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Study on k2x2Shear Stress
Transport Corrections Applied to
Airfoil Leading-Edge Roughness
Under RANS Framework
A computational fluid dynamics study is carried out to model the effects of distributed
roughness at the airfoil leading-edge using the equivalent sand grain approach and
Reynolds-averaged Navier–Stokes equations. The turbulence model k � x�shear stress
transport (SST) is selected to emulate a fully turbulent flow. Three k and x boundary con-
ditions are studied to model roughness effects. One refers to Wilcox’s boundary condition
and the other two refer to Aupoix’s boundary conditions. Besides, Hellsten’s correction
is used to ensure Wilcox’s boundary condition compatibility with the shear stress trans-
port limiter. After validating the implementation of these boundary conditions, they are
applied to three different airfoils. One of them is a thick airfoil with industrial relevance.
For this airfoil, Wilcox’s boundary condition significantly underestimates the roughness
impact on aerodynamic coefficients. The pressure gradient simplification in Wilcox’s
boundary condition formulation is the driving factor behind this effect. The pressure gra-
dient effect on Aupoix’s boundary condition is minimal.
[DOI: 10.1115/1.4052925]

1 Introduction

Modern computations of turbulent flows over aerodynamically
shaped bodies, like wind turbine blades, involve the solution of
the Navier–Stokes equations (N–S equations) along with a closure
module of the turbulence when this cannot be directly computed
[1]. Wind turbine blades are typically discretized into blade sec-
tions to lower the computational costs [2]. Even though the mod-
eling fidelity of turbulence has been increased by large eddy
simulation and detached eddy simulation approaches [3],
Reynolds-averaged Navier–Stokes (RANS) is the most selected
approach due to its affordability. In airfoil applications, eddy vis-
cosity models are mostly chosen under the RANS framework to
model a fully turbulent state. Spalart and Allmaras [4] and
k � x�shear stress transport (SST) [5] models are the most used
in airfoil applications. To model the flow at the transition location,
more equations are added to the turbulence closure problem.
Some examples are the transitional models c� Re� h [6] and
k � kl� x [7].

For these computations, the surface state of wind turbine blades
is usually modeled assuming a smooth surface. Roughness ele-
ments, if present, are treated as embedded elements inside the vis-
cous sublayer of the boundary layer (BL).

Nevertheless, efforts are taken in the wind energy sector to pre-
dict the impact on wind turbines’ performance caused by surface
roughness. The worsening of the aerodynamic blade response
implies a loss of annual energy production (AEP) [8]. The surface
roughness impact has been reduced by the use of blade pitch con-
trol going from 25% of AEP loss in stall regulation [9] to 5% in
pitch regulation. However, a wide range of AEP loss can be found
in the literature. The sensitivity of the empirical [10] and compu-
tational methods [8] justifies the difference in AEP estimation.

High-lift airfoils are typically used in modern wind turbines,
which are characterized by a pressure coefficient distribution built
up close to the leading edge. A rough surface at this specific loca-
tion might alter the properties of the pressure gradient resulting in
decreased airfoil performance. This is likely to occur because this

region is the most subjected one to erosion during wind turbine
operation.

Four main effects are produced by roughness on airfoil
performance:

(1) Velocity shift in logarithmic BL region: Nikuradse’s
experiments [11] revealed a displacement of the logarith-
mic region of the BL, Duþ, caused by sand grains attached
to the walls of a pipe.

(2) Turbulence intensity (TI) increase: the interaction of the
roughness elements when the BL modifies the turbulent
profile [12].

(3) Anticipation of transition location [13].
(4) Induced separated flow: Roughness elements strongly per-

turb the BL by decreasing the flow momentum needed to
overcome the adverse pressure gradient (APG). As a result,
flow separation occurs downstream of the roughness ele-
ments. Guti�errez et al. [10] measured this flow separation
on the pressure side of a 30% thick airfoil.

The combination of these four effects results in losses of maxi-
mum lift coefficient CLmax and lift coefficient CL slope, as well as
an increment in drag coefficient CD.

Panel methods, like the ones implemented in XFOIL [14] or RFOIL

[15] softwares, are used to compute the airfoil aerodynamic coef-
ficients. These software model the turbulent transition using the
eN method [16]. The turbulence growth caused by roughness can
be adjusted with the N factor, whereas the transition anticipation
can be specified at a precise stream-wise location. In finite volume
methods, the fully-turbulent k � x� SST model is typically used
to emulate the BL development on the surface of rough airfoils
[17].

Aupoix [18] classified a group of modeling methods based on
the order of approximation of the roughness distribution geome-
try. The mesh resolution needed to correctly discretize the rough-
ness elements makes the selection of high-order methods
unaffordable. A few studies purely focused on academic applica-
tions [19], can be found in the literature. On the other hand, low-
order methods do not account for the details of the roughness; but
instead, they modify the set of equations to indirectly introduce
the roughness effects on the flow.

Among the variety of low-order methods, Aupoix [18] recom-
mended the discrete element method (DEM) and the equivalent
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sand grain approach. The DEM modifies the N–S equations to
introduce the flow blockage caused by roughness elements. The
equivalent sand grain approach enhances the eddy viscosity near
the wall via the use of specific boundary conditions (BCs). A
modified value of turbulence quantities is established at the wall.
As a result, the velocity profile is displaced and the friction
increases. Thus, the implementation of these boundary conditions
is more affordable than DEM modifications.

Hence, airfoil flows subjected to roughness have mainly been
studied using the equivalent sand grain method. Despite some
models assume the transition anticipation on rough surfaces [13],
studies based on the fully turbulent BL development with the
k � x� SST model are the most common ones. Aupoix [20]
checked the compatibility of the current roughness corrections
with k � x� SST using flat plate cases. The solution of a simpli-
fied set of sublayer equations revealed an underestimation of the
velocity displacement (Duþ) once Wilcox’s BC was used along
with Hellsten’s correction. To solve the weaknesses of the BCs
compatibility, Aupoix suggested two novel BCs to improve the
Duþ prediction for a wide range of roughness flow conditions.
The quantification of this improvement in terms of airfoil per-
formance is the aim of this study. For this purpose, a thicker air-
foil than the ones found in the literature [21] is chosen. As a
result, roughness corrections are studied along with RANS limita-
tions to predict flow separation in thick airfoils [22].

The equivalent sand grain approach is used in this study. Three
different BCs are implemented in the open-source computational
fluid dynamics (CFD) solver OPENFOAM [23]. The Wilcox’s BC
along with Hellsten’s correction is selected to validate the most
common BC in the airfoil cases found in the literature. Aupoix’s
BCs are also used to verify a possible improvement on the predic-
tion of the airfoil aerodynamic coefficients. This study aims to
find out the limits of these methods once they are applied to thick
airfoils. The theoretical background of each method is described
in Sec. 2. The numerical modeling setup is described in Sec. 3. A
flat plate case is used to validate the methodology in Sec. 4. The
computational validation follows in Sec. 5 with airfoil cases taken
from literature. After BCs validation, a novel airfoil test case is
studied in Sec. 6. Finally, conclusions are drawn in Sec. 7.

2 Theoretical Background

The equivalent sand grain approach inherits its name from the
concept defined by Schlichting and Gersten [24]. Nikuradse [11]
studied the roughness effects on the overlap region of the BL. An
array of sand grains with a precise height was used in his experi-
ments to emulate a rough surface. Later, Schlichting defined the
equivalent sand grain roughness ks as the roughness height, which
in Nikuradse’s experiments, would provide the same friction
increment as a technical roughness ktech does in the fully rough
regime. Hence, the friction of the technical roughness can be
quantified using the Nikuradse’s law (see Eq. (4)). Figure 1 shows
a schematic equivalence of the Schlichting’s concept.

Roughness elements act on different regions inside the BL.
These regions are bounded by yþ ranges. According to Eq. (1), the
shear stress at the wall sw is required to compute the friction
velocity us and to transfer the physical wall normal distance y to
the flow magnitude yþ. The viscous sublayer of the BL is defined
for yþ values below 30 where the relationship uþ ¼ yþ holds. The
logarithmic layer follows Eq. (2) and is defined for yþ values
higher than 70. A value of 5 is usually assigned to the empirical
constant Cþ [24] used in Eq. (2). The buffer layer is defined for
intermediate yþ values

uþ ¼ u

us
yþ ¼ y � us

�
us ¼

ffiffiffiffiffi
sw

q

r
(1)

uþ ¼ 1

j
lnyþ þ Cþ (2)

Similarly to the definition of yþ, ks is related to flow conditions
through the parameter kþs

kþs ¼
ks � us

�
(3)

Nikuradse transformed Eq. (2) in Eq. (4) to introduce the Duþ pro-
duced by roughness

uþ ¼ 1

j
ln

yþ

kþs
þ B kþs

� �
(4)

The function B(kþs ) depends on kþs and introduces the Duþ shift
for different flow conditions. Nikuradse defined three different
regimes of kþs :

kþs < 5 the surface can be considered smooth.

kþs > 70 a fully rough regime is assumed. Only the pressure
imbalance across the roughness elements contributes to drag.

5 < kþs < 70 the intermediate regime is called transitional regime in
which friction forces also contribute to drag. Colebrook et al. [25]
and Colebrook [26] carried out several experiments to verify the
non-universal character of the transition regime.

Nikuradse used the values j ¼ 0:4 and Cþ ¼ 5:5 in Eq. (4)
while values of j ¼ 0:41 and Cþ ¼ 5 are used in Eq. (2). These
last values are more consistent with the calibration of the k � x�
SST turbulence model. To cope with this discrepancy, Aupoix
recommended to use Gridgson’s [27] representation of the Cole-
brook’s experiments (Eq. (5) where j ¼ 0:41 and Cþ ¼ 5:25).
The term exp ½jð8:5� CþÞ� in Eq. (5), is the intercept of the fully
rough asymptote in the roughness function Duþðkþs Þ, where the
value 8.5 refers to the value Bðkþs Þ given by Nikuradse for the
fully rough regime (kþs > 70)

Duþ ¼ 1

j
ln 1þ kþs

exp j 8:5� Cþð Þ½ �

 !
(5)

Equations (3), (4), and (5) are extensively used throughout this
study as these equations are intrinsically included in the mathe-
matical expressions of the boundary conditions used in Secs. 4, 5,
and 6.

Historically two paths have been followed, either turbulence
models have been improved or boundary conditions have been
developed to model roughness effects. Menter stated the new
baseline k � x model (BSL) to improve the dependency of the
Standard k � x of Wilcox to freestream values. Later, Menter
added the SST limiter to the BSL to improve the performance
under APG which are considered crucial for airfoil computations.
However, some incompatibilities have been found between the
BCs and the SST limiter.

Part of the explanation given by Aupoix [20] is used along the-
Secs. 2.1–2.3. This study intends to find out the limits of this
theory when applied to airfoil cases.

2.1 Wilcox’s Boundary Condition. The turbulence model
standard k � x developed by Wilcox allows the specification of
arbitrary values of x at the wall. This feature was originally dis-
covered by Saffman and Whitham [28] and was taken by Wilcox
[3] to create a x boundary condition to be set at rough walls. A
function SR was fitted to Nikuradse data to match the same veloc-
ity shift. This fitting was carried out using a time marching

Fig. 1 Representation of the equivalence between ktech and ks

concepts
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procedure to solve a simplified set of sublayer equations. The con-
vective term and the pressure gradient term were neglected in
those equations

xw ¼
u2

sSR

�
SR ¼

50

kþs

� �2

kþs � 25

100

kþs
25 < kþs < 2000

8>>>>><
>>>>>:

(6)

Near a smooth wall, small eddies are expected with a x value
that tends to infinity. As remarked by Aupoix [20], a finite specific
dissipation is now imposed by the BC at the wall, which will lead
to turbulence enhancement. Consequently, a relatively higher
momentum transfer toward the wall is reported in the literature.

2.2 Hellsten’s Correction to Wilcox’s Boundary Condi-
tion. Menter’s k � x turbulence models preserve part of the origi-
nal Standard k � x formulation for a BL height below half of the
BL thickness d. While Wilcox’s BC behaves adequately for the
BSL model, Hellsten and Laine [29] demonstrated its incompati-
bility for k � x� SST. Above a fully rough surface, the SST limi-
tation becomes active in the roughness layer. Menter designed the
SST limiter to introduce the Bradshaw’s assumption at the outer
region of the BL, which is not valid for the inner region of the BL.
Consequently, an underestimation of the roughness effect occurs.

Hellsten and Laine [29] used the ratio ðF2jSj=ða1xÞÞ to assess
the activation of the SST limiter. If this ratio exceeds 1, the SST
limiter is enabled. The specification of a finite value of x at the
wall increases the value of the ratio because the term a1x is
smaller than the 1 value of the one used for smooth walls. The
F2 function, introduced in Eq. (7), was designed by Menter to de-
activate the SST limiter in regions of free-shear flows. Similarly, a
F3 function was added to the lt definition by Hellsten and Laine
[29] to prevent the activation of the SST limiter in the viscous-
sublayer. F3 function is set to zero in the near-wall region and is
one elsewhere

lt ¼
a1qk

max a1x; b1jSjF2F3ð Þ (7)

As implemented in OPENFOAM 5.0

F3 ¼ 1� tan h min
150�

xy2
; 10

� �4
" #

(8)

The F3 function is already implemented in the source code as a
switch option. So, only the implementation of the Wilcox’s BC
was necessary for this part of the study.

2.3 Aupoix Boundary Conditions. Aupoix demonstrated
that Wilcox’s BC along with Hellsten’s correction underestimates
the velocity shift for large roughness (kþs > 1000). Aupoix justi-
fied this failure with the difference in the diffusion coefficient rk

between BSL and SST models.
Aupoix [20] stated that all previous BCs could not provide with

suitable prediction for the entire roughness regime. Consequently,
two new sets of BCs were developed concerning a simplification
of the Aupoix’s general method to extend turbulence models to
rough surfaces [18]. Given a reduced roughness height kþs , the
solution of the model over a smooth surface is imposed at a dis-
tance from the wall where the velocity value is equal to the
desired velocity shift Duþðkþs Þ. As a result, friction is increased.

With this purpose, a wall condition is imposed for each trans-
ported turbulent quantity at a distance d0 from the smooth wall
and not at the wall itself. However, for the k � x� SST model,
the normal distance to the wall only appears at functions F1 and
F2 [20]. This makes the required d0 distance to be negligible.

Consequently, Aupoix simplified the d0 distance for k � x� SST
corrections so that the modified wall condition for k and x could
be set at the wall.

This strategy was applied by Aupoix to two different empirical
sets, one aimed to match Nikuradse’s experiments [11] and the
other matches Colebrook’s ones [25,26]. Equations (9)–(11)
include the nondimensional formulation used for Nikuradse’s
empirical relationship. The reader is referred to Ref. [20] to see
the formulation used for Colebrook’s empirical relationship

kþw ¼ maxð0; kþ0 Þ (9)

kþ0 ¼
1ffiffiffiffiffi
b�

p tan h
ln

kþs
30

ln8
þ 0:5 1� tan h

kþs
100

� � !
tanh

kþs
75

� �" #

(10)

wþw ¼
400; 000

kþ4
s

tan h
10; 000

3kþ3
s

� ��1

þ 70

kþs
1� exp � kþs

300

� �� �
(11)

Both sets of BCs were used in several flat plate cases with and
without APG. Finally, Aupoix recommended the use of Colebrook
BC. It provides a better estimation of the Cf tendency for high
roughness. However, there is currently a lack of documentation
about the use of these BCs in airfoil cases. Most of the literature
applications to airfoil flows are focused on Wilcox’s and Hells-
ten’s corrections [21,30]. Hence, this study intends to contribute
to the knowledge of Aupoix’s BCs application on thick airfoils
used in the wind energy industry.

3 Numerical Setup

The open-source CFD solver OPENFOAM v5.0 is used for the
computations of this study. The flow is assumed to be incompres-
sible and steady. The SIMPLEC algorithm is used to solve the
N–S equations. A second-order linear upwind scheme is used for
equations discretization. A residual value lower than 1� 10�6 is
reached for every flow variable. For the flat plate case, a total
number of 5000 iterations are required to reach convergence,
whereas 30,000 iterations are required for airfoil cases. Addition-
ally, a two-dimensional approach is followed using an empty
boundary condition on sides normal to the spanwise direction.

Fully turbulent models are taken into account to model the
roughness effect. The k � x� SST is the turbulence model
selected, as in Secs. 4 and 5. For the thick airfoil case, the turbu-
lence model selection is explained in Sec. 6. Additionally, the dif-
ferent k � x models are also taken into account for flat plate cases
to correctly assess the BC’s efficiency. Clean reference cases in
Sec. 6 are the only transitional flow computations determined by
c� Re� h model.

Inlet and outlet BCs are used for the flat plate case whereas a
far-field BC is used for the airfoil case to switch between inlet and
outlet BC depending on the velocity vector sense. For the inlet,
the turbulence decay produced by the k � x� SST model is con-
sidered. This decay depends on k1 and x1 set at inlet cells. The
method of Spalart et al. [31] is used to estimate the decay and
reach the desired TI level at the airfoil leading-edge.

A Neuman BC is chosen for smooth and rough walls to estab-
lish the turbulent viscosity value at the wall.

The value of k and x at the wall will depend on the assumed
surface state. For the smooth surface, a null value is set to k and
the recommended Menter’s expression (see Eq. (12)) is used for
x. The rough surface specification will depend on the chosen BC
method (explained in Sec. 2)

xw ¼ 10 � 6�

b1 Ddð Þ2
(12)
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A near-wall model approach is adopted in this study, which
means that no wall function is used between the wall and the first
cell centroid above it. The mesh resolution is adjusted using the
grid nodes placed along the normal direction to the wall. This is
usually determined with a yþ criterion. Menter [5] stated that yþ

should be lower than 1 for a correct use of k and x equations at
the viscous sublayer region. On the other hand, studies on rough-
ness modeling using k � x� SST, like the ones from Mendez
et al. [21] and Langel et al. [13], concluded that yþ should be
below 0.5 under smooth conditions and below 0.1 under rough
conditions. Hellsten and Laine [29] explained that the increment
in velocity gradient at the rough wall makes the yþ criterion more
restrictive. Assuming a desired yþ value of 0.1, a first cell height
of 1:25� 10�6m is set for flat plate cases and 1:12� 10�6m for
airfoil cases.

3.1 Grid for Flat Plate Cases. A mesh dependency study
was carried out by Hellsten and Laine [29] to assess the needed
resolution to correctly model the flow field. Their conclusions
have been used in this study. A mesh resolution of 160� 96 is
finally used. A total number of 15,105 cells were determined. The
structured mesh is shown in Fig. 2.

3.2 Grid for Airfoil Cases. An O-grid computational domain
has been selected for every airfoil case. A radius R of 40 times the
airfoil chord length is used following Sorensen et al. [32] recom-
mendations. The mesh around the airfoil is shown in Fig. 3.

The grid convergence index (GCI) method [33] was used to
choose the mesh resolution. A fine mesh was first obtained follow-
ing the recommendations provided in [32]. A constant yþ of the
first cell centroid above the wall was employed for each mesh and
angle of attack (AoA). Three meshes were built from fine to
coarse: L1 with 130,560 cells, L2 with 66,206 cells and L3 with
16,770 cells.

As Roache [33] indicates, if the ratio GCI23=rpGCI12 � 1, grid
convergence can be assumed.

Most of the cases provided a suitable GCI ratio, as shown in
Table 1. Besides, L1 mesh was modified to meet yþ requirements
of the roughness corrections and a finer mesh was obtained. A

total number of 530 grid points were used to discretize the airfoil
geometry while 270 grid points were used along the normal direc-
tion to the airfoil. This combination resulted in 1:4� 105 cells.

4 Flate Plate Case

Hellsten and Laine [29] used flat plate cases to demonstrate that
his correction for k � x� SST works for different roughness
regimes. Five cases were studied with the different ks values that
are described in Table 2. A kþs regime along the flat plate was
obtained by each ks due to the variation in frictional velocity us
along the plate. A zero pressure gradient flat plate was used. Com-
putational results were compared with empirical relationships,
Nikuradse relationship for Duþ [11] and Mills–Hang relationship
for Cf development along the flat plate. As a result, SST limiter
was disabled under different rough conditions.

Hellsten and Laine [29] set a maximum Reynolds number based
on the stream-wise distance (Rex) of 5� 106. In this study, the flat
plate length is around 2 m after assuming a freestream velocity of
40 m/s and a kinematic air viscosity � of 1:47� 10�5 m2=s. The
BL thickness d is estimated using the empirical relationship given
by Schlichting and Gersten [24]. The maximum d is 0.04 m. Con-
sequently, a total flat plate height of 0.15 m ensures the correct
modeling of the defect layer and wake region of the BL.

Equivalent sand grain heights were scaled with the flat plate
length (L) in Hellsten and Laine [29]. Table 2 summarizes the ks

values used in this study.

4.1 Flat Plate Results. Hellsten and Laine [29] analyzed the
roughness effect on uþ for a certain stream-wise location. This
location was scaled with the ks value as x/ks. In this study, the
location is computed to be at 1.085 m from the flat plate inlet.

This study starts with the comparison of the implementation of
Hellsten’s correction with the results presented in Hellsten and
Laine [29]. Table 3 demonstrates the reliability of the comparison.
The yþ value of the first cell centroid above the wall is small
enough to capture the viscous-sublayer. Besides, an increment in
yþ and us is shown in rough cases compared with clean ones. This
shows the relevance of taking into account roughness for the mesh
generation. Rough BLs are made nondimensional using its corre-
sponding us value.

Hellsten and Laine [29] normalized the normal distance to the
wall y with the equivalent sand grain height ks to provide with
unique comparison for every used ks value, as shown in Fig. 4.
Although the kþs values of this study are slightly higher than the
ones provided in Hellsten and Laine [29], the same tendency is
obtained between both CFD approaches. All lines approach the
empirical relationship for low values of y=ks. However, this effect
is lost when ks is increased. The cases 4 and 5 present an

Fig. 2 Structured mesh for flat plate cases

Fig. 3 Structured O-grid for airfoil case of Sec. 6

Table 1 Results for c2Re2h turbulence model

Aero. coefficient AoA (deg) GCI23=rpGCI12

CL –6 1.0007863
12 1.009847

CD –6 0.976923
12 0.912863

Table 2 ks values derived from the ratios ks=L used by Hellsten
and Laine [29] and using a flat plate length L of 2 m

Case ks=L ks

1 0.0001 0.0002
2 0.00025 0.0005
3 0.0005 0.001
4 0.001 0.002
5 0.0015 0.003

Table 3 Values are computed with respect to the clean case
(y1

0 50:069 and us51:55)

Case 1 2 3 4 5

Dyþ0 0.012 0.019 0.027 0.036 0.042
Dus 0.27 0.44 0.61 0.81 0.95
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overestimation of uþ compared with the cases 2 and 3, which was
also obtained by Hellsten and Laine [29]. Aupoix [20] remarked
this drawback of the Wilcox’s BC along with Hellsten’s correc-
tion for the fully rough regime, which is the regime reached by
the cases 4 and 5. The similarity between Hellsten and Laine [29]
and the presented results, verifies the Hellsten’s correction imple-
mentation at the OPENFOAM code.

4.1.1 Boundary Conditions Performance in Fully Rough
Regime (Case 5). Case 5 has been selected to compare the results
provided by the studied combinations of BCs and the k � x turbu-
lence models. The reason for this selection is that Duþ underesti-
mation was mainly reported by Aupoix for the fully rough regime
(kþs > 70).

Figure 5 shows that the Standard k � x turbulence model along
with the Wilcox’s BC provides with correct estimations of uþ.
Additionally, a correct implementation of the Wilcox’s BC is veri-
fied. The BSL model is typically assumed to be the successor of
the Standard k � x, since it removes the dependency on free-
stream conditions provided by the Standard k � x. For the BSL
turbulence model, the same kþs as in the Standard k � x model is
obtained. Additionally, the BSL improves the modeling of the
wake region because the equations of the k � � model are enabled

in that region. The results from the BSL model of this study are in
good agreement with the one obtained by Hellsten and Laine [29].

The failure of the Wilcox’s BC due to the presence of the SST
limiter is clearly shown in Fig. 5 by the results labeled as Wilcox
BC with k � x� SST. There is an underestimation of kþs , which
is translated into an overestimation of the uþ value. Aupoix [18]
also stated this failure for different roughness regimes.

The Hellsten’s correction solves the SST problem, but as shown
in Fig. 5, it still deviates from Nikuradse’s relationship. The result
of the Aupoix BC based on Nikuradse’s data is almost identical to
the result from the BSL model. Consequently, this BC shares the
SST advantages and it complies with Nikuradse’s empirical rela-
tionship. On the other hand, the Aupoix’s BC based on Colebrook
data predicts a lower velocity shift than the Nikuradse one. This is
justified by the difference between the empirical relationships.
Even so, this last BC expression was highly recommended
by Aupoix because it is more consistent with j constant used in
k � x� SST and it provides better performance in fully rough
regimes than other BCs.

5 Airfoil Cases From Literature

Two airfoil cases are taken from literature to support the confi-
dence in the methodology followed in this study. These cases
were used by Mendez et al. [21] to validate the use of the Hells-
ten’s correction along with Wilcox’s BC. A ratio ks=ktech ¼ 1 was
used by Mendez et al. [21], which is also assumed for every com-
putation presented in this section.

The first case is based on a S809 airfoil that was tested in OSU
wind tunnel [34] at a Re of 1� 106. Grains were distributed on
the airfoil leading-edge with a normalized height ktech=c of
1� 10�3. The BCs for roughness condition are applied to the first
11%c on both airfoil sides.

An over-prediction of CLmax is provided for high values of CDp

by all BC used. This is justified by a RANS limitation [35]. A shift
in lift slope from numerical solution to the experimental data is
reported as observed by Mendez et al. [21]. A reduction of this
overestimation is given by Aupoix BCs. Finally, the results show
a good agreement between CL and CDp values.

The second case is based on the NACA0012 airfoil. This airfoil
was tested at the Two-Dimensional Low-Turbulence Pressure
Tunnel at NASA Langley Research Center (Hampton, VA). The
Reynolds number was 6 million. Carborundum grains were glued
to the first 8%c on both airfoil sides following NACA standard
method [36]. In this study, a ktech=c ¼ 6� 10�4 is used.

The similarity among the three BCs shown for the S809 airfoil
case, is also found for the NACA0012 symmetrical airfoil case.
For low values of CD, Fig. 6 shows a good agreement among all
BC used. However, for high angles of attack, Aupoix BCs entail a
more significant roughness effect than the one measured. In con-
trast, Wilcox’s BC provides an over-prediction of CLmax. Similar

Fig. 4 Scaling plot for different cases using Hellsten’s correc-
tion. Nikuradse empirical relationship is represented in solid
line.

Fig. 5 Scaling plot for Case 5 and different BCs. Nikuradse
empirical relationship is represented in solid line. Fig. 6 CL versus CDp for S809 airfoil case
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experiments about distributed roughness on NACA0012 airfoil, as
the one of Kerho and Bergg [12], revealed transitional flow over
rough elements. Langel et al. [13] emphasized the importance of
modeling transitional flow for those experiments. Even though it
was done for a lower Reynolds number than six million, this could
question the fully turbulent assumption adopted for this case
(Fig. 7).

In summary, the implementation of the Wilcox’s BC and Hells-
ten’s correction shows a good agreement with the results of
Mendez et al. [21]. For a moderate flow regime, defined by low
Re and low CD values, the results from Aupoix BCs are in the
order of the Wilcox’s ones.

6 Application to Thick Airfoils With Industrial

Relevance

All BCs are applied to a 30% thick airfoil. Thick airfoils are
quite sensitive to roughness compared with thinner airfoils [37].
Consequently, this kind of airfoils can provide with a wide variety
of flow regimes under rough conditions. Besides, there is struc-
tural advantage in using these airfoils for modern wind turbine
blades [37]. The studied airfoil is property of Nordex Energy
Spain S.A.U. Experiments from Guti�errez et al. [10] are taken to
validate the test case.

Guti�errez et al. [10] tested this airfoil in the Low-Speed Low-
Turbulence Wind Tunnel (LSL-LTT) of the Delft University of
Technology. The airfoil model with a chord length of 0.6 m and a
span length of 1.25 m was tested at a freestream velocity of 75 m/s
with a turbulence level of 0.07% (corresponding to Re ¼ 3� 106).
For more information about the tests, the reader is referred to [10].

Sandpaper was installed from the leading-edge to the first 8%c
on both airfoil sides following NACA standard method [36]. A
sandpaper with a grit number of 100 was selected. This grit num-
ber corresponds with a grain height (kg) of 162 lm.

Transitional flow modeling over distributed roughness on airfoil
leading-edges was studied by Langel et al. [13]. A subcritical
range of the roughness Reynolds number (Reks) was defined
between 100 and 400. Above this range, the flow is in a turbulent
state. For this thick airfoil case, the maximum value of Reks is
estimated to be higher than 2000 at an AoA of 0 deg. This parame-
ter is based on ks and the tangential velocity component at a ks dis-
tance above the wall. For Reks estimation, an undisturbed BL is
computed using k � x� SST. This assumption was also used by
Langel et al. [13]. Additionally, infrared thermography images
confirmed a turbulent state around the entire airfoil during the
test. This justifies the use of k � x� SST as the turbulence model
in the CFD modeling of this study.

In this study, conditions pertaining to an airfoil with mild sepa-
ration have been chosen. This choice is motivated by RANS

approach limitations when computing flow separation [35]. Apart
from the expected flow separation on the airfoil suction side
beyond CLmax, Guti�errez et al. [10] measured considerable flow
separation on the airfoil pressure side produced by roughness for
low AoA. In this study, the analyzed AoA range corresponding to
the condition mentioned above is defined from 4 to 9 deg.

6.1 Equivalent Sand Grain Value ks Used. As it was
remarked by Aupoix [18], the main drawback of the equivalent
sand grain approach is its dependence on the used ks value. In an
ideal situation, the ks value should be equal to the averaged grain
height kg to ensure a ratio ks=ktech approximated to 1. However, in
practice, this was not achievable in the experiments of Guti�errez
et al. [10] because of the employment of the sandpaper with a
finite support layer. As a result, an offset of kf from the airfoil sur-
face is determined. Additionally, double-sided tape was used to
attach the sandpaper to the airfoil leading-edge. This tape contrib-
utes to the offset with a thickness of kd.

The ktech used in this study is the sum of kg, kf and kd terms (see
Table 4). The sum of kd and kf is the 78% of the offset which is
considered a relevant amount.

Due to the difficulties in the derivation of ks, a ratio ks=ktech

equal to 1 is chosen as an initial value. It is assumed that the sand-
paper grain distribution is similar to the one used by Nikuradse
[11]. This simplification is usually followed by other authors as
[21,30]. As a next step, a ks fit is carried out to check possible
improvements with respect to the initial value.

6.2 Results for ks=ktech51. The velocity distribution in the
logarithmic region of the BL and the Cp on the airfoil surface are
investigated to validate the correctness of the BCs to emulate the
roughness effect.

In Figure 8, the Cp results of all BCs are compared with pres-
sure tabs measurements for an AoA of 5 deg. Wilcox’s BC results
in an underestimation of the roughness effects compared to
Aupoix’s BCs. A lower Cp value is predicted by Wilcox’s BC on
the airfoil suction side while this difference is reduced on the air-
foil pressure side. Aupoix’s BCs provide with better Cp estima-
tion. The difference in the empirical Eqs. (4) and (5) explains that
Nikuradse BC entails the most significant Cp modification. The
BL result from Colebrook BC is in better agreement with the

Fig. 7 CL versus CD for NACA0012 airfoil case. Dots corre-
spond to experimental data [36].

Table 4 Dimensionless heights due to sandpaper

kg=c kd=c kf=c ktech=c

0.00027 0.0000834 0.000834 0.00116

Fig. 8 Cp distribution for an AoA of 5 deg. PIV experimental
boundary layer shown in small plot is extracted at x/c 5 0.87 on
the airfoil suction side.
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measurements than Nikuradse BC, whereas a better performance
is given by Nikuradse BC with respect to Cp measurements.

Nevertheless, all BCs fail to predict Cp at the gray region shown
in Fig. 8. The ks parameter was varied to verify that this effect
was not dependent on it. Although the analyzed AoA is inside the
linear CL region of the rough polar, a small region of separated
flow was still measured on the airfoil pressure side. This failure is
related to RANS approach limitation to predict flow separation
[35].

The underestimation produced by Wilcox’s BC is more pro-
nounced at relatively higher angles of attack, as demonstrated by
Fig. 9. At an AoA of 8 deg, Nikuradse BC provides the most con-
sistent result while the result from Colebrook BC is underesti-
mated on the airfoil suction side. At this AoA, there is no
separated flow on the airfoil pressure side and the CFD model is
relatively more accurate in its prediction. RANS limitations are
seen to be the cause of the failure shown in Fig. 8.

6.3 Wilcox’s Boundary Condition Limitation. Due to the
underestimation provided by Wilcox’s BC in previous results, the
ks parameter was increased to provide with more significant
roughness effect than before. However, the resulting Cp distribu-
tion was almost identical and no significant variation was detected
for a wide range of the ks tested values. On the other hand, the
Hellsten’s function F3 was checked to properly identify the rough-
ness layer extension for each ks value. Consequently, the cause of
the underestimation is related to Wilcox’s boundary condition.

Comparing the results of Sec. 5 to the ones of Sec. 6, the S809
airfoil case determines better agreement in Cp distribution than
the thick airfoil case. Even though these computations were car-
ried out using different Re, the geometry of thick airfoil leading-
edges determine more pronounced pressure gradient than thin air-
foils. Consequently, the boundary condition response against pres-
sure gradient is crucial.

Both Aupoix and Wilcox BCs have been developed without
taking into account the pressure gradient term in the momentum
equation. As remarked by Aupoix [18], his strategy is only accu-
rate for zero pressure gradient flows. Including the pressure gradi-
ent term in the momentum equation will introduce a numerical
difference. However, this difference remains small compared to
the influence of the wall friction term. This is corroborated with
the agreement of the Aupoix’s BCs in terms of pressure coeffi-
cient distributions shown in Figs. 8 and 9. On the other hand, there
is no information about the sensitivity of the Wilcox’s BC to pres-
sure gradients. Even though all studied BCs are not adjusted to
pressure gradient flows, the theory of the Aupoix’s strategy seems
to be relatively more suitable for these regimes. This theory acts
on the BL profile itself whereas Wilcox’s BC induces a different
solution for the velocity profile by an arbitrary assignment of the

x value at the wall. As a result, Aupoix’s BCs are more adapted
to pressure gradient variations than Wilcox’s BC due to the local
effect over the velocity profile.

To investigate the BC adaptation to pressure gradients, the free-
stream velocity is reduced for the same airfoil chord length
obtaining a Reynolds number range from 3� 105 to 3� 106.
Figure 10 shows a reduction of the Cp gradient with the velocity
increase. For all Reynolds numbers, a favorable pressure gradient
is provided by the leading-edge geometry of the thick airfoil. On
the other hand, Fig. 11 shows the similarity in kþsmax estimation
depending on Reynolds number. For each computation, kþs values
are postprocessed following Eq. (3) and the maximum value is
found. These maximum values were always found on the airfoil
suction side because the AoA was always positive. For low Re,
the favorable pressure gradient is higher, kþsmax is lower and the
prediction is almost identical among the three BCs. However,
once velocity is increased, the prediction among the three BCs
diverges. Although the pressure gradient magnitude is reduced for
high Re, it is combined with a higher value of kþs . This can mag-
nify the difference in the eddy viscosity established by the BCs
resulting in a different flow solution.

6.4 Summary of Airfoil Performance Versus Boundary
Condition. The overall performance of the modeling can be veri-
fied with the airfoil aerodynamic coefficients. Figures 12 and 13
show, respectively, for clean and rough configurations the CL and
CD polar curves. The CL in smooth conditions slightly deviates
from wind tunnel measurements but the CD is in agreement with
measurements. On the other hand, methods as k � x� SST or

Fig. 9 Cp distribution for an AoA of 8 deg Fig. 10 Pressure coefficient gradient on thick airfoil suction
side for different Re

Fig. 11 Development of maximum value of k 1
s for different Re.

Values are extracted on the rough leading-edge from the CFD
result.

Journal of Fluids Engineering APRIL 2022, Vol. 144 / 041502-7

D
ow

nloaded from
 http://asm

edigitalcollection.asm
e.org/fluidsengineering/article-pdf/144/4/041502/6836626/fe_144_04_041502.pdf by Bibliotheek Tu D

elft user on 10 June 2022



Wilcox’s BC provide with underestimated effects of roughness.
This comparison evidences that the use of k � x� SST without
any roughness correction is not appropriate for modeling rough-
ness effects on airfoils. The only difference is that the BL is mod-
eled in a turbulent state from the airfoil leading-edge neglecting
the laminar BL emulation done by c� Re� h model. Finally, the
previously explained Wilcox’s BC limitation has significant con-
sequences in the prediction of airfoil performance. The most sig-
nificant impact is determined as an over-prediction of CL.

Aupoix’s BCs provide with better performance under pressure
gradient for different kþs values. Nikuradse BC provides a suitable
CL prediction for 7 and 8 deg which is improved by Colebrook
BC with the ks fit. For relatively lower angles of attack, the RANS
limitations result in an overestimated CL. With respect to CD,
Aupoix’s BCs prediction is in agreement with measurements.
Flow separation introduces coherent flow structures which deter-
mines difficulties in the measurement of a converged CD. In order
to reduce the uncertainty on the CD measurements, averaging
between wake rake and pressure tabs results has been carried out.
The computed tendency of CL is in agreement with the one meas-
ured whereas the tendency of CD is completely different as shown
in Fig. 13.

Additionally, the BCs behavior is the same beyond CLmax, as
demonstrated by the results at AoA of 9 deg.

7 Conclusions

A study has been carried out to quantify the limits of the current
roughness corrections for k � x turbulence models once they are
applied to airfoil computations under the equivalent sand grain
approach. Wilcox’s BC was chosen due to its extensive use in lit-
erature. To ensure the compatibility of this BC with the turbulence
model, Hellsten’s correction is used.

The correctness of the implementation of the BCs is first vali-
dated with flat plate cases found in the literature whose results are
in agreement with the ones presented by Hellsten and Laine [29].
Additionally, Aupoix BCs is verified to be the same as in Aupoix
[20]. The BC based on Colebrook’s Eq. (5) is comparable with
Wilcox’s BC as indicated by Aupoix [20] and the result of the
Nikuradse BC fulfills Nikuradse’s Eq. (4).

The main limitation shown in this study is the sensitivity of the
BCs to pressure gradients, as their formulation does not account
for them. While the impact of this limitation was lower for the
S809 and NACA0012 airfoils, it had a significant impact on the
aerodynamic performance of the thick airfoil case. Wilcox’s BC
along with Hellsten’s correction gives an underestimation of the
airfoil Cp distribution. This error is demonstrated to be directly
proportional to the freestream velocity. In contrast, Aupoix’s BCs
are concluded to be more adaptable to pressure gradients under
different kþs values. However, further research should be done to
understand Aupoix’s BCs behavior for high Re near CLmax.

Reynolds-averaged Navier–Stokes limitations for detached flows
are a current problem for roughness modeling in thick airfoils as an
overestimation of CL and a wrong tendency of CD is determined.
This limitation is concluded not to be related to the BCs because it
is not dependent on the ks value and it is reported for every BC.
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Nomenclature

c ¼ airfoil chord length (m)
k ¼ turbulent kinetic energy (m2/s2)
p ¼ order of convergence of Richardson extrapolation
r ¼ rate of convergence of Richardson extrapolation
u ¼ tangential velocity component to wall surface (m/s)
y ¼ normal distance to the wall (m)
L ¼ flat plate length (m)
R ¼ O-grid radius (m)
jSj ¼ scalar measure of the strain-rate tensor (s–1)
a1 ¼ Bradshaw’s structural parameter
b1 ¼ SST limiter parameter
d0 ¼ wall shift for roughness correction
kd ¼ double-sided tape thickness (m)
kf ¼ sandpaper fabric thickness (m)
kg ¼ averaged sandpaper grain height (m)
ks ¼ equivalent sand grain height (m)

ktech ¼ technical roughness height (m)
kw ¼ turbulent kinetic energy at the wall (m2/s2)
k1 ¼ free stream turbulent kinetic energy (m2/s2)
us ¼ friction velocity (m/s)

CL ¼ lift coefficient
CD ¼ drag coefficient

CDp ¼ pressure drag coefficient
Cf ¼ friction coefficient
Cp ¼ pressure coefficient

F1, F2 ¼ blending functions of k � x� SST
F3 ¼ Hellsten’s correction
SR ¼ factor defined in Wilcox’s BC to modify x
uþ ¼ nondimensional tangential velocity component to wall

surface
yþ ¼ nondimensional normal distance to the wall

Fig. 12 CL versus AoA for all models used in this study. Dash
line indicates wind tunnel measurements assuming a smooth
wall. Solid line is related to sandpaper attachment on the airfoil
leading-edge.

Fig. 13 CD versus AoA for all models used in this study. Dash
line indicates wind tunnel measurements assuming a smooth
wall. Solid line is related to sandpaper attachment on the airfoil
leading-edge.
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Cþ ¼ logarithmic law constant
kþs ¼ nondimensional equivalent sand grain height
kþw ¼ nondimensional turbulent kinetic energy at the wall
Re ¼ Reynolds number based on c
TI ¼ turbulence intensity

GCI12 ¼ grid convergence index for meshes L1 and L2
GCI23 ¼ grid convergence index for meshes L2 and L3
Bðkþs Þ ¼ Nikuradse constant dependent on kþs
b�,b1 ¼ turbulence model coefficients
Duþ ¼ difference in uþ between smooth and rough solutions

j ¼ von Karman constant
lt ¼ eddy viscosity (kg/m s)
� ¼ kinematic air viscosity (m2/s)
�t ¼ kinematic eddy viscosity (m2/s)
rk ¼ diffusion coefficient
x ¼ specific turbulence dissipation rate (s–1)

xw ¼ value of x at the wall (s–1)
x1 ¼ freestream x value (s–1)
xþw ¼ nondimensional x value at the wall (s–1)
jSj ¼ scalar measure of the strain-rate tensor (s–1)
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