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Abstract. This work presents the study of the �ow �eld past of dimpled laminar airfoil.
Fluid dynamic behaviour of these elements has been not still deeply studied in the scienti�c
community. Therefore Computational Fluid-Dynamics (CFD) is here used to analyze the
�ow �eld induced by dimples on the NACA 64-014A laminar airfoil at Re = 1.75 · 105 at
α = 0◦. Reynolds Averaged Navier�Stokes (RANS) equations and Large-Eddy Simulations
(LES) were compared with wind tunnel measurements in order to evaluate their e�ectiveness
in the modeling this kind of �ow �eld. LES equations were solved using a speci�cally
developed OpenFOAM solver adopting an L�stable Singly Diagonally Implicit Runge�Kutta
(SDIRK) technique with an iterated PISO-like procedure for handling pressure-velocity coupling
within each RK stage. Dynamic Smagorinsky subgrid model was employed. LES results
provided good agreement with experimental data, while RANS equations closed with k�ω�

γ�R̃eθ,t approach overstimates laminar separation bubble (LSB) extension of dimpled and un�
dimpled con�gurations. Moreover, through skin friction coe�cient analysis, we found a di�erent
representation of the turbulent zone between the numerical models; indeed, with RANS model
LSB seems to be divided in two di�erent parts, meanwhile LES model shows a LSB global
reduction.

1. Introduction
In the recent years the increasing interest of governments to diversi�cation of electrical production
source is realized with renewable sources plant installation increase. The wind power sector is
one of the most developed, thanks also to the innovative construction techniques that have led
to wind turbines size growth and a consequent electricity production optimization [1]. It is clear
that the development of high e�ciency blades still plays a central role in the design of new
generation wind turbine. Laminar airfoils can satisfy thees requirements: indeed thees airfoils
operate for a certain angles of attack without increasing their aerodynamic drag. However, such
airfoils are often a�ected by a laminar separation bubble (LSB) which produces a reduction
of the aerodynamic performance. It is worth nothing that the adoption of dimples to reduce
the drag is credible since the accidental discovery of drag reduction by surface roughening on
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golf balls. Nevertheless many papers have been devoted to study dimples behavior for blu�
body �ows and heat transfer enhancement in internal �ows; we can not �nd in the present
literature any study that addresses the dimples e�ect on aerodynamic surfaces for transitional
�ows. However few researches provide some information about �ow structure due to dimples on a
channel surface and the in�uence of dimple depths, [2, 3]. Moreover Lake, [4], in his PhD thesis,
conducted experimental tests on a gas turbine blade cascade in order to estimate the best shape
and position of the dimples elements. So the main aim of this research is to deeply investigate
the dimples e�ect on aerodynamic surfaces. In particular our e�orts have been oriented on
low Reynolds number operating airfoils which are of interest for wind energy applications. In
particular the impact of dimples on the reduction of LSB was faced. Therefore the �ow �eld past
a dimpled NACA 64�014A laminar airfoil was carefully studied. This airfoil was selected because
its abrupt pressure recovery and the systematic presence of a LSB. Hence this element allows to
evaluate dimples performance about the LSB reduction. The airfoil was studied at α = 0◦ and
Re = 1.75 · 105: the dimpled con�guration consists in one row of these elements placed at 55 %
of chord length with one dimple diameter spacing in the span-wise direction. Firstable Reynolds
Averaged Navier�Stokes (RANS) solution were obtained using the well�known commercial CFD
code Star�CCM+. On the other hand, Large-Eddy Simulations (LES) were performed in order
to investigate the �ow mechanism in the dimple zone and to reconstruct the �ow features in the
downstream region. LSB modeling is well recognized challenging task in the CFD community
and in the present literature we can �nd several paper addressing this topic, [5, 6, 7, 8]; however,
in the authors knowledge we cannot �nd any detailed study about LSB reduction modeling using
dimples, hence this element can be considered a point of novelty of this paper. Our numerical
investigations were validated using experimental data obtained at Environmental Wind Tunnel of
the �Università Politecnica delle Marche�. The results, presented in this paper, show that dimpled
NACA 64-014A airfoil, compared with its un�dimpled version, experiences a LSB reduction.

The paper is organized as follows. Sec. 2 presents the dimples geometric con�guration. Sec. 3
brie�y describes the �ow models and the discretization techniques adopted for their solution.
Sec. 4 treats the description of the experimental set�up. Sec. 5 is devoted to the results and
Sec. 6 contains the conclusions.

2. Dimple geometric con�guration
The dimples geometric features are reported in Fig.1 (values expressed in chord length percent,
% c): a spherical cut of 4.7% c as executive diameter and 0.705% c in depth make an elliptic
dimple, depending of airfoil local curvature. The dimple axis is placed at 55% c and it is
perpendicular to airfoil surface, thus we have a 3.35% c equivalent diameter (ratio between
perimeter and π), as reported in Table 1. The dimpled airfoil has only one row of these elements
with about one dimple diameter spacing in the spanwise direction.

Table 1. Dimpled NACA 64-014A geometric details; values expressed in chord length percent

xD Dexec h D∗ h
D∗

55 4.7 0.705 3.35 0.2107

3. Numerical modeling
For the numerical simulations, RANS and LES approaches were used. For un�dimpled airfoil
a RANS 2D model was used, while 3D domain with 14% c spanwise depth is used for dimpled
con�guration (consisting of two consecutive dimples representation) and LES un�dimpled case.
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Figure 1. Dimples geometric con�guration

A C�shaped domain with hexaedral elements was built. The employed grid has a viscous sublayer
scaled �rst cell height, y+, of approximately 1. The value of y+ is estimated as y+ = uτ

ν yc, where

uτ =
√
τw/ρ is the friction velocity, τw is the viscous stress component measured at the wall,

and yc is the height of the cells next to the wall which was �xed equal to 10−4 c.
The starting 2D domain consists of 1.75 · 105 quadrilateral elements. We have to note that 290
cells were used to discretized the airfoil along the chord length, 180 cells were adopted in the
wake region, while 195 in the direction normal to the airfoil. The 3D domain, used for LES
computations, was obtained extruding the 2D one in the spanwise direction using 40, uniformly
spaced, cells. Thus the total cells' number was 5.6 ·106. The dimples curvature strictly requires a
local mesh re�nement, thus nodes' number was increased from 290 to 345 for the chord direction
and from 40 to 112 for the spanwise direction. In particular the dimples were discretized using
44 elements along its diameter. The obtained computational grid owns 22.1 · 106 cells. Moreover
a coarse mesh, having 3.1 ·106 of cells, was also carried out by halving the cells' number in all the
x�y�z direction. Fine and coarse computational grids for the dimpled con�guration are showed
in Fig.2.

For RANS simulations, laminar�to�turbulent transition model available within the

commercial CFD software Star�CCM+ was used. In particular k-ω SST model with γ-R̃eθ,t
transitional approach was chosen. Unfortunately, only �rst order upwind scheme can be used for
convective terms discretization in this solver. In order to overcome the dissipation induced by
the �ow model and numerics the free�stream turbulent intensity was set about 3 times greater
than turbulent intensity of the experimental tests.
LES seeks to calculate the large energetic structures in a turbulent �ow and it allows to reduce the
computational resources required by DNS. The LES approach �lters the Navier�Stokes equations
and it inserts a closure approximation for unresolved turbulent structures. Such models are based
on the decomposition of the �uid�dynamic quantities in resolved and unresolved components,
[u, p] and [u′, p′], respectively, so that u = u + u′ and p = p + p′ [9]. In order to derive a set
of equations for u and p, a �ltering procedure is performed over the Navier�Stokes. Filtered
equations reads

∇ · u = 0

∂u

∂t
+ ∇ · (u⊗ u) = −1

ρ
∇p̄+ ∇ · (ν∇u) −∇ ·B

(1)

where B = u⊗ u − u ⊗ u is the so called subgrid�scale stress tensor; B model is the e�ect of
the unresolved scales on the resolved one, [10].
Usually the B tensor is modeled in analogy with Boussinesque approximation by introducing a
subgrid�scale viscosity, νsgs, as follows:

−B +
2

3
ksgsI = νsgs

(
∇u + ∇uT

)
(2)
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(a)

(c)

(e)

(b)

(d)

(f)

Figure 2. Comparison between �ne grid (a,c,e) and coarse grid (b,d,f)

where ksgs is sub�grid kinetic energy and I the identity tensor. Replacing B from eq. 2 in eq. 1,
we obtain the LES governing equations:

∇ · u = 0

∂u

∂t
+ ∇ · (u⊗ u) = −∇P̄ + ∇ ·

[
(ν + νsgs)

(
∇u + ∇uT

)] (3)

with P̄ = 2
3ksgs + p̄/ρ. The sub�grid scales models based on eq. 2 produce the mean (in the

statistical sense) dissipation provided by the unresolved eddies. In particular, in this work we
have considered dynamic version, [11, 12] of the Smagorinksy subgrid scale model, [10]. Therefore
a speci�cally developed OpenFOAM solver named dirkFoam has been adopted to solve the �ow
governing equations. OpenFOAM (Open-source Field Operation and Manipulation) code [13] is
unstructured �nite volume solver released under the GNU Public License (GPL). The code's
object-oriented structure enables users to implement their own models and solvers in the baseline
codes with relatively little e�ort (see for example [14, 15, 16]).
The adopted solver has been developed by our group for DNS/LES applications in order to
guarantee very low dissipation in time integration, [17, 18]. It adopts a third�order accurate
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Singly Diagonally Runge�Kutta (SDIRK) scheme for time integration and for each implicit
Runge�Kutta stage, a PISO�like procedure based on Rhie�Chow correction, [19], in the spirit
of OpenFOAM PISO implementation is employed, [17, 18]. Moreover all di�usive terms and
pressure gradients were approximated with a second�order accuracy, while the convective terms
were discretized using high�resolution NVD Gamma scheme, [20]. For what concerns linear
solvers, we used a preconditioned bi�conjugate gradient method (PBiCG) with a diagonal
incomplete�LU (asymmetric) preconditioner for the momentum equation. For the pressure,
on the other hand, we used a preconditioned conjugate gradient method (PCG) with a diagonal
incomplete Cholesky preconditioner. The linear system for pressure was solved using a local
accuracy of 10−6, whereas the other systems were considered converged when the residuals
reached 10−9.Lastly we want also to remark that no wall functions were used, standard
in�ow/out�ow boundary conditions were adopted and the �ow periodicity was assumed to be in
the span�wise direction.
The computations involving the largest number of grid cells were completed on the GALILEO
supercomputing facility at CINECA using 384 CPU�cores. The solutions on the coarser grids
were obtained on a small Linux Cluster with 6 AMD Opteron-based nodes for a total of 96 CPU
cores operating at 2.6 GHz.

4. Experimental apparatus

Figure 3. (Left) Wing model in EWT of Università Politecnica delle Marche. (Right) Angle of
attack rotation system

The experiments were performed at the Environmental Wind Tunnel (EWT) of the �Università
Politecnica delle Marche�. The EWT test chamber consists of three main sections: the �rst is
used for aerodynamic tests requiring a uniform velocity distribution and a low turbulence level;
the second is used to test reciprocal interference e�ects between slender bodies; the latter is
used to test wind e�ects over buildings, structures, orography models which are subjected to
fully developed environmental boundary layers. The wind tunnel is supplied by a fan having
a constant rotational speed of 975 RPM, consisting of 16 blades with an adjustable pitch that
ensure a regulated wind velocity in the test section between 5 m/s and 40 m/s. Constant
Temperature Hot Wire Anemometer (CTA HWA) measurements showed a lack of �ow uniformity
less than 2.5% and a turbulence intensity level less than 0.3% on an area larger than 90% of
the test cross section. Velocity and turbulence measurements are obtained with Dantec CTA
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system equipped with a pneumatic calibration unit. The wind tunnel is also equipped with a
compact heat exchanger able to control temperature variations inside a range of one Celsius
degree. NACA 64-014A dimpled and un�dimpled airfoils are tested. The wing models have

(a) (b)

Figure 4. (a) Wing model modules. (b) Pressure holes

a chord and span of 0.45 m and 1.4 m respectively. They are formed by three modules: two
modules of wooden template and balsa wood cover and one module formed by tho half birch
plywood wooden shells. Pressure measurements were obtained by means of a Games 5266 very
low range di�erential pressure transducer (±50 Pa operating range) with a typical error below
1% FS BSL. To obtain the airfoil pressure coe�cient distribution, this device in sequentially
connected to all the pressure taps drilled in the section of the wings. The pressure holes are
placed along the wooden shells airfoil section as showed in Fig.4. The original airfoil has one row
of pressure taps, while the dimpled one has a row passing through the middle section of a dimple
and a row between two consecutive dimples. The models are constrained to the wind tunnel by
means of a speci�c framework in order to avoid mechanical vibrations transmission. The angle
of attack is set by means of a zero�backlash cycloidal gear train with a graduated indicator and
a Handel, see Fig.3.

5. Results
This section presents a comparison of the pressure distribution as well as drag coe�cient obtained
from LES and RANS computations of the dimpled and un�dimpled airfoil. Finally computed
pressure distributions are compared with experimental data.
In Fig. 5 we show a representation of the vortex structures computed using LES technique and
identi�ed using the Q�criterion; it is very easy to note as coarse grid results exhibits a loss in
the vortical structures resolution.

5.1. Di�erences between LES and RANS model

As can be seen in Fig. 6, Cp distributions show that our numerical solutions predict a more abrupt
pressure recovery for the un�dimpled airfoil con�guration. However RANS and LES approaches
provide di�erent results downstream the dimples region in terms of LSB modi�cation. Indeed,
as shown in Fig. 7, RANS model produces a sort of splitting of the LSB around the half dimple
section, meanwhile LES solution indicates a LSB length global reduction (over 13.6% c), with a
restricted attached �ow area downstream the dimples.

Furthermore, we have to note that the grid resolution is more signi�cant for the LES
approach than for the RANS one, in particular coarse grid overestimates the dimples e�ect
and underestimates Cf value on turbulent reattachment area, as can be seen in Fig. 8(a).

Lastly, Table 2 reports the impact of the di�erent turbulence models here used on the LSB
extension prediction. Di�erently Table 3 shows the computed drag coe�cients. In particular, we
can note that RANS cases and coarse grid LES solution provide a similar global CD reduction if
compared to un�dimpled con�guration. On the other hand, LES model with �ner grid provides
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(a) (b)

Figure 5. Vortical structures, identi�ed by the Q-criterion (Q = 0.5u2∞/c
2), isosurfaces colored

by pressure coe�cient; (a) �ne mesh, (b) coarse mesh.

(a) (b)

Figure 6. Cp distribution; (a) LES model, (b) RANS model

(a)

(b)

Figure 7. Visualization of positive and negative Cf zones, in red and blue respectively; (a)
LES model, (b) RANS model. Blue zones represent the LSB extension of the dimpled airfoil
cases, while the vertical black lines indicate the starting-ending �ow separation points of the
un�dimpled ones.

a minor CD reduction due to a shear drag increase. Anyway, drag coe�cients obtained by RANS
model are higher than the LES ones.
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(a) (b)

Figure 8. Cf distribution; (a) LES model, (b) RANS model

Table 2. LSB extension; separation and reattachment points expressed in chord length percent.
ND = no dimpled airfoil section, HD = half dimple airfoil section, BD = between dimples section.

Section LES RANS
xs/c xr/c xs/c xr/c

ND 57.6 79.6 56.9 80.5
HD 53.3 77.4 � �
BD 58.0 77.0 56.0 79.5

Table 3. Comparison of drag coe�cients. CD = total drag coe�cient, CD,p = pressure drag
coe�cient, CD,f = friction drag coe�cient

CD ·102 CD,p ·102 CD,f ·102 ∆CD [%]

LES no dimple 1.188 0.524 0.664
LES dimple �ne grid 1.181 0.465 0.716 -0.59
LES dimple coarse grid 1.155 0.495 0.660 -2.81

RANS no dimple 1.228 0.561 0.667
RANS dimple �ne grid 1.193 0.512 0.681 -2.82
RANS dimple coarse grid 1.192 0.505 0.687 -2.93

5.2. Comparison with experimental data

The pressure coe�cient, Cp, distributions of the original and dimpled airfoil are depicted in Fig. 9.
Both LES and RANS simulations are in good agreement with experimental data up to 55% c, i.e.
in the fully laminar zone. In the laminar separation region, the predicted pressure coe�cients are
not in agreement; however their di�erences fall inside the experimental uncertainty. Di�erently
in laminar�to�turbulent transition region, as well as in turbulent reattachment one, LES results
put in evidence a better �tting with the experimental data if compared with RANS solutions.
In particular RANS results are not in good agreement with experiments. As showed in Fig. 10,
our dimpled and un�dimpled con�gurations put in evidence a similar behaviour of the adopted
numerical models.
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(a) (b)

Figure 9. Comparison of Cp with experimental data; (a) un�dimpled airfoil, (b) dimpled airfoil

(a) (b)

Figure 10. Cp distributions; (a) Comparison of original and dimpled airfoil; (b) di�erences
between the two dimpled airfoil sections. For symbols see caption of table 2

6. Conclusion
In this paper, dimples e�ect on NACA 64-014A airfoil at Re = 1.75 · 105 and α = 0◦ was
presented. In particular, the dimples impact on the reduction of the LSB is faced. Therefore,
RANS simulations, within a commercial solver, and LES simulations, with a low-dissipative
algorithm developed by our group, were used. For LES computations, dynamic version of the
Smagorinksy subgrid scale model were used. An experimental measurement were also carried
out for validation purposes.
It has been shown that dimples application produces a reduction of the LSB extension. RANS
model overestimates the laminar�to�turbulent transition and turbulent reattachment locations
of the dimpled and un�dimpled airfoils,while LES model provides better agreement with
experimental data for both the cases. Therefore, LES is able to capture the main features
of the �ow past the dimpled and un�dimpled airfoils. The main drawback of the LES approach
is related to its high computational costs and, for this reason, the presented analysis is limited
only to a single angle of attack.
In conclusion, dimples application on NACA 64-014A airfoil at Re = 1.75 · 105 and α = 0◦
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produces a reduction of the LSB extension and a consequent pressure drag decrease. Both
numerical models show a total drag reduction, while experimental force measurements are still in
processing, with a preliminary good agreement. This is very intresting because dimple application
could be the way to reduce the drag by preserving the general blade features of a wind turbine.
Indeed, a drag reduction without any lift change will have the double bene�t of an increased
tangential force and a reduced axial force, i.e. an electric power production increase and a minor
mechanical stress for a wind turbine. Future work will be devoted to the evaluation of both the
angle of attack and the Re number e�ects.
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