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Abstract

We carried out high-fidelity large-eddy simulations to investigate the effects of uni-
form blowing and uniform suction on the aerodynamic efficiency of a NACA4412 air-
foil at the moderate Reynolds number based on chord length and incoming velocity of 
Re

c
= 200,000 . We found that uniform blowing applied at the suction side reduces the 

aerodynamics efficiency, while uniform suction increases it. This result is due to the com-
bined impact of blowing and suction on skin friction, pressure drag and lift. When applied 
to the pressure side, uniform blowing improves aerodynamic efficiency. The Reynolds-
number dependence of the relative contributions of pressure and friction to the total drag 
for the reference case is analysed via Reynolds-averaged Navier–Stokes simulations up to 
Re

c
= 10,000,000 . The results suggest that our conclusions on the control effect can tenta-

tively be extended to a broader range of Reynolds numbers.

Keywords Active flow control · Turbulence simulation · Wing section · Aerodynamics

1 Introduction

The scientific community is devoting a significant effort to develop drag-reduction tech-
niques, which would potentially be highly beneficial to e.g. reduce the consumption of fos-
sil fuels. In the case of airplanes, which constitute a relevant portion of the greenhouse-
gases emission from the transportation sector (Banister et al. 2011), the drag consists of 
mainly two different contributions. They are the lift-induced ( ≃ 35% ) and viscous drag 
( ≃ 55% ), which together amounts to roughly 90% of the total drag, according to industrial 
estimates (Wood 2004; Schrauf 2005). The continuous design optimisation carried out over 
the past decades led to sizeable reductions of lift-induced drag. Thus, further reductions 
of this contribution to the total drag probably require the introduction of new innovative 
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designs (Abbas et al. 2013). In comparison, less success has been achieved in reduction of 
viscous drag resulting from the shear stress of the fluid which yields both friction drag, i.e. 
the friction force on the body surface, and to pressure drag from the developing boundary 
layer. The occurrence of flow separation, in which the streamlines are deflected away from 
the aerodynamic body, is also a factor that can significantly contribute to increasing pres-
sure drag.

Many studies reported that it is theoretically possible to control the flow in order to 
effectively diminish the skin friction while gaining a net-energy saving, proposing a variety 
of different strategies. These include passive methods, such as riblets (Bechert and Barten-
werfer 1989; Choi et al. 1993), a drag-reducing surface structuring proven successful on 
passenger aircrafts (Viswanath 2002), as well as active ones, in which the drag reduction 
effect is achieved through an action which requires additional energy to be transferred to 
the flow (Gad-el Hak 2000). When the action is determined based on state of the flow, 
sensing is required and the control strategy is said to be reactive [see, for instance, Choi 
et  al. (2008)], in opposition to “predetermined” strategies, for which the action is deter-
mined a priori. Predetermined strategies are particularly appealing [see, for instance, 
Quadrio (2011)] thanks to their comparatively low complexity and larger achievable drag 
reduction at the cost of sizeable power required by the control. The present work deals 
with the predetermined strategy for turbulent skin-friction drag reduction named “uniform 
blowing”, which consists of the imposition of a wall-normal velocity at portions of solid 
boundaries.

The capability of uniform blowing to reduce skin friction has been extensively docu-
mented in both laminar and turbulent flows. Hwang (1996) carried out the first wind-tunnel 
experiment with the so-called micro-blowing technique (MBT). He reported that it is pos-
sible to achieve a significant drag reduction with relatively moderate blowing flow-rate if 
the skin friction of the perforated surface employed to perform blowing is similar enough 
to that of a smooth surface. He thereby conjectured that it is possible to achieve net-energy 
saving in real-world applications. More recent studies confirmed this possibility, investi-
gating the effects of MBT on more complex geometries as well as on turbulent boundary 
layers subject to adverse-pressure gradients. For a detailed description of the development 
of the MBT technique, we refer to the review by Hwang (2004), whereas Kornilov (2015) 
discusses more recent advancements, focusing on experimental results.

High-fidelity numerical simulations could be used to better characterize the interac-
tion between blowing and wall turbulence. However, it is still prohibitively expensive to 
describe the entire turbulent boundary layer together with the details of the blowing surface 
for reasonably high Reynolds numbers and direct numerical simulations (DNS) (Kametani 
and Fukagata 2011) as well as well-resolved large-eddy simulation (LES) (Kametani et al. 
2015) are often employed with the aid of a simplification, namely that appropriate Dir-
ichlet boundary conditions can model the effect of MBT. It is important to note that such 
a simplification artificially reduces the parameter space for uniform blowing and suction 
to control location and intensity. In a real-case scenario, other aspects such as the orifice 
geometry, arrangement, and orientation will play a role, as well as the dynamic interactions 
between the jets and the external flow. Nevertheless, in the present study aimed at funda-
mental considerations, the representation of blowing and suction via a Dirichlet boundary 
condition is maintained.

To the authors’ knowledge, the first numerical study investigating a turbulent boundary-
layer flow subjected to blowing is that of Park and Choi (1999), who employed DNS and 
considered turbulent boundary layers (TBL) at the low Reynolds number based on the dis-
placement thickness and free-stream velocity of 500. They applied blowing (and suction) 



737Flow, Turbulence and Combustion (2020) 105:735–759 

1 3

from a spanwise “slot” with a streamwise width of approximately 125 viscous wall units 
with relatively intense blowing, i.e. from ≃ 2 to ≃ 9% of the freestream velocity. However, 
these authors did not report in detail the skin-friction reduction at the control location since 
their main focus was to study the downstream effects of blowing and suction. Moreover, 
their conclusion that blowing increases the skin friction downstream of the inject location 
does not hold for higher Reynolds numbers (Stroh et al. 2016) and it is probably due to 
low-Reynolds-number effects.

In 2011, Kametani and Fukagata (2011) performed DNS of a TBL with blowing and 
suction at Reynolds numbers based on the momentum thickness between Re

�
= 300 and 

Re
�
= 700 , with intensities up to 1% of the free-stream velocity U

∞
 . They also consider the 

energy input associated with uniform blowing to estimate the upper bound of control effi-
ciency and confirmed that it is theoretically possible to achieve net-energy saving. Further-
more, these authors employed the FIK identity (Fukagata and Iwamoto 2002), by means of 
which the skin friction is decomposed into terms related to streamwise development, mean 
convection, and turbulent fluctuations. They concluded that blowing results in stronger tur-
bulence fluctuations and therefore in an increase of the corresponding contribution to skin 
friction. However a total skin-friction reduction is achieved because such increase is out-
weighed by the reduction of the contribution from mean convection normal to the wall. 
Uniform suction has opposite effects.

Subsequently, other numerical simulations were performed at higher Reynolds numbers, 
in order to assess the optimal control configuration at increasing values of Re, which are 
more relevant to the actual application of full-scale aircraft. In 2015, Kametani et al. (2015) 
carried out well-resolved LES of TBL at Reynolds numbers based on the free-stream 
velocity and the momentum thickness up to Re

�
= 2500 , considering blowing and suction 

with an intensity of 0.1% of the free-stream velocity. In these simulations, the boundary 
layer was initialised with a Blasius profile at the inlet of the computational domain, and 
transition to turbulence is induced with tripping, leading to fully-developed turbulence for 
Re

�
> 500 . Blowing and suction were implemented as a uniform and constant wall-normal 

velocity on the wall, and different control regions were considered. These authors reported 
achieving more than 10% drag reduction despite the relatively low blowing intensity. They 
also observed that the net-energy saving is larger for longer control regions, and for cases 
where the control is located within the earlier boundary-layer development.

Soon after, Stroh et al. (2016) studied the development of a TBL at Reynolds numbers 
in the range between Re

�
≃ 500 and 2400 downstream from the control region. They com-

pared blowing with body force damping, the latter being a numerical control technique to 
model the effect of reducing near-wall fluctuations and thereby potentially affecting the 
skin friction. It is shown in the paper that different control techniques affect the boundary-
layer development which can be described by means of a modified virtual origin. They also 
reported that only with uniform blowing the skin-friction reduction persists indefinitely in 
the region were the control is not applied, albeit it is weaker than over the control region.

Following this observation, Mahfoze et al. (2019) employed Bayesian optimization to 
identify the best combination of control-region length and blowing amplitude to maxi-
mize energy-saving, also including intermittent control regions. These authors also took 
into account the pressure measurements across the perforated plate in the experiment per-
formed by Kornilov and Boiko (2012) to formulate a more realistic estimate of the power 
consumption by blowing, and they confirmed that it is possible to obtain a net-energy sav-
ing in the range of few percent.

The works mentioned so far focused on the description of the effect of blowing 
on developing TBLs, which remains an idealized study case. Firstly, more realistic 
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scenarios exhibit more complex turbulent flows, such as TBL subjected to non-uniform 
pressure gradients and finite aerodynamic bodies, for which the generalization of the 
control techniques is not trivial. Secondly, the skin-friction reduction is beneficial in 
engineering applications only if it corresponds to a reduction of total drag, which also 
includes pressure drag, and to an improvement of the aerodynamic efficiency. For these 
reasons, the two following experimental works on the effects of blowing and suction on 
airfoils are of particular relevance. On the one hand, Eto et al. (2019) considered blow-
ing applied over the suction  side of a Clark-Y airfoil at a Reynolds number based on 
the chord length of Re

c
= 1,600,000 ( Re

c
= U∞c∕� , where c is the chord length and � 

the kinematic viscosity) and a blowing intensity of 0.14%U∞ , and they observed a local 
reduction of the skin friction between ≃ 20 and ≃ 40% . However, they also reported 
that the total drag, estimated from the pressure measurements in the wake of the airfoil, 
increased. On the other hand, Kornilov et al. (2019) carried out experiments on a NACA 
0012 airfoil at Re

c
= 700,000 , applying blowing and suction over both sides of the air-

foil between 0.623c and 0.775c from the leading edge. They confirmed that blowing 
over the suction side does not reduce the total drag, but they also observed that blowing 
over the pressure side and suction over suction side have a beneficial effect, achieving a 
reduction of total drag of the order of 10%.

The experimental results discussed above highlight the need of adopting more realistic 
benchmarks to assess the potential of improving the aerodynamic efficiency by employ-
ing uniform blowing and suction. This necessity is the motivation of the present study, 
which extends preliminary work using LES to investigate blowing over the suction side 
of a NACA4412 at a Reynolds number of Re

c
= 100,000 (Vinuesa and Schlatter 2017). 

We performed well-resolved LES of the incompressible flow around a NACA4412 airfoil 
at a Reynolds number of Re

c
= 200,000 and angle of attack (AoA) of 5 degrees, consider-

ing several control configurations, including both uniform blowing and uniform suction. 
Furthermore, since blowing and suction affect in opposite ways skin-friction and pressure 
drag, we performed a series of Reynolds-averaged Navier–Stokes (RANS) simulations for 
the airfoil without control, in order to describe how the relative contributions to the total 
drag vary with Re. Note that this is the first time that control using blowing and suction is 
investigated over a wing section using high-fidelity numerical simulations. The only previ-
ous study pertaining control effects on a similar geometry is that of Albers et al. (2019), 
who performed well-resolved LES of a DRA2303 wing section at Re

c
= 400,000 with 

spanwise travelling waves which is conceptually different control mechanism than uniform 
blowing or suction. An important point that we do not discuss is the possible net-energy 
saving. This is due to the fact that in the case of uniform blowing and suction the input 
power consumption strongly depends on the actual (engineering) way in which the con-
trol is implemented and therefore requires certain assumptions. Most idealisations, such as 
considering an arbitrary pressure difference, may deliver unrealistic results which strongly 
overestimate the energy saving. A detailed investigation of the energy losses in a realistic 
implementation deserves a comprehensive description, which is out of the scope of the 
present study.

The paper is organized as follows: in Sect. 2, we describe the cases considered in this 
study and the numerical setup; in Sect.  3, we present the results regarding the control 
effects on skin-friction, total drag, aerodynamic efficiency, and inner-scaled velocity pro-
files and the evolution of skin-friction and pressure drag for increasing Reynolds numbers; 
while Sect. 4 contains the concluding discussion. In the “Appendix”, we discuss the statis-
tical convergence of the results and we compare the momentum balance within a control 
volume with the total forces integrated over the airfoil surface.
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2  Methodology

2.1  Considered Cases

We present a relatively large set of simulations, which are listed in Table 1. Due to the 
exploratory nature of the project, we selected the considered cases in a step-by-step pro-
cess, following the most promising path for our goals.

The reference case (Case A), is a NACA4412 airfoil at a chord Reynolds number of 
200, 000 and angle of attack of 5 degrees. The airfoil and angle of attack are the same as 
in the study by Vinuesa et al. (2018), who characterized the TBL over a NACA4412 air-
foil at Reynolds numbers between Re

c
= 100,000 and Re

c
= 1,000,000 . The NACA4412 

airfoil is considered because the pressure distribution over the suction side is weakly 
dependent on the Reynolds number  (Pinkerton 1938). The choice of AoA serves the 
purpose of giving a relatively high adverse pressure gradient on the suction side, with-
out leading to mean separation. The choice of the Reynolds number is the results of a 
compromise between the need of studying a well-developed TBL and the computational 
cost.

In Cases B and C, uniform blowing has been applied over the suction side of the 
airfoil from x∕c = 0.25 to x∕c = 0.86 , with intensities 0.1% and 0.2% of the incoming 
flow, respectively. The region where the control is applied is the same as in a prelimi-
nary study (Vinuesa and Schlatter 2017), and it is limited in the streamwise direction to 
reduce the risk of separation in the region of strong adverse pressure gradient (APG). 
Due to the observation that uniform blowing over the suction side decreases the aero-
dynamics efficiency, in Cases D and E we applied uniform suction over the same region 
and with the same intensities as those in cases B and C, respectively. In Case F, we 
applied both uniform suction over the suction side and uniform blowing over the pres-
sure side with intensity 0.1%U∞ , again between x∕c = 0.25 and x∕c = 0.86 . We chose 
this configuration because it yields zero mass flux over the airfoil surface, which may be 
a beneficial condition in realistic application scenarios.

Case F leads to the observation that blowing has a beneficial effect if applied over the 
pressure side. Therefore, in Cases G and H, we applied blowing over the pressure side 
with an intensities of 0.1%U∞ and 0.2%U∞ , respectively. Since for these blowing inten-
sities there is no risk of inducing separation over the pressure side, we considered the 
extended control region from x∕c = 0.2 to x∕c = 1.0 for these cases.

Table 1  Control configurations described in the present paper

Case Control over the suction side Control over the pressure side Color

––A
B U.B., 0.1%U∞ (0.25 < x/c < 0.86) –
C U.B., 0.2%U∞ (0.25 < x/c < 0.86) –
D U.S., 0.1%U∞ (0.25 < x/c < 0.86) –
E U.S., 0.2%U∞ (0.25 < x/c < 0.86) –
F U.S., 0.1%U∞ (0.25 < x/c < 0.86) U.B., 0.1%U∞ (0.25 < x/c < 0.86)
G – U.B., 0.1%U∞ (0.20 < x/c < 1.00)
H – U.B., 0.2%U∞ (0.20 < x/c < 1.00)

“U.B.” and “U.S.” are uniform blowing and uniform suction, respectively. For all the cases, Re
c
= 200,000 

and AoA = 5 degrees
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Figure 1 illustrates the effects of uniform blowing and uniform suction over the instan-
taneous streamwise component of the velocity in Cases C and E. It is visually apparent that 
blowing and suction affects the boundary-layer thickness in addition to the skin friction.

2.2  Large-Eddy Simulations (LES)

We performed LES using the spectral-element code Nek5000 (Fischer et  al. 2008). The 
numerical setup is similar to that already described in Ref. Vinuesa et al. (2018). In these 
simulations, the domain is divided into elements, and velocity and pressure are repre-
sented inside each element by Lagrange interpolants. Following the P

N
P

N−2
 formulation 

(Maday and Patera 1984), if the polynomial order is P = N − 1 , the velocity is defined on 
N

3 points per element distributed according to the Gauss–Lobatto–Legendre (GLL) quad-
rature rule, and the pressure is defined on a staggered grid of (N − 2)3 points per element 
with the Gauss–Legendre distribution (GL). The incompressible Navier–Stokes equations 
are advancing in time, with the non-linear term being treated by an explicit third-order 

Fig. 1  Vortex clusters identified with the �
2
 criterion (Jeong and Hussain 1995) in Cases (top) C and (bot-

tom) E, with blowing and suction applied over the suction side, respectively. The differences between the 
two cases are visually apparent only in the vicinity of the trailing edge. Vortex clustered coloured with the 
instantaneous velocity component, from (red) u ≈ 1.7 to (blue) u ≈ −0.2 . The yellow and red lines indicate 
the spanwise controlled region and the tripping location, respectively. Note that the tripping is applied over 
both sides of the airfoil
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extrapolation, and the viscous term with a third-order implicit backward differencing for-
mula (BDF). Pressure and velocity are decoupled using a time-splitting operation (Fischer 
1997).

The domain size is 6c × 4c × 0.2c in the horizontal, vertical and spanwise directions, 
respectively, with periodic boundary conditions in the third direction. Note that the lead-
ing and trailing edge of the airfoil are located 2c and 3c from the front and rear boundaries 
of the domain, respectively. The boundary conditions for the front, upper and lower limits 
of the domain are of Dirichlet type, prescribing a far-field velocity distribution estimated 
with an auxiliary RANS simulation. The RANS simulation is performed employing the 
k − � SST model (Bottaro et al. 1994) in a computational domain that extends up to 200c 
far from the airfoil in each direction. The boundary condition for the outlet is the one pro-
posed by Dong et al. (2014). Blowing and suction are implemented as boundary conditions 
on the airfoil surface. Exploiting the local unity vector normal to the surface and pointing 
in the flow domain, the wall-normal velocity to be imposed is decomposed into its Carte-
sian components, which are imposed as Dirichlet boundary condition. The RANS bound-
ary conditions are the same for all the cases in the present study. We considered employing 
RANS with control for the control cases, but we found that the control effects, at the loca-
tion of the boundaries, are small and comparable with the differences between RANS and 
LES in the reference case. Note that the discrepancy between the RANS and LES in the 
mean velocity at the far-field is below 1% . Therefore, we avoid including blowing/suction 
in the auxiliary RANS simulation to avoid introducing additional uncertainty.

To reduce the computational cost of the study, we performed well-resolved LES based 
on a relaxation-term filter (Schlatter et al. 2004). This formulation is in principle equivalent 
to explicitly filtering the highest spectral modes but, since the filtering operation is per-
formed implicitly through a volume force, it has the advantages of preserving continuity 
and being independent on the time step. Therefore, the set of equations that are solved are:

where H(u
i
) is a high-pass filter that acts on a certain number of modes and with a cer-

tain strength, and both parameters require calibration. Note that repeated indexes imply 
summation.

We designed the mesh considering the results of the validation of the SGS model per-
formed by Negi et  al. (2018), who compared DNS and LES results from a simulation 
of a NACA4412 airfoil at Re

c
= 400,000 , showing very good agreement between both. 

Following the same guideline, the grid spacing in the turbulent-boundary-layer region 
in the proximity of the airfoil surface is �x

+

t
= 18 , �y

+
n
= (0.64, 11) and �z

+
= 9 respec-

tively in the wall-normal, wall-tangential and spanwise directions. Note that the viscous 
length is l

∗ = �∕u
�
 , where the friction velocity is u

�
=
√

�
w
∕� , the wall-shear stress 

is �w = ��(dUt∕dyn)yn=0
 and � is the fluid density. In this study, we employed approxi-

mately  127,000 spectral elements and the 11th polynomial order, leading to a number of 
grid points of approximately 220 millions.

We applied tripping of the boundary layer via a localized body force over both the suc-
tion and the pressure sides of the airfoil (the upper and lower sides, respectively) at a dis-
tance from the leading edge of x∕c = 0.1 . The body force is designed to emulate the effect 
of the devices usually employed in experimental facilities, as described by Schlatter and 

(1)

�ui

�t
+ uj

�ui

�xj

= −
1

�

�p

�xi

+ �
�2ui

�xj�xj

− H(ui)

�ui

�xi

= 0,



742 Flow, Turbulence and Combustion (2020) 105:735–759

1 3

Örlü (2012). To minimize transient times, we adopt the following procedure: (1) the ini-
tial conditions are the velocity and pressure fields obtained from the same RANS solution 
employed for the boundary condition; (2) we start the simulation at polynomial order P = 5 
and we progressively increase it, up to P = 11 , running 4 and 2 flow-over times at P = 5 
and P = 7 , respectively; (3) once P = 11 is reached, we start sampling statistics after 2 
additional flow-over times. Note that 1 flow-over time is the time needed for a fluid particle 
moving with the incoming velocity U

∞
 to travel a distance of c. For the cases with control, 

we start the simulation from a fully-developed turbulent field of the reference case, and we 
monitor the time evolution of lift and drag to identify when the statistically stationary state 
is reached.

Adopting the aforementioned procedure, each case requires between ≃ 10 and ≃ 15 
flow-over times to obtain converged statistics, including the components of the Reynolds 
stress and the terms relevant for the turbulent kinetic energy budget (not shown here). 
However, we used a shorter average time for few cases, since it is sufficient to obtain an 
estimate of the aerodynamic efficiency. A more detailed assessment of the convergence is 
reported in the “Appendix”. The approximate computational cost to simulate 10 flow-over 
times is 1 million CPU hours on a Cray-XC 40 system.

2.3  Reynolds-Average Navier–Stokes (RANS) Simulations

Two-dimensional RANS simulations were carried out to assess the Re-dependence of pres-
sure and friction contributions to total drag over the Reynolds-number range from 200, 000 
to 10, 000, 000, which would be otherwise computationally unaffordable with present wall-
resolved LES. The results are leveraged to extrapolate the effect of the control observed 
at lower values of Re via LES to higher Re flows. We employ the k − � SST turbulence 
model (Menter et al. 2015) and the steady state solver simpleFoam from the OpenFOAM 
CFD-Toolkit (Foundation 2019) with a specific adjustment to enable imposing the same 
transition location as in LES. Hereby the turbulent kinetic energy k is kept at zero until 
x = 0.09c , followed by the tripping location at x

tr
= 0.1c . There, a small source term for 

the turbulent kinetic energy k is applied at a distance from the wall equal to the local dis-
placement thickness �∗ . This is necessary as the standard production term for k would not 
be sufficient in order to get an immediate transition, in particular at such small Re

c
 . This 

setup provides similar results to the use of the �–Re
�
 transitional turbulence model (Menter 

et  al. 2006), except for the transition prediction. The additional source term is adjusted 
to fit the typical friction-coefficient distribution at transition location observed in the 
ERCOFTAC T3 test cases (Savill 1992). Even though these cases are related to bypass 
transition and not trip-induced transition, the resulting shear-stress curves are adequate for 
the present purpose. A two-step solution approach was taken in order to reduce calculation 
effort: first, an initial solution per mesh was created with residuals to reach levels below 
10−5 . The final solution for a specific parameter set included the condition of residuals 
to drop below 10

−6 . The computational grid is a 2D structured C-Mesh with a radius of 
r = 50c and an outlet distance of d

O
= 75c . The location of the first grid point in the wall-

normal direction satisfies y
+
< 1 , and we consider a wall-normal expansion rate of 1.1. 

This is ensured by calculating approximate boundary-layer properties for the specific air-
foil and the expected operating point (Re, � , tripping position) using the boundary element 
solver XFOIL (Drela 1989) before mesh generation. For the present calculations this means 
that there is one mesh per Re. The wall-parallel refinement depends on the wall curvature 
but is never greater than �x = 5 ⋅ 10−3

c at the wall. The inflow boundary condition for the 
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velocity is a fixed value corresponding with a steady incoming flow. At the outflow, homo-
geneous Neumann boundary conditions are applied to all flow quantities. The boundary 
conditions of the pressure field are set similar to the velocity. A freestreamPressure-con-
dition is applied to inlet and outlet. This results in a fixed-value Dirichlet condition where 
the flow vector points into the domain and a vanishing gradient otherwise. On the airfoil 
surface, the vanishing gradient is also applied. On the the surface of the airfoil usual wall 
boundary conditions are applied with k forced towards zero to assure numerical stability. 
For � the method proposed by Menter (1994) is used defining a wall function which sets 
the value for � in the first cell above the wall depending on its wall-normal distance. This 
is the numerical equivalent to imposing � → ∞ for vanishing wall-normal distance.

3  Results

In this section, we first describe the control effects on the local skin friction and its relative 
reduction/increase. Then, we consider the “side” effects of uniform blowing and suction 
on pressure drag and thus their impact on total drag. Additionally, a detailed description of 
the modification of the viscous-scaled mean velocity profiles due to the control is provided. 
Lastly, we study relative share of pressure and skin friction to total drag as a function of Re, 
comparing well-resolved LES and RANS simulations.

3.1  Local Skin Friction

Skin-friction reduction is usually the main goal of applying uniform blowing. The skin-
friction coefficient, defined as cf = �w∕(

1

2
�U2

∞
) , is shown for the different cases in Fig. 2, 

for the suction (left) and the pressure sides (right). Note that the local cf  is usually defined 
in terms of the local velocity at the boundary-layer edge if the main focus is to study the 

Fig. 2  Local skin-friction coefficient for (left) suction side for Cases A, B, C, D, E, and F and (right) pres-
sure side for Cases A, F, G and H. Color code as in Table 1. Note that the magenta and cyan lines on the left 
(Cases D and E, respectively) and the magenta and orange lines on the right (Cases D and F, respectively) 
are overlapping. The vertical dotted lines indicate the control region
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local properties of TBL. In this section, we employ the velocity of the incoming flow U
∞

 
to properly represent the relative intensity of the skin friction with respect to the total drag.

In Case A, the streamwise development of cf  over the suction side is a consequence of 
the increasingly stronger APG, which, at the present Reynolds number, leads to a state 
close to mean separation in the vicinity of the trailing edge. On the other hand, the moder-
ate cf  increase over the pressure side is due to the mild favourable pressure gradient (FPG). 
Over the suction side, the effects of the control are qualitatively similar to those reported 
when the control is applied to zero-pressure-gradient (ZPG) TBL. Both for blowing and 
suction, the skin-friction reduction/increase is strongest in the control region but it is also 
present in the downstream development of the flow. In particular, in Case C featuring a 
relatively strong blowing intensity of 0.2%U∞ , mean separation occurs immediately before 
the trailing edge, which does not occur in Case A. In all the cases, the effect of the control 
on cf  is limited to the side of the airfoil where the control is applied. For instance, the cf  
curves for Cases D and F are almost identical, although in the latter blowing is applied 
over the pressure side. Similarly, in Cases G and H, for which the control acts only on the 
pressure side, cf  over the suction side is as in the uncontrolled cases, and the same happens 
for Cases B, C, D and E over the pressure side (the cf  curves which overlap with the uncon-
trolled case are not shown in Fig.  2). Note that the skin friction exhibits small changes 
upstream of the control region. This effect is caused by the introduction of a local pressure 
jump at the onset of the control as also observed for control onset in flat-plate turbulent 
boundary layers (Stroh et al. 2016). In addition, the applied control alters the (global) pres-
sure distribution over the entire wing surface such that a slight effect of the control is pre-
sent over the entire wing.

The comparison between blowing effects over suction and pressure sides unveils that 
the relation between those and the pressure gradient is not obvious. The blowing effects 
in absolute terms are stronger over the suction side than over the pressure side, which is 
subject to a moderate FPG. However, the reduction (increase) due to blowing (suction) is 
almost constant over the control region, despite the increasing APG. Furthermore, in Case 
F, contrary to what happens for ZPG and APG, the still moderate FPG prevents the effects 
of blowing from extending to the region downstream the control.

To better characterize the alteration of skin friction, we also consider the relative reduc-
tion of the wall-shear stress with respect to the reference case, defined as R = 1 − �

w
∕�

w,0 
(see Fig. 3). Over the suction side, the fact that the absolute reduction of the skin friction 
is almost constant, while the skin friction itself reduces, determines that R increases in this 
region. In particular, despite the fact that the differences between controlled and reference 
values are smaller downstream of the control region, R eventually becomes higher than in 
the control region close to the trailing edge. In the case of blowing, R = +1 corresponds to 
the location of mean separation, which occurs approximately at the trailing edge for Case 
B and at x∕c = 0.94 for Case C. In the control region, R varies between + 10 and + 42% 
for Case B and between + 20 and + 70% for Case C. For Cases D and E, the skin friction 
increases and R ranges between − 11 and − 42% , and between − 24 and − 90% , respectively. 
For both blowing and suction, R also shows small variations in the region before the posi-
tion of the maximum camber ( x∕c = 0.4 ), while in the streamwise region 0.4 < x∕c < 0.86 , 
i.e. the portion of the control area subjected to an increasing adverse pressure gradient, |R| 
increases. Farther downstream, its behaviour is more complex, a fact which is due to the 
very low value of Cf  in the reference case. The behavior of R for the control region over the 
pressure side is different than over the suction side, due to the different behavior of cf  and 
the effects of the FPG. For x∕c < 0.4 , a region where cf  itself is lower than for the suction 
side, R is higher, reaching + 20% and + 34% for Cases G and H, respectively. However, 
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downstream that region the blowing effects are smaller than over the suction side due to 
the FPG and so is R. For instance, at x∕c = 0.8 , in Case G we observe R = 14% over the 
pressure side, to be compared with R = 33% over the suction side in Case B; note that for 
Cases G and B the blowing intensity is 0.1%U∞ . The comparison between Cases F and G, 
which have the same blowing intensity over the suction side but different control regions, 
is also interesting. In Case F, for which the control region begins further downstream than 
in Case G, the highest value of R also moves downstream, which follows the fact that the 
history of the flow influences its local properties (Bobke et  al. 2017). However, further 
downstream, between approximately x∕c = 0.6 and x∕c = 0.8 , R (and cf  ) for Cases F and 
G are not distinguishable.

To summarize, we observed that uniform blowing and uniform suction, respectively, 
decreases and increases the skin friction, in agreement with the numerous studies on 
the topic. Moreover, the effect of blowing and suction depends on the pressure gradient 
acting on the TBL. It is stronger for the APG TBL developing over the suction side and 
progressively intensifies as the APG becomes more intense. The next step is to discuss 
the impact of the control on the total drag and the overall aerodynamic efficiency.

3.2  Total Drag and Aerodynamic E�ciency

The aerodynamic efficiency for an airfoil is defined as the ratio between the lift force, fl , 
and the drag force, fd , per unit length, which are usually expressed in terms of lift and drag 
coefficients, Cl = fl∕(qc) and Cd = fd∕(qc) , respectively, where q =

1

2
�U2

∞
 is the reference 

dynamic pressure. The lift and drag forces are the two components of the total force inte-
grated over the perimeter of the airfoil and projected along the directions perpendicular 
and parallel to the incoming flow. The total force is then the sum of two contributions, 
namely the viscous force and the pressure force. From the average fields obtained through a 
numerical simulation, we can compute fl and fd directly as follows:

Fig. 3  Relative change of wall-shear stress over (left) the suction side in Cases A, B, C, D, E, and F, and 
(right) the pressure side in Cases A, F, G and H. Color code as in Table 1
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In these expressions, n̂ , t̂ , î , and k̂ are the unit vectors with direction normal and tangential 
to the airfoil surface and parallel and perpendicular to the incoming flow, respectively, p is 
the pressure, and p

0
 is the reference pressure in the freestream. The integration variable, 

� is the curvilinear coordinate along the airfoil perimeter, and � is the perimeter length. 
An equivalent way to compute lift and drag is evaluating the momentum balance over a 
control volume surrounding the airfoil. We employed this methodology as well, finding 
a discrepancy of at most 0.5% for the aerodynamic efficiency C

l
∕C

d
 for all the cases. A 

complete comparison between the results obtained with the two methods is reported in the 
“Appendix”. The total C

d
 for the different cases, decomposed into the friction contribution, 

Cd,f  , and the pressure contribution, Cd,p , is shown in Fig. 4 (left). We also report C
l
∕C

d
 as 

well as C
l
 , C

d
 , Cd,f  and Cd,p in Table 2 for all the considered cases.

(2)

fl = ∫
�

�w(t̂ ⋅ k̂) d� + ∫
�

(p − p0)(n̂ ⋅ k̂) d�,

fd = ∫
�

�w(t̂ ⋅ î) d� + ∫
�

(p − p0)(n̂ ⋅ î) d�.

Fig. 4  (Left) Total drag for all the considered cases, where dark and light grey represent the skin-friction 
and the pressure contributions to the drag, respectively. The horizontal red lines mark the values of the skin 
friction and the total drag in the uncontrolled case. (Right) Relation between the lift and drag for all the 
cases. Color code as in Table 1

Table 2  Control effects on the integrated lift ( C
l
 ), skin-friction ( Cd,f  ), pressure ( Cd,p ), total drag ( C

d
 ), as 

well as aerodynamic efficiency (L/D). The values in parenthesis are the relative change with respect to Case 
A

Case Cl Cd,f Cd,p Cd = Cd,f + Cd,p L/D

A 0.867 0.0128 0.0087 0.0215 41
B 0.833 (−4%) 0.0122 (−4%) 0.0099 (+14%) 0.0221 (+3%) 38 (−7%)
C 0.796 (−8%) 0.0117 (−8%) 0.0113 (+31%) 0.0231 (+8%) 34 (−15%)
D 0.898 (+4%) 0.0133 (+4%) 0.0076 (−12%) 0.0210 (−2%) 43 (+6%)
E 0.925 (+7%) 0.0140 (+10%) 0.0066 (−24%) 0.0206 (−4%) 45 (+11%)
F 0.899 (+4%) 0.0130 (+1%) 0.0074 (−14%) 0.0204 (−5%) 44 (+9%)
G 0.871 (+0%) 0.0123 (−4%) 0.0084 (−3%) 0.0207 (−3%) 42 (+4%)
H 0.880 (+1%) 0.0119 (−7%) 0.0084 (−3%) 0.0203 (−5%) 43 (+7%)
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It is relevant to note that, whereas the lift force is mainly due to the pressure difference 
between suction and pressure sides, the pressure and skin-friction contributions to the total 
drag have similar orders of magnitude at the present Reynolds number. For instance, for 
Case A, Cd,p = 40%Cd and Cd,f = 60%Cd . This fact has significant consequences because 
uniform blowing over the suction side increases the pressure drag and this increase nul-
lifies the skin-friction reduction and ultimately leads to higher C

d
 . Uniform suction has 

the opposite effect: the skin friction over the suction side increases, but the pressure drag 
sufficiently decreases to yield a lower C

d
 . To illustrate this phenomenon, it is worth com-

paring in detail the relative share of Cd,f  and Cd,p for Cases C and E (blowing and suction 
over the suction side, respectively). In Case C, both Cd,p and Cd,f  are approximately half of 
the total drag C

d
 , which in turn is 8% higher than in Case A. On the other hand, in Case E, 

Cd,p ≈ 32%Cd , Cd,f ≈ 68%Cd and the total drag is 4% lower than in the uncontrolled case. 
Therefore, uniform blowing leads to a higher value of the total drag and suction does the 
opposite as a direct consequence of the relative importance of the skin-friction and pres-
sure contributions to drag. This fact suggests that the results may be different at higher 
values of the Reynolds numbers.

Remarkably, applying uniform blowing over the pressure side is not detrimental for the 
pressure drag for any of the configurations considered in this study, and it is always ben-
eficial in terms of skin-friction and total drag. For instance, in Case F, the total drag is 5% 
lower than in the reference case. In this case, the pressure drag is reduced by an amount 
very similar to that in Case D, where only suction is applied over the suction side, but Cd,f  
is lower. In Cases G and H, the skin-friction reduction achieved by blowing is comparable 
with that of Cases B and C, but the pressure drag is slightly lower than in the reference 
case. Therefore, the total drag is lower in Cases G and H than in reference.

A reduction of the total drag is beneficial in terms of aerodynamic efficiency L/D only 
if the control does not decrease lift, or if such a decrease is small enough. In Fig. 4 (right), 
we show C

l
 as a function of C

d
 for the cases considered in the present study. We observed 

that for all the cases where the total drag decreases, L/D increases (Cases D, E, F, G and 
H) as well, and vice-versa (Case B and C). However, for Cases G and H (uniform blowing 
over the pressure side), this result is due solely to the reduction of the total drag, whereas 
for Cases D and E (uniform suction over the suction side) it is also due to increase of lift. 
Such an increase in lift is also the reason why Cases D and E exhibit a higher value of L/D 
than Cases G and H, respectively, despite the fact that the total drag is lower in the latter.

Summarising the results, although uniform blowing over the suction side reduces the 
skin friction, it is detrimental for the total drag and the aerodynamic efficiency, since it 
increases the pressure drag and decreases lift. Uniform suction over the suction side has 
opposite effects, thereby increasing the aerodynamic efficiency. Uniform blowing over the 
pressure side reduces the skin friction, but it leaves the pressure drag and the lift almost 
unchanged, therefore it yields the highest aerodynamic efficiency. It is important to note 
that these conclusions are valid only for the range of parameters explored in the present 
study, since e.g. higher control intensities may qualitatively change the behaviour of the 
flow.

3.3  Control E�ects on Turbulence Statistics

The effects of uniform blowing and uniform suction are well documented for canonical 
ZPG TBLs, but relatively little is known about their interaction with pressure gradi-
ents. In Fig.  5, we show the inner-scaled velocity profiles of the wall-tangential and 
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wall-normal velocity component of the mean velocity, U+

t
 and V+

n
 , as a function of the 

wall-normal distance, y
+

n
 , for Cases A, B, C, D, and E. Note that the local wall-shear 

stress for each case is used to determine the local viscous units. We consider two differ-
ent locations over the suction side, x∕c = 0.5 and x∕c = 0.8 , which differ both in Reyn-
olds number and pressure gradient. The same quantities for a ZPG TBL at similar Reyn-
olds number are also reported as reference (Eitel-Amor et al. 2014).

To characterize the TBL we consider the Reynolds number based on the momentum 
thickness, Re

�
= U∞�∕� , and the Clauser pressure-gradient parameter � = �∗∕�

w
dP

e
∕dx . 

We evaluated �
99

 (i.e., the 99% boundary-layer thickness) using the diagnostic scaling, 
as in Ref. Vinuesa et al. (2016), which is employed to compute the momentum thickness 
� , the displacement thickness �∗ , and the pressure gradient at the the boundary-layer 
edge dP

e
∕dx . It is important to note that the local values of � and Re

�
 are not enough to 

determine the state of the TBL, due to history effects (Bobke et al. 2017). Nevertheless, 
they give a general indication of the relative strength of the pressure gradient and are 
useful to perform comparisons.

Fig. 5  Inner-scaled profiles of (left) wall-tangential and (right) wall-normal mean velocity components over 
the suction side for cases A, B, C, D, and E (color code as in Table 1). Top and bottom at x∕c = 0.5 and 
x∕c = 0.8 , respectively. Black lines for reference data of ZPG TBL at similar Reynolds number (Eitel-Amor 
et al. 2014)
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In Case A, at x∕c = 0.5 (Fig. 5, top), Re
�
= 590 and � = 0.9 , and at x∕c = 0.8 (Fig. 5, 

bottom), Re
�
= 1, 150 and � = 6.6 . The ZPG data considered are at Re

�
= 550 . Note that 

the increase of Re
�
 over the suction side is due to both the streamwise development and 

the APG. For comparison, at x∕c = 0.8 over the pressure side, subjected to a mild FPG, 
Re

�
= 465.

Due to the APG, the inner-scaled velocity in the wake region of the boundary layer is 
higher than for the reference ZPG and, at the same time, the wall-normal convection is 
stronger. The effects of uniform blowing and uniform suction on the inner-scaled veloc-
ity profiles are similar to those of APG and FPG, respectively, as already pointed out in 
Ref. Vinuesa and Schlatter (2017). In particular, uniform blowing leads to an even higher 
velocity in the wake region and stronger wall-normal convection, and uniform suction 
does the opposite. These effects are more pronounced at x∕c = 0.8 than at x∕c = 0.5 , i.e. 
where the APG is more intense, both for U+

t
 and V+

n
 . Additionally, compared with pressure-

gradient effects, blowing and suction have a stronger impact on the buffer-layer region, a 
region where the profiles of U+

t
 and V+

n
 from the controlled cases do not agree with those of 

Case A and the ZPG reference. This fact is evident for V+

n
 , the value of which in the inner 

layer matches that of the boundary condition at the wall. It is also possible to observe that 
the changes in the velocity profiles are more pronounced for blowing than for suction for 
the same control intensity, and that the effects of changing the amplitude are not linear, 
i.e. twice of the blowing amplitude corresponds to more than twice the difference of V+ 
between the control and reference cases. Note that this fact is not solely due to the lower 
friction in the case of stronger blowing, because the skin-friction reduction is proportion-
ally smaller for higher blowing intensity.

In Fig. 6 we show the U+

t
 and V+

n
 profiles over the pressure side for Cases F, G and H at 

x∕c = 0.8 . The curves for Cases F and G are overlapping, despite the slight difference in 
the control region over the pressure side and uniform suction applied over the suction side 
in Case F. The TBL over the pressure side is subjected to a moderate FPG (at x∕c = 0.8 , 
� = −0.1 in Case A) and the impact of uniform blowing is weaker than over the suction 
side. In particular, the wall-normal convection remains much lower than over the suction 

Fig. 6  (Left) Inner-scaled profiles of wall-tangential and (right) wall-normal mean velocity components at 
x∕c = 0.8 on the pressure side for cases A, F, G and H (color code as in Table 1). Black lines for reference 
data of ZPG TBL at similar Reynolds number (Eitel-Amor et al. 2014)
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side in the outer region of the boundary layer, despite the fact that the blowing intensity is 
the same as in Cases B and C.

In Fig. 7, we show the wall-tangential velocity profiles scaled according to Stevenson’s 
law, originally formulated as a generalization of the logarithmic law for turbulent boundary 
layer with suction by Stevenson (1963), and recently re-derived by Vigdorovich (2016). 
According to Stevenson’s law, in the logarithmic region, the wall-tangential mean velocity 
follows the expression:

where V+

w
 is the value of the inner-scaled wall-normal velocity at the wall, � < 0 , K and C

0
 

are the two constant of the logarithmic law and C
1
≃ 3.5 . Note that, due to the relatively 

low Reynolds number and intense adverse pressure gradient, the logarithmic region of the 
profile is virtually absent on the suction side at the considered location. Thus, it is no sur-

prise that the scaled velocity 2U
+
t
∕
√

1 + V+
w

U
+
t
+ 1 does not follow the logarithmic law 

either. However, it is interesting to observe how the profiles of the control cases collapse 
quite well on top of the reference, i.e. the scaling (3) appears to capture the effects of blow-
ing and suction. In particular, there is perfect agreement among cases A, B, D and E. Case 
C exhibits a slightly different behaviour, which probably relates to the fact that the bound-
ary layer is approaching the condition of mean separation.

We observe similarities between control and pressure-gradient effects on the turbu-
lent fluctuations as well. Figure 8 shows the inner-scaled and outer-scaled profiles of the 
streamwise velocity fluctuations, uu , in the streamwise location x∕c = 0.8 on the side of 
the airfoil where the control is applied.

Note that the outer-scaled profiles are computed using the wall-tangential mean veloc-
ity at �

99
 , denoted U

e
 . The comparison between the u�u�

+

 and u′u′ profiles of Case A and 

(3)

2U+
t

√

1 + V+
w

U+
t + 1

=
1

K
(ln y+ + C0 − C1V+

w
) + O(y+

�

),

Fig. 7  Profiles of the mean tangential velocity scaled following the Stevenson law (Vigdorovich 2016) at 
x∕c = 0.8 on (left) the suction side for Cases A, B, C, D and E suction and the (right) pressure side for Case 
A, F, G and H. Black lines for reference data of ZPG TBL at similar Reynolds number (Eitel-Amor et al. 
2014), dotted lines for law of the wall ( U+

t
= y+ and U+

t
= 1∕K(ln y+ + C) , where C = 2.05 and K = 0.41 ) 

and color code for the cases as in Table 1
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the ZPG on the suction and the pressure sides illustrates the well-known impact of a strong 
adverse pressure gradient and a moderate FPG, respectively. On the suction side, the inner-
scaled fluctuations are stronger than in the ZPG reference at all wall distances, and a sec-
ond peak appears farther from the wall. However, inspecting the outer-scaled profiles, 
which are not affected by the inherently lower friction velocity due to the APG, it is pos-
sible to observe that the fluctuations are not always more intense than in the ZPG. Instead, 
the inner peak is lower in the APG case, and only the second peak is higher than the ZPG 
value at the corresponding wall-normal location. On the pressure side, since the FPG is 
quite weak, its effects are almost negligible. Nonetheless, it is possible to appreciate that 
the fluctuations have a lower intensity than in the ZPG, as expected. On both sides of the 
airfoil, uniform blowing and suction have effects similar to those of a stronger APG or an 
FPG, respectively. Uniform blowing leads to higher u�u�

+

 at all wall distances, as a conse-
quence of the lower friction velocity, while the inner peak of the u′u′ is lower than in the 
case without control. On the contrary, uniform suction leads to lower u�u�

+

 , corresponding 
to a higher inner peak and a lower outer peak for u′u′ . On the pressure side, similarly to 
what we discussed for the mean components of the velocity, the control effects are less 

Fig. 8  (Left column) Inner- and (right column) outer-scaled profiles of the streamwise velocity fluctuations 
at x∕c = 0.8 on (top) the suction side for Cases A, B, C, D, and E and on (bottom) the pressure side for and 
Cases A, G and H. Black lines for reference data of ZPG TBL at similar Reynolds number (Eitel-Amor 
et al. 2014) and color code for the cases as in Table 1
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significant than over the suction side. In particular, despite the evident modification of the 
inner-scaled profiles, which is a direct consequence of the lower friction velocity due to 
blowing, the effects on u′u′ are almost negligible. These facts confirm that the TBL sub-
jected to an intense APG is more sensitive to this type of control.

3.4  Reynolds-Number Dependence of Skin-Friction and Pressure Drag

Since it is impossible to investigate the control effect at Reynolds numbers typical of appli-
cations using LES, we performed RANS simulations for the uncontrolled case in order 
to assess the evolution of skin-friction and pressure contributions to the total drag with 
increasing value of Reynolds number. To validate the RANS simulations, and thus assess 
the fidelity of the predictions, we compare the streamwise development of the skin friction 
and the integral values of lift, skin-friction and pressure drag with those obtained with LES 
for two Reynolds numbers, namely Re

c
= 200,000 (Case A), and Re

c
= 400,000 (Vinuesa 

et al. 2018) (Fig. 9, Table 3).
The comparison of the cf  curves shows a good agreement; the transition location in 

the RANS is approximately the same as in the LES, although the skin friction is slightly 
lower in the turbulent region for the RANS data. The deviation in the integrated values 

Fig. 9  Skin-friction coefficient over the suction side for (black solid lines) RANS and (grey symbols) LES, 
at (left) Re

c
= 200,000 and (right) Re

c
= 400,000

Table 3  Comparison between integrated lift ( C
l
) , skin-friction ( Cd,f  ), pressure ( Cd,p ) and total drag ( C

d
 ), as 

well as aerodynamic efficiency (L/D), for LES and RANS

C
l

Cd,f Cd,p C
d

L/D

LES ( Re
c
= 200,000) 0.867 0.0128 (60%C

d
) 0.0087 (40%C

d
) 0.0215 41

RANS ( Re
c
= 200,000) 0.851 0.0113 (58%C

d
) 0.0083 (42%C

d
) 0.0196 43

RANS deviation − 2% − 12% − 5% − 9% + 5%

LES ( Re
c
= 400,000) 0.902 0.0109 (63%C

d
) 0.0063 (37%C

d
) 0.0172 52

RANS ( Re
c
= 400,000) 0.888 0.0100 (60%C

d
) 0.0067 (40%C

d
) 0.0167 53

RANS deviation − 2% − 8% + 6% − 3% + 2%
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of the total drag is below 10% for Re
c
= 200,000 and below 5% for the Re

c
= 400,000 . 

Unfortunately, at Re
c
= 200,000 , such discrepancy is comparable with effects of the 

various control strategies. This deviation also translates into a difference in the relative 
proportions of Cd,f  and Cd,p between RANS and LES. At the same time, the agreement is 
better at higher Reynolds number, and the RANS simulation captures the general trends 
observed in the LES. In particular, as the Reynolds number increases, C

l
 increases and 

C
d
 decreases, which results in higher L/D, and the skin-friction contributions Cd,f  to the 

total drag becomes more important, as expected.
Figure 10 illustrates the evolution of C

d
 , Cd,f  , and Cd,p , as well as the relative propor-

tions of Cd,f  and Cd,p with respect to C
d
 as a function of Reynolds number.

The trends previously mentioned are still observable as the Reynolds number fur-
ther increases. However, above Re

c
≈ 10

6 , the RANS results indicate that the relative 
contributions of friction and pressure drag appear to converge to ≈ 60% and ≈ 40% of 
the total drag, respectively, in agreement with  (Schrauf 2005). Based on these results, 
we can formulate an educated guess of the control effect at higher Reynolds numbers. 
In particular, if the relative contribution of the pressure to the total drag remains non-
negligible, applying uniform blowing over the suction side will probably result in higher 
C

d
 . This hypothesis is in agreement with the experimental results reported so far in the 

literature, up to Re
c
≈ 1,600,000 (Eto et al. 2019). Since uniform blowing applied over 

the suction side also reduces C
l
 , this configuration appears to be the least promising. 

With similar reasoning, we can hypothesize that uniform suction applied over the suc-
tion side can remain advantageous at higher Reynolds numbers in terms of L/D. In fact, 
it both improves lift and has positive effects on the pressure drag, which can potentially 
mitigate the negative impact on the skin friction as long as the two contributions are of 
similar order of magnitude. The effectiveness of uniform suction, however, will proba-
bly decrease as the Reynolds number increase. If these hypotheses are correct, the most 
promising control configuration for high Reynolds numbers among the ones considered 
here is the uniform blowing applied over the pressure side. This control configuration 
reduces the skin friction without having a significant impact on the pressure drag, while 
it also has a positive effect on the lift.

Fig. 10  Reynolds-number dependency of ( ∙ ) total drag ( C
d
 ), ( ▴ ) skin friction ( Cd,f  ), and ( ▾ ) pressure drag 

( Cd,p ). Grey and black colours denote LES and RANS, respectively. Integrated values are shown in the left 
panel, while the relative contributions to the total drag are shown in the right one
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Note that these deductions rely on the assumption that the control effect will not change 
dramatically at higher Reynolds numbers. Let us consider, for example, the case of uniform 
suction. If the skin-friction increase and the pressure-drag reduction both decrease, conclu-
sions drawn at Re

c
≈ 200,000 will be qualitatively valid at higher Reynolds numbers. On 

the other hand, if, e.g. only the pressure-drag reduction decreases, a different scenario will 
occur. The most relevant open question for assessing the usefulness of low-Reynolds-num-
ber data for high-Reynolds-number prediction is whether the control effects on the different 
contributions to the total drag will change similarly or not.

4  Conclusions

In this study we describe a set of well-resolved LES simulations performed to investigate 
the effects of uniform blowing and uniform suction on the aerodynamic efficiency (L/D) 
of a NACA4412 airfoil. We considered four different configurations: (1) uniform blow-
ing applied over the suction side, (2) uniform suction applied over the suction side, (3) 
uniform blowing applied over the pressure side and (4) uniform suction over the suction 
side in conjunction with uniform blowing over the pressure side. For configurations (1), (2) 
and (3) we considered two different blowing/suction intensities, namely 0.1% and 0.2% of 
the incoming free-stream velocity. Including the reference, we conducted a total of 8 well-
resolved LES for a Reynolds number based on the chord length of Re

c
= 200,000.

In addition, we carried out RANS simulations up to Re
c
= 10,000,000 to describe how 

the relative skin-friction and pressure contributions to the drag evolve as a function of Re
c
.

Our results regarding the modification of L/D can be summarized as follows: (1) Uni-
form blowing applied over the suction side is not beneficial in terms of the overall aerody-
namic efficiency. In fact, despite the fact that it reduces the local skin friction, it increases 
the pressure drag and ultimately leads to higher total drag. Furthermore, it decreases lift. 
(2) Uniform suction applied over the suction side is beneficial for the aerodynamic effi-
ciency, at the present Reynolds number. Although it increases the local skin friction, it also 
decrease the pressure drag by a sufficient amount to reduce the total drag, and it increases 
lift. The case with this configuration with a suction intensity of 0.2%U∞ has the highest 
aerodynamic efficiency among those considered in the present study, i.e. approximately 
11% higher than that of the reference case. (3) Uniform blowing applied over the pres-
sure side is beneficial for the aerodynamic efficiency since it reduces the skin friction and 
thereby the total drag, with small modifications of the pressure drag and lift. (4) Uniform 
suction over the suction side in conjunction with uniform blowing over the pressure side is 
also beneficial for the aerodynamic efficiency, as expected, since both actuations are ben-
eficial when applied separately. These results are qualitatively in agreement with those of 
recent experimental studies carried out at higher Reynolds number with similar configura-
tions (Eto et al. 2019; Kornilov et al. 2019).

As already reported in the literature (Kametani and Fukagata 2011; Kametani et  al. 
2015; Vinuesa and Schlatter 2017), uniform blowing has effects on the turbulent statistics 
that are similar to those of adverse pressure gradients, and uniform suction has an effect 
similar to that of favourable pressure gradients. For instance, the former enhances the wall-
normal convection, and the latter reduces it. However, we observed that the strong adverse 
pressure gradient over the suction side amplifies the effects of blowing and suction, while 
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the still mild favourable pressure gradient over the pressure side attenuates them. This is 
the reason why uniform blowing has such a different effect over the suction and pressure 
sides. Furthermore, we observed that favourable pressure gradients reduce the downstream 
impact of uniform blowing.

It is critical to understand to what extent the results of studies such as the present one are 
relevant at higher Reynolds numbers, closer to practical applications. Blowing and suction 
interact with pressure gradients, and pressure-gradient effects are in general dependent on 
the Reynolds number and the flow history (Bobke et al. 2017; Sanmiguel Vila et al. 2017; 
Vinuesa et al. 2018). Due to these facts, it is challenging to assess control performance over 
a broader range of Reynolds numbers. However, the results of RANS simulations indicate 
that the relative importance of the pressure contribution to drag will decrease, but remain 
not negligible up to at least Re

c
= 10,000,000 . If we assume that the qualitative effects of 

the control will not change with Reynolds number, e.g. uniform blowing over the suction 
side will always increase the pressure drag and uniform suction will decreases it, this fact 
suggests that their effects over the ratio L/D will be similar to those report here. If this 
hypothesis is correct, the most promising configuration among the ones considered in the 
present study is uniform blowing applied over the pressure side. On the other hand, if oper-
ating at zero net-flow rate is regarded as an advantage (or even necessity), uniform suction 
applied over the suction side in conjunction with uniform blowing over the pressure side is 
also recommended.

On a more general perspective, our results underline the need for employing test cases 
as realistic as possible to assess the effectiveness of the control strategy at hand. Indeed, 
the overall impact of the control over the total drag, the “side” effects on the lift and the 
interactions with pressure gradients cannot be easily predicted using results on channel 
flows or even ZPG TBL.

Finally, we believe that future research should aim at refining RANS predictions, also 
by taking into account the efficiency losses due to an actual implementation of the actua-
tors, including both the influence of the necessary power for the actuation, and the consid-
eration of the imperfection of the porous plates.
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Appendix 1: Statistical Convergence

The pressure distribution, which contributes significantly to lift and total drag, is sen-
sitive to the development of the wake downstream the airfoil. Subsequently, all inte-
gral quantities exhibit a transient behaviour, which can affect the statistics and lead to a 
much longer time to convergence if included in the time average. It is difficult to predict 
the length of the transient, and we observed that it varies between the different cases. To 
illustrate this phenomenon, we show in Fig. 11 (left) the aerodynamic efficiency aver-
aged over approximately a single flow-over time as a function of the simulation time, 
t. Each point in the plot represents a single simulation, and t is the average between its 
beginning and end times. The transient in Case A is a consequence of the increasing 
polynomial order mentioned in Sect. 2, while that in the control cases is due to the acti-
vation of the control.

We selected the time interval to perform the global average, with the following pro-
cedure. Firstly, we compute a backward-cumulative average, defined as the average 
between the mean field obtained with each simulation starting from the last one, and 
weighted with the corresponding averaging time. The backward-cumulative average ⟨X⟩ 
of a certain quantity X is computed as:

where X
i
 is the average value of X computed for ith simulation, �t

i
 is the corresponding 

average time, N is the total number of simulations carried out for the considered case and 
�t =

∑N

i=M
�t

i
 . Secondly, we compute the aerodynamic efficiency based on the backwards-

averaged mean fields. The time t
∗ considered for the statistics is that which guarantees 

the smallest differences between the values of L/D computed with averages between two 
consecutive times. The aerodynamic efficiency evaluated using the backwards-averaged 
mean fields is shown in Fig. 11 (right). The time intervals selected to perform the global 

(4)⟨X⟩
M
=

1

�t

N�

i=M

�t
i
X

i
,

Fig. 11  Aerodynamic efficiency computed based on (left) time average over each single simulation and 
(right) backward-cumulative averages as defined in Eq. (4). The solid lines in the right panel represent the 
time interval considered in the global average. Color code as in Table 1
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average are indicated with solid lines. The error bars are computed as the standard devia-
tion, defined as:

where M∗ is simulation corresponding to t∗ . The trends observed in Fig. 11 suggest that the 
results for Case C may still be affected by the initial transient. This simulation was inter-
rupted due to the low L/D and occurrence of mean separation close to the trailing edge.

Appendix 2: Momentum Balance

We computed the lift and drag coefficients reported in the present paper integrating the 
pressure and viscous forces over the airfoil surface, as described in Sect. 3.2. An alternative 
method consists of considering the momentum balance over a control volume surrounding 
the airfoil. Assuming that conservation of momentum in the steady state holds, the forces 
applied over the airfoil are equal to the sum of the momentum fluxes across the surface 
of the volume and the forces applied to it. Discrepancies between the two methods are 
an indication of the uncertainty of the results, either due to transients, resolution or other 
effects not captured by the integral equations. In the present study, we consider a control 
volume extending between x = − 0.25c and x = 1.25c , and y = − 0.25c and y = 0.25c in 
the horizontal and vertical direction, respectively. The vertical and horizontal components 
of the total force FFF = (Fx, Fy) acting over the control volume are,

where �  represents the perimeter of the (bi-dimensional) control volume, d��� is the vector 
normal to the surface of the volume directed outward, and î and ĵ are the unitary vectors in 
the vertical and the horizontal directions. The drag and lift forces are the projections of the 
total force in the parallel and perpendicular directions to the incoming flow, respectively, 
and the aerodynamic efficiency is computed subsequently. The comparison of the values of 
L/D for the two methods is reported in Table 4.

(5)�
M∗ =

���� 1

�t

N�

i=M∗

�t
i
(X

i
− ⟨X⟩

M
)2,

(6)

Fx = ∫
�

�(UUU ⋅ d���)U −

(

∫
�

�u�u�d���

)

⋅ î −

(

∫
�

�u�v�d�

)

⋅ î −

(

∫
�

Pd���

)

⋅ î

Fy = ∫
�

�(UUU ⋅ d���)V −

(

∫
�

�v�v�d���

)

⋅ ĵ −

(

∫
�

�u�v�d�

)

⋅ ĵ −

(

∫
�

Pd���

)

⋅ ĵ

,

Table 4  Comparison between the aerodynamic efficiency based on drag and lift integrated over the surface 
of the airfoil and over a control volume

Case L/D (surface int.) L/D (control vol.) deviation

A 40.51 40.50 0.02%
B 37.70 37.77 0.19%
C 34.54 34.53 0.02%
D 42.82 42.83 0.02%
E 45.04 45.03 0.03%
F 44.12 44.19 0.01%
G 41.94 41.85 0.02%
H 43.64 43.56 0.02%
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