain aerodynamic forces and moments of aircraft models. In addition, the balance is
calibrated, so that the combined load can be resolved. In this work, the accuracy of the
balance is better than a 0.2% full scale. Each case is repeated three times. In this test, the
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wind speed is 25 m/s, and the pressure in the test chamber is 100,021 Pa; consequently,
conditions are consistent with the numerical simulation.

4.3.2. Experimental Results

To evaluate the effectiveness of SST-RC turbulence model, comparison work between
the drag coefficient obtained by the numerical simulation and that of the experimental
investigation is conducted, as shown in Figure 19.

Figure 19. Comparison work of the drag coefficient obtained by numerical simulations and that of
experimental investigations.

From Figure 19, it is can be observed that, for the drag coefficient, the numerical results
are in accordance with experimental results. Thus, this indicates that the original SST-RC
model used in this work is accurate. Furthermore, the aerodynamic drag characteristics
of the smooth model and the ribleted model obtained by experiments are illustrated in
Figure 20. It can be observed that the drag-reducing effect obtained by the experiment is
between 2% and 3%; consequently, this is in good accordance with the numerical result.

Figure 20. Experimental results.

Compared with the numerical simulations in Figure 17, the experimental results
illustrate that the original SST-RC model is accurate in predicting the drag of a three-
dimensional body. Furthermore, the drag reduction ratio of riblets obtained by numerical
methods and experimental investigations are compared and shown in Figure 21.
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Figure 21. Comparison work of the numerical results and experimental results.

As reflected in Figure 21, both numerical and experimental investigations demonstrate
that the riblets can reduce the drag of a three-dimensional configuration. Numerical
results obtained by the modified SST-RC model agree with the results of experiments.
Moreover, the maximum difference between drag reduction ratios obtained by numerical
simulations and those obtained by experiments is 3.21%, which is lower than 5%. Hence,
the modified SST-RC model is accurate in predicting the drag reduction for the wing–body
configurations.

5. Analysis of Numerical Results

For the sake of simplicity, results of numerical investigations at 2◦ are discussed in this
section. In addition, drag components, skin friction distributions, and pressure coefficient
distributions are illustrated and analyzed.

5.1. Drag Components

Drag can be divided into two parts, pressure drag and viscous drag. At low-speed
and low-AoA states, the proportion of viscous drag is much larger than the pressure drag.
In this part, the pressure drag and viscous drag are separated out from the total drag that is
obtained by numerical simulations. The share of pressure drag and viscous drag in each
case is shown in Figure 22.

Figure 22. The proportions of pressure drag and viscous drag.

At a low-speed state, the viscous-drag component of the total drag suppresses the
pressure drag. As demonstrated in Figure 22, the proportion of the viscous drag decreases
with the increase in the angle of attack in each case. For the wing–body mounted with
riblets, there is an increase in the proportion of the pressure drag.

From Figure 22, in each case, there is a decrease in the viscous drag, while the pressure-
drag component increases. The combination of the two opposite effects is responsible for
the decrease in total drag. This tendency is also consistent with that in the work in [21]. To
show the drag-reducing effect of riblets clearly, the drag reduction ratios of the viscous-
and pressure-drag components are illustrated in Figure 23.
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Figure 23. Reduction ratios of pressure drag and viscous drag.

According to the numerical results in this work, with the increase in angle of attack, the
viscous drag reduction ratio is inclined, while the pressure drag-increasing ratio increases.
Furthermore, a maximum of 7.1% reduction in viscous drag is accomplished at 4◦ AoA. The
viscous component is larger than the pressure drag; hence, this contributes to the reduction
in total drag.

5.2. Skin Friction Coefficient Distribution

In this investigation, the speed or the angle of attack is not too large, and the viscous
drag accounts for a substantial part of the total drag. Hence, it is important to include
an analysis of the proportion of friction drag in total drag. Furthermore, the skin friction
coefficient is defined as follows:

C f =
τw

1
2

ρ∞V2
∞

(22)

where τw represents the wall shear stress, as follows:

τw = µ

(
∂u
∂y

)
y=0

(23)

A comparison of the distribution of skin friction coefficient on the ribleted model with
that on the smooth one is shown in Figure 24.

(a) The upper surface (b) The lower surface

Figure 24. Distributions of the skin friction coefficient on the ribleted model and the baseline model.

From the figure, the skin friction coefficient on a riblet model is slightly different from
the smooth surface, and the friction coefficient at some positions is suppressed by that on
the smooth one. To show the distribution of skin friction coefficient clearly, C f profiles
at two cross-sections of the wings are demonstrated and compared. The positions of the
cross-sections are illustrated in Figure 25.
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Figure 25. Positions where the skin friction coefficient is measured.

The wing, as an important component of the aircraft, affects the aerodynamic char-
acteristics. For the two positions, one is near the wing root, and the other is close to the
wingtip. The distributions of C f on the two airfoils of the wings are illustrated in Figure 26.

(a) (b)

Figure 26. Distributions of skin friction coefficient at different cross-sections. (a) distribution of skin
friction coefficient at cross-section A; (b) distribution of skin friction coefficient at cross-section B.

As shown in Figure 26, an overall decrease in the skin friction coefficient is accom-
plished. In addition, by comparing the distributions of the skin friction coefficient on the
riblet model and the smooth model, there is a maximum of 5.36% decrease in the skin
friction coefficient for the riblet model. For the ribleted model, although there is an increase
in the skin friction at the leading edge, the skin friction coefficient on most area is lower
than that of the smooth one. Because the modified SST-RC is constructed based on the
principle that riblets shift the boundary layer (Figure 11), wall shear stress and skin friction
obtained by the method will be lower. The distribution of skin friction coefficient agrees
with the assumption.

5.3. Pressure Distribution

With the incline in the angle of attack, the change of pressure distributions affects the
aerodynamic characteristics of the wing–body more. Moreover, the contribution of the
pressure drag to the total drag increases. Hence, the pressure drag cannot be ignored, and
discussions on the pressure distribution are also illustrated in this section. The pressure
coefficient is defined as follows:

Cp =
p− p∞
1
2

ρ∞V2
∞

(24)

where p denotes pressure at the point where the pressure coefficient is estimated; p∞
represents the static pressure in the free stream.
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According to [21], LES simulations suggested that the riblet surface could modify the
pressure field, which caused the change of aerodynamic characteristics. In this work, the
pressure field is also modified due to riblets. The comparison of the pressure fields in both
cases is illustrated in Figure 27.

(a) The upper surface (b) The lower surface

Figure 27. Pressure distributions on the ribleted model and the baseline model.

As shown in Figure 27, in general, for the upper surface, the pressure in the ribleted
case is lower than that in the smooth case. For the lower surface, compared with the smooth
case, there is a slight increase in the pressure in the ribleted case. To show the distribution
clearly, the same cross-sections on the wing shown in Figure 25 are chosen, and pressure
coefficient profiles are illustrated in Figure 28.

(a) (b)

Figure 28. Distributions of pressure coefficient at different cross-sections. (a) distribution of pressure
coefficient at cross-section A; (b) distribution of pressure coefficient at cross-section B.

From Figure 28, at the two cross-sectional profiles of the wing, effects of riblets on
pressure distributions are similar. There is a decrement in pressure at the leading edge
of the upper surface. In addition, for the lower surface, there is an increment in the
pressure coefficient at the leading edge. However, only a slight modification in the pressure
coefficient at the trailing edge of wings can be observed.

6. Discussion and Conclusions

In this work, the SST-RC model is modified to evaluate the drag acting on a practical
configuration. The riblet-equivalent boundary condition makes it possible to estimate
the drag of a three-dimensional body mounted with riblets through a smooth model,
which lowers the computational cost. Furthermore, the main conclusions are shown as
the following:

• The riblet-equivalent boundary condition combined with the k-ω SST-RC model is
constructed. In the modified RANS model, the effect of pressure gradient on drag-
reducing performance is taken into account, so that the method can be used for the
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case where there is system curvature and pressure gradient. Comparisons with the
previous data illustrate that the modified k-ω SST-RC model can predict the drag
precisely, and the maximum error is 3.00%.

• The results of numerical simulations on the wing–body model are consistent with
the corresponding aerodynamic drag measurements, and a maximum error of 3.21%
is achieved. The numerical simulations illustrate that a maximum of 2.71% drag-
reducing effect is achieved at 4◦ AoA. This demonstrates that the modified SST-RC
model is accurate and can be applied to the drag prediction of the practical configura-
tion.

• Analysis of numerical simulations demonstrates that, with the incline in angle of
attack, there is a decrease in the viscous drag while the pressure–drag component
increases. For the skin friction coefficient, there is an overall decrease on the riblet
surface. In addition, distributions of the pressure coefficient are also modified.

Although some results have been accomplished based on the modification procedures,
there are still drawbacks. Errors may be caused if the modified SST-RC model is applied
beyond the range of the angles of attack which are used to calibrate the RANS model. In
addition, the error may be generated while there is separation in flow field. In future work,
our group will focus on solving the existing disadvantages. Our group will combine further
experimental investigations with the numerical simulations to construct a more general
RANS model for riblet-equivalent boundary conditions.

Author Contributions: Conceptualization and methodology, C.L.; software, S.T.; validation, C.L.;
formal analysis, S.T.; investigation, Z.G.; resources, Y.L.; data curation, Z.G.; writing—original draft
preparation, C.L.; writing—review and editing, S.T.; visualization, C.L.; supervision, S.T.; project
administration, Y.L. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

The following abbreviations are used in this manuscript:

Latin characters
AoA Angle of attack
Cdw Cross-diffusion term in the k-ω SST model
CD Drag coefficient
(CD)riblets Drag coefficient of ribleted wing–body
(CD)smooth Drag coefficient of smooth wing–body
C f Skin friction coefficient
CL Lift coefficient
Cp Pressure coefficient
cr1, cr2, cr3 Empirical constants in k-ω SST-RC model
D Aerodynamic drag
D̂riblets Drag of riblets without the effect of pressure gradient
D̂smooth Drag acting on flat surface
Dw Dissipation term of ω-equation
h+ Dimensionless riblet height
k Turbulence kinetic energy
Lb Length of the body of wing–body
Lw Span length of wings of wing–body
Pk Production term of turbulence kinetic energy
Re Reynolds number
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Sw Area of wing of the wing–body
s+ Dimensionless riblet spacing
ui Three components of mean velocity
u∗ Friction velocity
u+ Dimensionless velocity
∆u+ Additional velocity introduced by riblets
V∞ Flow velocity of the free stream
xi Three coordinates in space
x, y, z Cartesian coordinates
y+ Wall distance in wall unit
y+w Dimensionless wall distance of computational grid at the wall
Greek characters
α∗, β∗ Empirical constants in the k-ω SST model
α Angle of attack
ε Dissipation rate of the turbulent kinetic energy
εjmn Tensor of Levi–Civita
ηD Drag-reducing ratio with the effect of pressure gradient
η̂D Drag-reducing ratio without the effect of pressure gradient
ηDwb Drag-reducing ratio of riblets on wing–body
ηw Ratio of ωwm to ωw0
κ The von Karman constant
λ Drag-reducing enhancing factor
µ Dynamic viscosity
µe f Effective viscosity (µ + µt)
µt Turbulent viscosity
ν Kinematic viscosity
ρ Fluid density
ρ∞ Fluid density in free stream
τw Wall shear stress
ω Turbulence eddy frequency
ωw Value of ω at wall
ωwm Wall ω value of the modified SST-RC model
ωw0 Wall ω value of the original SST-RC model
Ω Vorticity tensor
Ωij Components of Ω
Ωrot

m Components of system rotation vector
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