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Active flow control of compressible turbulent boundary layers on airfoils via wall-normal blowing and suction
is studied through a comprehensive parametric study. Wall-normal blowing or suction is applied in different
positions on either the suction or pressure side of the transonic airfoil RAE2822 and its effect on the
aerodynamic efficiency is investigated. The effect of the angle of attack, Mach number, control magnitude,
and control position on the result of the active control are discussed. The compressible flow is simulated via
Reynolds-averaged Navier-Stokes equations (RANS) with the open-source solver SU2. The inclusive drag as
well as a power budget are introduced and calculated to determine the control configurations that decrease
the total drag also accounting for the effort to provide and dump the control fluid. The study shows the
promising potential of suction on the suction side in the transonic regime where total net drag savings of 16%
were achieved in the investigated parameter range. Contrary to previous results, suction leads to a decrease
in the total drag, whereas blowing leads to an increase. The appearance of non-linear effects as the shock
wave, which is strongly influenced by the active control, contributes to the different performance compared

to previous studies, which mostly considered incompressible flows.

1. Introduction

Civil aviation is responsible for around 3% of the global CO, emis-
sions (Graver et al., 2019), with an expected increase in the next
years due to rising air traffic. A reduction of the fuel consumption
and thus the CO, emissions is necessary to meet the intended global
climate goals. Manipulating the flow around an airfoil with different
flow control techniques can lead to a decrease in the total drag and
thus an increase in the aerodynamic efficiency. Viscous drag accounts
for about half of the total drag of an airplane (Schrauf, 2005), so
even small reductions of the viscous drag component can lead to
sizable improvements of the aerodynamic efficiency with the associated
savings in fuel consumption and thus in CO, emissions.

Several flow-control strategies for reducing skin-friction drag have
been proposed during the last decades (Gad-el Hak, 2000; Spalart and
McLean, 2011). Most of these strategies target the so-called turbulent
skin-friction drag, i.e. attempt to reduce the excess drag turbulent
flow exhibited compared to their laminar counterparts. Among such
strategies, passive methods do not require an external energy input
during operation. Prominent in this group is the surface structuring
called riblets, which has been proven to lead to skin-friction reductions
of about 6% (Walsh, 1986) in laboratory experiments. Tests at flight
conditions and transport aircraft confirmed numerical results with drag
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reductions of 2-6% (Walsh et al., 1989; Szodruch, 1991).

Concerning the wing section, the general design or modification of
the airfoil geometry can lead to a shift of the transition point towards
the trailing edge, so the change of the flow from laminar to turbulent
is delayed, and it can also prevent the boundary layer from separating
from the surface. Passive methods, while simpler, achieve only modest
skin-friction drag reduction, and they do so mainly in flow conditions
close to their design point. Active methods, on the other hand, can
be adapted to a broader range of flow conditions and can typically
achieve larger values of drag reduction. These advantages come at the
cost of the required additional energy input, which needs to be taken
into account in the computation of the net benefit of the control.

The active control method of wall-normal blowing and suction
is promising because its implementation is rather simple compared
to other control methods, and it can be easily integrated into the
current aeronautical systems. A small amount of mass is injected into or
extracted from the system, which allows the control of the development
of the boundary layer. Early investigations by Prandtl and Betz (1932)
showed the feasibility of suction in the turbulent boundary layer, where
suction was used to prevent flow separation in the adverse pressure
gradient regions of boundary layers (Schlichting and Gersten, 1997).
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The first theoretical and experimental studies by Mickley et al.
(1954) and Black et al. (1958) investigated the effect of the active
control method of blowing and suction on a porous flat plate. Their re-
sults agree with the previous results from Prandtl and Betz (1932) that
suction delays the transition while blowing promotes it. Additionally,
they observed that suction decreased the boundary layer thickness and
increased the friction drag, while uniform blowing led to the opposite
effects. These investigations were conducted in a zero-pressure gradient
channel flow. First direct numerical simulations (DNS) by Sumitani and
Kasagi (1995) and Park and Choi (1999) agreed with the experimental
results.

In the review of Hwang (2004) the control of blowing on flat
plates has been proven to be very successful with up to 50% friction
drag reduction in subsonic regimes and 80% in supersonic conditions.
High-fidelity simulations confirm the findings about the performance
of blowing in the turbulent boundary layer (Kametani and Fukagata,
2011; Stroh et al., 2016).

Most of the previous studies (Mickley et al., 1954; Black et al.,
1958; Sumitani and Kasagi, 1995; Park and Choi, 1999; Huang et al.,
2004; Kametani and Fukagata, 2011; Stroh et al., 2016) focused on the
zero-pressure gradient flat plate, where a reduction of the skin friction
was found in the control region as well as downstream of the con-
trol regime for wall-normal blowing. Additionally, the boundary layer
thickness increased due to the added mass, which differs from classic
techniques for turbulent skin-friction drag reductions that manipulate
wall turbulence without a net mass flux, e.g. riblets (Walsh et al., 1989),
wall oscillations (Choi et al., 2002; Yakeno et al., 2014) and traveling
waves (Quadrio et al., 2009).

When considering a more complex geometry, such as the one of
an airfoil, the problem is becoming more complicated. The geometry
changes significantly since a curvature of the surface is present. This
means that skin-friction drag is not the only drag source anymore, and
other drag components, e.g. pressure drag, also need to be taken into
account to achieve an overall reduction in the total drag. Additionally,
strong pressure gradients occur along the surface which can lead to
non-equilibrium effects. These effects might have a strong influence on
the response to the active flow control. Recent studies by Atzori et al.
(2020) and Fahland et al. (2021) studied blowing and suction applied
on a NACA4412 with incompressible LES and RANS simulations, re-
spectively. They showed that blowing and suction have the potential
for a reduction of the drag, where the configuration of blowing on
the pressure side is the most promising. Fahland et al. (2021) revised
the published results from 2021 and showed that, at least for the
configurations addressed in their study, no overall net drag saving can
be achieved when taking into account the effort of providing the fluid
for blowing or dumping it after suction.

Considering a flight case in civil aviation, the flow around the wing
will be in the transonic regime. In this regime, weak shock waves
occur on the suction side of the airfoil. An extension of the above
described studies on the effect of the active control on an airfoil to the
compressible and transonic regime at real flight parameters is necessary
to get estimations of the drag reductions that can be achieved at these
parameters. The interaction of the shock wave and the active control
method of homogeneous wall-normal blowing and suction needs to be
investigated in a compressible and transonic flow.

In the present work, the feasibility of wall-normal homogeneous
blowing and suction to improve the aerodynamic efficiency of the
transonic airfoil RAE2822 is investigated by taking into account com-
pressibility effects as well as transonic flow with the occurrence of
shock waves. The questions that should be answered in this work are

1. How well does the active control method of wall-normal homo-
geneous blowing and suction perform when taking into account
compressibility effects in the subsonic flow?

2. What effect does the shock on the suction side and the pres-
ence of non-linear effects in the transonic regime have on the
performance of the active flow control?
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Fig. 1. Sketch of the computational C-mesh.

To answer these two questions, a detailed numerical study is con-
ducted where the active control method of wall-normal homogeneous
blowing and suction is investigated. The variation of many parame-
ters, such as the Mach number, the angle of attack, and the control
parameters such as the control configuration, magnitude, and position
are investigated.

The paper is structured into 4 sections. In Section 2 the numerical
methods and the applied boundary conditions are described as well as
the calculation of the power budget and the net drag. The results of the
parametric study are described and discussed in Section 3. Section 4
summarizes the results and findings.

2. Methodology
2.1. Numerical methods

The compressible flow around the transonic airfoil RAE2822 is
simulated via Reynolds-Averaged Navier—Stokes equations (RANS) with
the open-source solver SU2 (Economon et al., 2015). For the simula-
tions, the density-based steady-state solver is used. The Menter k-w-SST
model is employed as the turbulence model. A fixed transition at x/c =
0.1, with ¢ being the chord length and x the coordinate in stream-wise
direction, is implemented via a semi-implicit scalar source. The tripping
location spans 1%c in streamwise direction, and the size of the local
boundary layer thickness in wall-normal direction. The fluid is modeled
as standard air and treated as an ideal gas with the viscosity calculated
by the Sutherland model.

The numerical grid consists of hexahedral cells and has a 2D block-
shaped pattern. It has a C-radius of r, = 50c and an outlet distance of
d, = 75c, where c is the chord length of the airfoil. A sketch of the mesh
is shown in Fig. 1. The total cell count of the meshes is n,,; ~ 150000. A
y+ value of 1 or less is assured in the first cell of the boundary layer. The
boundary layer consists of at least 40 points. The growth factor near the
wall is 1.1, so a detailed resolution of the flow near the wall is provided.
The meshes are generated with a custom script using blockMesh from
OpenFoam and are then converted into a readable format for SU2. For
a detailed description of the mesh generation, see Fahland et al. (2021).

The convective fluxes are discretized with the second order Roe
method (Roe, 1981) and the viscous fluxes with the Green-Gauss method
(Ferziger and Peri¢, 2002). For the gradients of turbulent variables, the
second-order upwind scheme is applied.

2.2. Boundary conditions

The airfoil’s surface is simulated as an adiabatic wall. In the non-
control regions, the velocity in the normal direction on the airfoil
surface is set to zero, so a no-slip boundary condition is present. In
the area of control, a homogeneous wall-normal mass flow rate is
prescribed, while the velocity and energy fluxes are determined by
extrapolating thermodynamic properties using the Riemann invariants.
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For blowing, the density of the control fluid is approximated by the
density of the closest point in the flow. The outer boundaries of the
computational domain use a non-reflective far-field boundary condition
aligned with the local directions of the characteristics.

In most of the simulations performed in the present study, the region
on which blowing and suction is applied spans from x/c¢ = 0.25 to 0.85.
The late start of the control region allows the flow to become fully
turbulent before the control region starts. The endpoint of x/c¢ = 0.85
was chosen so that trailing edge components can still be implemented
without overlapping with the control region. In Section 3.1.4, the
influence of the position of the control area was also analyzed. Unless
otherwise stated, the following results always refer to the control area
described above.

In the parametric study, three different control configurations were
investigated: blowing on the pressure side, suction on the suction
side, and blowing on the suction side. All three configurations are
investigated individually, and no combinations of two configurations
are considered.

2.3. Net drag

The drag coefficient for an airfoil can be calculated by integrating
the pressure and friction stresses along the surface, which results in the
body drag cp ,4,, Or it can be determined from the momentum loss in
the wake, which results in the wake drag ¢ ;... For an uncontrolled
case or a controlled case with zero total mass flow, which means that
the mass flow of the fluid sucked in is the same as the mass flow
of the blowing fluid, the two drag components are equal. The active
flow control of blowing and suction, where fluid is either removed
or expelled, changes this relationship. In the case of blowing, a mass
source is present on the airfoil surface, since the air intake is not
explicitly defined in the current investigated system. The fluid that is
expelled in wall-normal direction lacks momentum in the main wind
direction, so it needs to be accelerated towards the wake of the airfoil.
The reaction force is carried by the body, which results in a reduced
body drag compared to the wake drag.

For suction, the opposite occurs, and thus the wake drag is reduced
compared to the body drag, as shown by Beck et al. (2018). For both
suction and blowing, the largest among cp, y,4, and cp ;4 is the drag
component, which includes the costs of providing or expelling the flow
control fluid. This is the so-called inclusive drag cp ;,., which is used in
the analysis of the results for a comparison of the different investigated
cases.

@

¢ _J ¢Dbody = €pwake + cprc  for suction
D,inc — X
Cp.wake = €D pody T €prc  for blowing

Here, the boundary layer control penalty cp; - is proportional to the
mass flow rate (Fahland et al., 2024)
HUBLC prc oB1C i @
U ¢ 0n
with the velocity of the control fluid ug; - and the free-stream velocity
U, The length of the control system is described by /g, ., while the
control fluid has a density of ¢z, and the free stream of o¢,.

CBLCc =

2.4. Power budget

Additionally to the control penalty drag cp;~ due to the non-zero
mass flow rate, the power required to operate the active control must be
taken into account to assess the net efficiency increase. The focus of the
current study is the investigation of the influence of different control
configurations. Therefore, no combinations of blowing and suction are
studied, and the net control mass flow rate is always non-zero. The
details of the air supply (for blowing) or dumping (for suction) strongly
influence the required control power but are not explicitly defined here,
since they greatly depend on the particular physical implementation of
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the active control, which is not addressed in the present study. There-
fore, an accurate calculation of the additional power is not possible, and
many simplifying assumptions have to be made here. In this respect, we
follow the approach of Fahland et al. (2021) for the estimation of the
additional power. Although this estimate reflects a worst-case scenario,
it can be calculated and understood with just a few assumptions and
limited complexity.

The additional control power is defined as the power needed to
overcome the pressure difference between the fluid supply and the
controlled surface for blowing, or from the controlled surface to the
position of discharge for suction.

The power consumption is converted to dimensionless drag compo-
nents so that the efficiency can be calculated with the extra cost (Beck
et al., 2018). It is assumed that the fluid from suction is expelled at
a pressure coefficient of ¢, = 1 and the fluid for the blowing control
is collected at stagnation, where also c, = 1 is valid. So the total drag
coefficient results in

_ J eppoay = €BLC * Cpump  fOT sSuction 3)
cD,tamI -

¢p,body T €BLC T Crurbine for blowing

where c,,,,, accounts for the energy that is needed to drive the pump for
suction and c,,,;,. reflects the energy that can be regained by a turbine
during the blowing process.

For the suction control, extra energy is needed for the actual suction
process, which is expressed by c,,,. The sucked fluid can now be
expelled somewhere on the airfoil surface to generate some thrust. We
assume to expel the fluid at ¢, = 1, since at this specific pressure
coefficient the thrust equals the boundary layer penalty cg; . For the
blowing process, the costs for the fluid supply can be calculated by
the boundary layer control penalty, while some energy can be regained
from the turbine.

To calculate the pump drag for suction or the turbine drag for
blowing, the pressure differences between the supply chamber and the
sink or source, respectively, need to be determined. The sink and the
source are at free-stream total pressure level.

The pressure of the supply chambers is at a constant pressure level,

which is calculated by the following equation

. _ ) min{c, comror} — 0.1 for suction @
prehamber max{c, conror} +0.1  for blowing

where ¢, ., is the pressure coefficient in the control area, and the
maximum or minimal value is used for blowing or suction, respectively.
For suction, the pressure level in the supply chamber needs to be
lower compared to the pressure level on the control surface, therefore,
4c, = 0.1 was subtracted from the minimal pressure value (Beck et al.,
2018). The opposite holds for blowing, the pressure level in the supply
chamber needs to be higher than on the control surface, so 4c, = 0.1
was added to the maximum pressure value. The different pressure levels
are also shown in Fig. 2.

This choice does not reflect the best option but gives an estimation
of the costs for the control. Especially for configurations with large
pressure differences in the control area, as they are present in the cases
where a shock wave appears on the suction side, this estimation is a
very conservative approximation. For a more detailed discussion of the
applied power calculation, see Section 3.2.

The pump and turbine drag are calculated as follows

1 uprc Iprc OBLC(1

Coump = E Uoo ¢ 0w - Cp,chamber) (5)
uprc lpic 0Brc
Crurbine = Mt U ) (1 - CP,chamher) (6)
o0 o0

with a pump efficiency of 7, = 0.7 and a turbine efficiency of 1, =
0.7 (Beck et al., 2018).
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Fig. 2. Sketch of a pressure distribution to determine the different pressure levels for
the supply chambers for the pump or turbine.

2.5. Parametric study

A parametric study was conducted to investigate the effect of wall-
normal blowing and suction on the transonic airfoil RAE2822 in a
compressible and subsonic or transonic flow. All simulations were
conducted at a chord based Reynolds number of about Re = 5 x 10°.
The Mach number was varied between Ma = 0.6, which corresponds
to the subsonic flow case up to Ma = 0.729, the design Mach number
for the present airfoil, representing the fully transonic case. The control
magnitude is expressed in terms of mass flow rate and ranges between
mgre = 0.1%my, up to 3%, with the free-stream mass flow per unit
area of m, = Uy co,,. The angle of attack varies between « = —1° and
a=3°

Three different control configurations are investigated: blowing on
the suction side, suction on the suction side, and blowing on the
pressure side. In Fig. 3 a sketch of the airfoil and the different control
configurations is shown. In the results, also the influence of varying
the position at which blowing or suction is applied is analyzed. To this
aim, three additional control positions are introduced, named before
shock, across shock, and behind shock. These control areas have a
size of 10%c¢ and their positions are defined with respect to the shock
position in the uncontrolled cases. A graphical sketch of the positions
is shown in Fig. 4. For all other configurations, the default control area
of x/c =0.25 - 0.85 is used.

For all combinations of Ma and « the uncontrolled reference cases
are calculated. These results were used as restart files for the controlled
cases to save computational time.

The freestream parameters are based on a flight altitude of 11 km
at standard atmosphere. For the simulations, a Reynolds number of

Re = 5x 10%, a free stream temperature of T,, = —53.5 °C, a viscosity
of u, = 1.449 x 1073 % and the corresponding Mach number are

prescribed. The density and the pressure are calculated from the given
parameters and the ideal gas law.

The Mach number varies between Ma = 0.6 — 0.8, so the range of
subsonic up to transonic flow regimes is covered. The Reynolds number
of the simulation is smaller compared to a real airplane with a Reynolds
number of about Re = 20 x 10® — 30 x 10°, depending on the size of
the airplane. This regime cannot be covered in this study, because the
computational costs for such high Reynolds numbers are too high. So
all calculations have been conducted at lower Reynolds numbers of
Re =5x105.
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Fig. 3. Sketch of the control areas and different control configurations.
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Fig. 4. Sketch of the different control positions with respect to the shock position.

3. Results
3.1. Parametric study

3.1.1. Effect of control configuration

In the parametric study, three different control configurations were
investigated: blowing on the pressure side, blowing on the suction side,
and suction on the suction side. The effect of the different control con-
figurations should be discussed in this section. In Fig. 5 the polar plots
and the pressure and friction coefficient distribution are plotted for a
Mach number of Ma = 0.6 in the left column (subsonic uncontrolled
case) and Ma = 0.725 in the right column (transonic uncontrolled case).
The control magnitude is rg; - = 0.1%m,, and the angle of attack is
a =231° for the ¢, and ¢, plots. The angle of attack of ¢ = 2.31°
is marked by the circled symbols in the polar plot. To increase the
readability of the data and prevent them from overlapping, the c,
values from the lower surface of the airfoil are plotted as negative
values.

First, the subsonic cases at a Mach number of 0.6, which are shown
in the left column of Fig. 5, are analyzed. All polars show a similar
trend in which the lift and drag coefficients increase with increasing
angle of attack. Since no complete flow separation is observed, no
sudden changes in the slope are expected. The slope of the polars for
suction on the suction side and blowing on the pressure side increased
compared to the uncontrolled case, while the slope for blowing on
the suction side decreased. All controlled polars are shifted to higher
drag values compared to the uncontrolled case, except for the high
lift configurations of suction on the suction side. Especially for the
two blowing configurations, the inclusive drag coefficient increased
by around 20%. For suction on the suction side, the drag difference
at lower lift configuration is significant but decreases with increasing
angle of attack and lift. At « = 2.31° the two polars intersect, and
the drag coefficient of the case with suction on the suction side has
a lower drag coefficient than the uncontrolled case. For these high
lift configurations, an increase in the efficiency is reached. The dis-
tribution of the pressure coefficient changes slightly depending on the
control configuration, see Fig. 5(c). Blowing on the suction side leads
to a slightly increased pressure coefficient on the whole upper side.
Opposite effects can be observed for suction on the suction side with a
slightly decreased pressure coefficient. The slightly decreased pressure
coefficient results in a small increase in lift coefficient compared to
the uncontrolled case for a constant angle of attack. Blowing on the
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Fig. 5. Polar plot and pressure and friction coefficient distribution for the three control configurations and the uncontrolled reference case for rig; - = 0.1%m,, and a =2.31° for
the surface distribution plots, and Ma = 0.6 and 0.725 for the left and right columns, respectively.

pressure side leads to a decrease in the pressure coefficient on the
lower side. A clear effect of the control can be observed for the friction
coefficient (see Fig. 5(e)). In the control region, a clear increase can
be seen for suction, whereas a decrease can be observed for blowing.
Suction removes fluid from the boundary layer, and thus the boundary
layer thickness is thinner. The velocity gradient in the boundary layer
increases, which then results in an increase in the wall-shear stress and
thus an increased friction coefficient. For blowing, the opposite effects
can be observed.

Secondly, the transonic case at a Mach number of Ma = 0.725 which
is shown in Fig. 5 in the right column is studied. The trend of the polars
is similar to the subsonic cases, an increase in the angle of attack leads
to an increased drag and lift coefficient. For suction on the suction side,
most configurations show a decreased drag coefficient compared to the
uncontrolled case, which results in an increased efficiency. The other
two configurations, blowing on the pressure and suction side, lead to
an increased drag. The pressure distributions show a clear dependency
on the different control configurations. For blowing on the pressure
side, the pressure distribution on the upper side matches the one of
the uncontrolled case, whereas a small decrease of ¢, on the lower
side can be observed. Both control configurations on the upper side
have a significant influence on the shock position and magnitude. For
the uncontrolled case, covered by the red curve, the shock position
is at x/c = 0.51. Blowing on the suction side leads to a shift of the
shock towards the leading edge to x/c = 0.44 and a decrease in the
shock magnitude, whereas opposite effects can be observed for suction
on the suction side: the shock is shifted towards the trailing edge to
x/c = 0.55 and the shock magnitude increased significantly. Before the
shock, a near constant pressure coefficient can be observed, followed by
a significant increase in c, at the shock position and a steady increase
towards the trailing edge. The sonic <, value is also indicated in the
pressure distribution for the corresponding Mach number.

Similar to the subsonic case, an increase (or decrease) of the friction
coefficient in the control region can be observed for suction (or blow-
ing). The shock is indicated by a sharp drop of ¢, followed by a slight
recovery.

In agreement with previous literature (Mickley et al., 1954; Black
et al., 1958; Sumitani and Kasagi, 1995; Park and Choi, 1999; Hwang,
2004) blowing leads to a reduction of the friction drag of up to 40%
for the transonic cases with a medium mass flow rate. However, when
the inclusive drag is calculated, which also includes the pressure drag
component and the boundary layer control penalty, an increase in the
inclusive drag is observed compared to the uncontrolled cases.

Overall it can be concluded, that the only control configuration that
can lead to an increase in efficiency is suction on the suction side for
rather high lift configurations, if taking into account the inclusive drag.

3.1.2. Effect of control magnitude

The effect of the control magnitude is discussed in this section.
The left column of Fig. 6 shows the subsonic uncontrolled case at
Ma = 0.65 and the corresponding controlled cases with suction on the
suction side at an angle of attack of 2.31°, marked by circled symbols
in the polar plot. The polar plot clearly shows a shift of the ¢;-¢c,
curves to higher drag values with increasing control magnitude. The
lift coefficient at the same angle of attack also increases with increasing
control magnitude. Nevertheless, the aerodynamic efficiency is smaller
than the one for the uncontrolled cases. For high lift configurations and
a rather small control magnitude of mg; -~ < 0.2%m,, slightly lower drag
values compared to the uncontrolled polar (black) can be observed.
From the polar plot, it can be summarized that especially the cases with
a small control magnitude are promising for an efficiency increase.

In the pressure distribution, it can be observed that the uncontrolled
case, indicated in black, is subsonic and no shock is present on the up-
per side of the airfoil. With increasing magnitude of the suction on the
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Fig. 6. Polar plot and pressure and friction coefficient distribution for different control magnitudes and the uncontrolled reference case. The applied control is suction on the
suction side at Mach numbers of Ma = 0.65 and 0.725 for the left and right columns, respectively. The surface plots are shown for an angle of attack of a =2.31°.

upper side, a pressure decrease followed by a sudden pressure increase
around x/c = 0.22 — 0.28, dependent on the control magnitude, can be
observed, which leads to the appearance of a shock for high control
magnitude configurations (g, > 1%1,,). Suction on the upper side
also influences the flow on the lower side, which can be observed
by a slightly increased pressure coefficient. This effect increases with
increasing control magnitude. The increase of the pressure coefficient
on the lower side and the presence of the shock for higher control
magnitude explain the lift increase observed in the polar plot for higher
control magnitudes.

Suction on the suction side leads to an increase in the friction
coefficient on the upper surface as expected. The increase in the friction
coefficient grows with increasing control magnitude. The presence
of the shock can also be observed in the friction coefficient and is
indicated by a strong decrease in c;.

The inclusive drag is the sum of the pressure and friction drag as
well as the boundary layer control penalty. The last plot in the left col-
umn shows the pressure and friction drag ratios compared to the total
drag. Since the body drag for the control of suction already includes the
boundary layer penalty, it is not also plotted in Fig. 6(g). The blue curve
indicates the inclusive drag, which consists of a friction part, shown in
red, and a pressure part, shown in yellow. For a control magnitude of

mgre = 0.5%m,, the blue curve cuts the ratio of the friction component.
This indicates that a negative pressure drag is present and thus the
inclusive drag is lower than the friction component. This is shown by
the orange color, which is an overlap of the red and the yellow area.

In the transonic case for a Mach number of Ma = 0.725, right
column of Fig. 6, it can be seen that the low magnitude control
configurations (rp; - < 0.2%m,,) at high lift coefficients lead to slightly
lower drag values compared to the uncontrolled case. The overall trend
of the polars is similar to the one of the subsonic case, with increasing
mass flow rate of the control fluid, the polars are shifted to higher drag
values and also to higher lift values.

The increase in the lift coefficient can be explained by the shift
of the shock position towards the trailing edge for increasing control
magnitude, see Fig. 6(d), and the increase in the shock magnitude.
In the friction coefficient distribution in Fig. 6(f), an increase in the
friction coefficient with increasing control magnitude can be observed.
The increase in the friction coefficient can also be seen in Fig. 6(h),
where the friction ratio is marked by the red area, which increases
with increasing control magnitude. The ratio of the pressure component
is almost constant, marked by the yellow area, and is now positive,
compared to the subsonic case, which leads to higher inclusive drag
values.
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Fig. 7. Polar plot and pressure and friction coefficient distribution for different control magnitudes and the uncontrolled reference case. The applied control is blowing on the
pressure side at Mach numbers of Ma = 0.65 and 0.725 for the left and right columns, respectively. The surface plots are shown for an angle of attack of « =2.31°.

The effect of the control magnitude for blowing on the pressure side
is shown in Fig. 7. In the uncontrolled subsonic case (black) with a
Mach number of 0.65, left column, an increase in the drag coefficient
with increasing angle of attack can be observed, while a significant
increase in the lift coefficient can be observed. For the low magnitude
controlled cases, the trend is the same, but the polar is shifted to slightly
higher drag values. For higher control magnitudes, riig; - > 0.5%r,, the
trend changes and the drag coefficient decreases with increasing angle
of attack accompanied by an increase in the lift coefficient. For control
magnitudes mg;~ > 0.5%m,,, massive separation occurs at the lower
side due to the injected fluid. Flow snapshots with local streamlines
are shown in Fig. 8 where the flow separation in the back part of the
airfoil can be seen.

The pressure coefficient for « = 2.31° for the uncontrolled case,
compare Fig. 7(c) (dashed black curve), increases over the whole upper
side. On the pressure side, the pressure coefficient decreases up to
x/c = 0.4 and then changes its slope and increases continuously towards
the trailing edge. For low control magnitudes, the trend of the pressure
distribution only changes slightly, with a small decrease in the pressure
coefficient on the upper side. On the lower side, the pressure coefficient
increases in the region up to x/c¢ < 0.58 and decreases in the back

part of the airfoil compared to the uncontrolled case. At higher control

> 1%m,, blowing on the pressure side leads to a
shock on the suction side close to the leading edge, which is associated
with a strong increase in the pressure coefficient. On the pressure side,
it can be observed that the pressure coefficient is almost constant and
close to zero in the region of x/c ~ 0.4 towards the trailing edge, which
indicates separation. As already seen in Fig. 8 the flow detaches when
the control magnitude is larger than 0.5, which can be seen by the
smaller pressure gradient and the zero friction coefficient. In the area
where the flow is detached, the injected fluid is still present and gets
deflected towards the outer flow. The friction coefficient behaves as
expected: it decreases more and more in the region of blowing with
increasing control magnitude up to a control magnitude of rmp; <
0.5%m,. For higher control magnitudes, the friction coefficient in the
control region is zero, and the flow is detached. Due to the flow of
the control fluid in the wall-normal direction, no friction is present in
this area, as well as no backflow. When the blowing region ends at
x/c = 0.85, a full separation with backflow, which can be denoted
by a negative friction coefficient, can be observed for high control
magnitudes of rg; o > 1%ri,.

With increasing control magnitude, the friction drag is slightly
decreasing, while the pressure drag increases, see Fig. 7(g). The main
contribution to the drag is the boundary layer penalty drag, which

magnitudes g, >
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Momentum

Fig. 8. Snapshot of the streamlines for (a) the uncontrolled case and (b) the controlled
case with blowing on the pressure side for Ma = 0.65, « = 2.31° and g, = 1.2%m,,.

increases significantly with increasing control magnitude and is re-
sponsible for about 57% of the total drag for a control magnitude of
tgre = 1%,

The figures for the transonic case are shown in the right column
of Fig. 7. In the polar plot, only the data up to a control magnitude
of ripg; - < 0.6%m, are presented since no steady solution can be
obtained for higher control magnitudes. The polars are shifted to higher
drag values but also higher lift coefficients with increasing control
magnitude. In the pressure distribution (see Fig. 7(d)) a slight decrease
of the pressure coefficient before the shock position for small control
magnitudes can be observed while the shock position is shifted towards
the trailing edge. On the pressure side, the same effect as in the
subsonic case can be seen, the pressure coefficient in the control area
is almost constant. The shift in the shock position and magnitude
increases with increasing control magnitude, even though the control
takes place at the opposite side of the airfoil.

On the pressure side, the friction coefficient in the control area is
again zero, as also seen in the subsonic case.

3.1.3. Effect of Mach number

In Fig. 9 the results for a variation of the Mach number are shown
for the control of suction on the suction side with a control magnitude
of mgrc = 0.2%m,. In this section, the polar and surface plots have
been omitted for reasons of clarity. The trends of the corresponding
curves have already been described in detail in the previous sections.
The Mach number regime covers the range from subsonic Ma < 0.7
up to the transonic regime Ma > 0.7, where a clear shock is observed
at the upper side of the airfoil. An increase in the Mach number leads
to, first, the appearance of the shock and, later, to a shift of the shock
towards the trailing edge and an increase in magnitude.

In Fig. 9 the drag distribution is shown. The components for the
controlled cases are shown by the colored areas and the blue line, while
the uncontrolled components are marked by the dashed and dotted
lines. For the uncontrolled and the controlled case, a slight decrease
in the friction drag is observed with an increase in the Mach number.
The friction drag of the uncontrolled case is lower compared to the
controlled one, which can be explained by the applied control of suction
on the suction side, which leads to an increase in the friction drag, as
already seen in Section 3.1.1. The inclusive drag, so the sum of the
pressure and body drag, which already includes the boundary layer
control penalty, is almost constant for both the controlled and the
uncontrolled case up to a Mach number of Ma = 0.7. At this Mach
number, the shock appears, which leads to a significant increase in the
pressure drag. With a further increase of the Mach number, also the
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Fig. 10. Drag distribution for different Mach numbers for blowing on the pressure side
with a control magnitude of my, = 0.2%m,, and an angle of attack of a =2.31°.

pressure drag increases, which is due to the increase in the shock’s
magnitude. At Ma = 0.725 the pressure drag is responsible for about
46% of the total drag.

The effect of the variation of the Mach number for blowing on the
pressure side is shown in Fig. 10. Since the control is applied to the
lower side of the airfoil, the influence on the flow and thus the shock’s
characteristics on the upper side are rather low. However, due to the
variation of the Mach number, a shift of the shock position as well as
an increase in magnitude is still observed. But no significant variation
between the controlled and uncontrolled cases can be seen on the upper
side. In the drag distribution in Fig. 10 it can be observed, that the trend
is similar to the cases with suction on the suction side because the main
reason for the increase of the pressure drag component can be explained
by the shift of the shock, which is mainly driven by the variation of the
Mach number. This effect can be increased by the control of suction on
the suction side. The comparison of the uncontrolled and controlled
configurations for blowing on the pressure side shows an increased
friction drag compared to the uncontrolled case, contrary to the suction
case. Blowing increases the boundary layer thickness and thus leads to
a reduction of the friction drag. As already observed in the previous
case, the appearance of the shock at Ma =~ 0.7 leads to a significant
increase of the pressure component.

3.1.4. Effect of control position

The influence of the control position is shown in Fig. 11 for the
transonic Mach number of Ma = 0.725 and the control configurations
of blowing on the suction side and suction on the suction side in the
left and right columns, respectively. The default control area spans
60% of the chord length, while the smaller areas of before, across, and
behind shock span 10% of the chord length. The positions are defined
concerning the shock position in the uncontrolled case, see Fig. 4. The
effect of the control, so a shift of the shock position and change in
magnitude, can also be observed for the smaller control areas for both
investigated control configurations, but with a much smaller effect, see
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Fig. 11. Polar plot and pressure and friction coefficient distribution for different control positions and the uncontrolled reference case. The applied control is blowing on the
suction side and suction on the suction side for the left and right columns, respectively, with a control magnitude of my, = 0.1%m,. The surface plots are shown for an angle of

attack of a =2.31°.

Fig. 4(a) and (b). The control intensity depends on the free-stream flow,
and therefore the total mass flow is smaller due to the smaller area
through which the flow passes. The trend of the friction coefficient
shows that only the areas in which the control is applied show a large
difference from the uncontrolled case. It can also be seen that the shift
of the shock is the same for the positions before and behind the shock,
while the shift of the shock for the control at the shock position is
minimally larger but still significantly smaller than in the default case.

3.2. Efficiency increasing configurations

The previously discussed results show that there are a few configu-
rations where an increase in efficiency was observed. In this subsection,
these cases should be analyzed in more detail.

The only control configuration that showed an increase in efficiency
is suction on the suction side at low control magnitudes of rg; - =
0.1 in the default control area. Promising cases have been observed
throughout the whole investigated range of Ma numbers. For the
following comparison, three example Mach numbers were chosen: 0.65
to represent a subsonic case and 0.71 and 0.725 in the transonic regime.
All the cases are listed in Table 1.

The controlled cases are now compared to uncontrolled cases at the
same lift coefficient instead of the same angle of attack. The uncon-
trolled simulations were rerun at the same ¢, from the corresponding
controlled cases. This change in comparison is especially important for
those cases, which are far from the design angle of attack. In fact,
in this case, the control at low AoA configurations showed a high
efficiency increase compared to the uncontrolled cases at the same AoA.
However, a comparison at the same lift coefficient has shown that these
configurations are far from increasing the efficiency.

For all configurations, the angle of attack for the uncontrolled cases
is slightly higher Ae = 0.2°—-0.6° compared to the uncontrolled cases. A
comparison of the controlled cases with the corresponding uncontrolled
cases at the same lift coefficient showed that with increasing AoA the
effectiveness of suction improves so that for large AoA the control does
induce an overall net efficiency increase. For lower Mach numbers, the
efficiency increase is smaller than for the higher transonic cases. In
the subsonic regime, a maximum efficiency increase of about 5.75% is
reached for a lift coefficient of ¢, = 0.752. For the controlled case, this
corresponds to an angle of attack of a = 3° and for the uncontrolled
case of @ = 3.32°. In the fully transonic regime, the efficiency increase

Table 1

Example cases of suction on the suction side, which promise an increase in efficiency.
The uncontrolled cases are rerun at the same lift coefficient as the controlled cases for
a better comparison.

Ma tpre AoA ¢ Capody - 102 Eff

0.65 0.1 —1° 0.121 0.83 15.57 -3.78%
0.65 - -0.797° 0.121 0.80 15.15

0.65 0.1 0° 0.277 0.84 33.11 -2.27%
0.65 - 0.224° 0.277 0.82 33.87

0.65 0.1 1 0.434 0.86 50.21 —0.46%
0.65 - 1.250° 0.434 0.86 50.44

0.65 0.1 2° 0.592 0.91 65.35 1.54%
0.65 - 2279° 0.592 0.92 64.37

0.65 0.1 3° 0.752 0.98 76.59 5.75%
0.65 - 3324° 0.752 1.04 72.42

0.71 0.1 —1° 0.127 0.83 15.30 -2.22%
0.71 - ~0.785° 0.127 0.81 15.65

0.71 0.1 0° 0.303 0.84 36.16 —0.25%
0.71 - 0.241° 0.303 0.84 36.25

0.71 0.1 1 0.481 0.87 55.15 2.17%
0.71 - 1.276° 0.481 0.89 53.98

0.71 0.1 2° 0.667 0.94 71.16 4.56%
0.71 - 2318° 0.667 0.98 68.06

0.71 0.1 3° 0.870 1.35 64.60 14.96%
0.71 - 3374° 0.870 1.55 56.19

0.725 0.1 -1° 0.129 0.83 15.49 -1.73%
0.725 - ~0.780° 0.129 0.82 15.76

0.725 0.1 0° 0.312 0.82 37.17 0.45%
0.725 - 0.252° 0.312 0.84 37.00

0.725 0.1 1 0.500 0.88 56.92 3.28%
0.725 - 1.290° 0.500 0.91 55.11

0.725 0.1 2° 0.700 1.06 66.26 4.76%
0.725 - 2332° 0.700 1.11 63.25

0.725 0.1 3° 0.896 1.98 45.29 22.59%
0.725 - 3.574° 0.896 2.43 36.94

is 22.59% for ¢; = 0.897 for a controlled angle of « = 3° and for

the uncontrolled case a« = 3.574°. The maximum absolute value of the
efficiency of Eff = 62.25 is reached for a lift coefficient of ¢, = 0.700.

An application of the active control in this case led to an increase in
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Calculation of the power consumption and thrust generation to get a better estimation of the real drag savings for three example Mach numbers.

The uncontrolled cases are shown in Table 1.

Ma A0A Cabody < 107 Cp.min eprc - 107 Cpuamp * 107 €psotar 107 Ef [ o

0.65 -1° 0.83 -0.49 -0.17 0.19 0.85 15.08 —6.35%

0.65 0° 0.84 -0.56 -0.17 0.20 0.87 35.85 ~5.76%

0.65 r 0.88 -0.67 -0.17 0.21 0.92 54.21 -5.28%

0.65 2 0.91 —0.80 -0.17 0.23 0.97 61.29 —4.78%

0.65 3° 0.98 -0.94 -0.17 0.24 1.06 71.08 -1.86%

0.71 -1° 0.83 -0.56 -0.15 0.18 0.86 14.80 —5.42%

0.71 0° 0.84 -0.65 -0.15 0.19 0.88 34.60 —4.56%

0.71 r 0.87 -0.80 -0.15 0.21 0.93 51.93 -3.80%

0.71 2 0.94 -1.03 -0.15 0.23 1.02 65.64 -3.57%

0.71 3° 1.35 -1.32 -0.15 0.26 1.46 59.70 6.24%

0.725 -1° 0.83 -0.59 -0.15 0.18 0.86 14.94 -5.19%

0.725 0° 0.84 —0.69 -0.15 0.19 0.88 35.43 —4.25%

0.725 r 0.88 -0.87 -0.15 0.21 0.94 53.26 -3.36%

0.725 2 1.06 -1.16 -0.15 0.24 1.15 60.99 -3.56%

0.725 3° 1.98 -1.41 -0.15 0.27 2.10 42.75 15.72%
all configurations in this chapter are of the control type suction, only
B " the minimal ¢, value needs to be taken into account. With the calcu-
. S 22 &y I lated pressure difference, the pump drag was determined by Eq. (5).
The calculated values are shown in Table 2. The thrust that can be
= 23 02 0> [ s generated by dumping the fluid is calculated with the boundary layer
f; 5 penalty of Eq. (2). With the body drag, the generated thrust, and the
g Eh s 22 >3 0 g pump drag, the total drag of the controlled cases was calculated. The
;EQ | s ie e E newly calculated efficiency was then compared to the uncontrolled
~ - 10 cases at the same ¢,. Since the new total drag increased compared to the
o | o o oe I total drag without the energy consumption, the efficiency decreased.
" -20 Now, most of the configurations show a decrease in efficiency. Also

0.725

Fig. 12. Efficiency increase for suction on the suction side at three different Mach
numbers of Ma = 0.65 as a representation of the subsonic case and Ma = 0.71 and
0.725 as representations for the transonic cases without the power consumption.
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Fig. 13. Efficiency increase for suction on the suction side at three different Mach
numbers of Ma = 0.65 as a representation of the subsonic case and Ma = 0.71 and
0.725 as representations for the transonic cases with the power consumption.

the efficiency of 4.76%.

A visualization of the efficiency increase for the different Mach
numbers and angles of attack for the controlled cases is shown in
Fig. 12. It can be seen that an increase in Mach number as well as
an increase in the angle of attack (of the controlled case) leads to an
increase in the efficiency.

As already discussed in Section 2.4 the active control method needs
extra energy, which was not taken into account so far. To get an
estimation if the control works and increases the efficiency, this extra
power needs to be calculated. For all controlled cases, the minimal ¢,
value in the control area on the suction side was determined. Since

10

the case with the largest efficiency at Ma = 0.725 and « = 2° is
now decreased by about —3.56%. An increase in efficiency can still
be observed for configurations at high angles of attack. With a net
efficiency of Eff = 42.75 in the 3° controlled case, an increase of
15.72% compared to the uncontrolled case was reached. This most
promising configuration, achieved at a Mach number of 0.725, a control
magnitude of rig; - = 0.1, and the control of suction on the suction
side at « = 3°, is shown in Fig. 14 and compared to the uncontrolled
case at a = 3.574°.

In Fig. 13 the change in efficiency of the controlled compared to the
uncontrolled cases with low magnitude suction on the suction side is
shown. As already observed before, an increase in Mach number and
angle of attack (of the controlled cases) leads to higher values in AE,
but by taking into account the calculation of the power consumption
most of the cases now show an efficiency decrease. Only the high lift
configurations in the transonic regime show an efficiency increase.

In the uncontrolled case, the pressure coefficient on the upper side
before the shock is lower compared to the controlled case. As already
seen in the previous results, suction on the suction side shifts the shock
towards the trailing edge even though now two configurations with
the same ¢, are compared instead of the same AoA. In the plot of
the friction coefficient, a flow separation on the suction side in the
uncontrolled case can be observed right after the shock took place. The
flow reattaches, and the friction coefficient recovers at about x/c = 0.6.
In the controlled suction case, an increased friction coefficient in the
controlled area can be observed. Although the friction coefficient is
significantly higher than in the uncontrolled case, the shift of the shock
position towards the trailing edge and the increase in magnitude still
lead to a flow separation right after the shock takes place. The recovery
of the friction coefficient is much faster than in the uncontrolled case,
and only a very small separation bubble can be observed, but a flow
separation cannot be prevented by the active flow control.

As already mentioned in Section 2.4 the estimation of the power
consumption is very conservative and probably lower in a real-life
scenario, as the pressure difference between the supply chamber and
the airfoil’s surface is very large in the region after the shock. Neverthe-
less, there are a few configurations where even with the conservative
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Fig. 14. Pressure and friction coefficient of the most promising configuration for Ma = 0.725, mp; - = 0.1 and a = 3° or 3.567° for the controlled (suction on the suction side) and

uncontrolled case, respectively.
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Fig. 15. Variation of the Reynolds number for one single configuration at a Mach
number of Ma =0.725 and a constant lift coefficient of ¢, = 0.695.

power calculation a net drag saving could be achieved. Additionally,
no optimization of different configurations was conducted so far, and
some non-optimal cases were investigated as well to get an idea of the
potential of the investigated control method.

3.3. Effect of Reynolds number

The parametric study was performed at a constant Reynolds number
of Re = 5 x 10° since the computational costs for a variation of the
Reynolds number for the whole parametric study would have been too
high. To see the effect of this variation, Reynolds numbers between
Re = 2 x 10° — 12 x 10° are tested for the case of a Mach number
of Ma = 0.725 and at a constant lift coefficient of ¢, = 0.695 (which
corresponds to the uncontrolled case at a Reynolds number of Re =
5 x 10% and an angle of attack of a = 2.31°). Fig. 15 shows the body
drag as a function of the Reynolds number for the uncontrolled case
as well as for the controlled cases of suction on the suction side and
blowing on the pressure side. Overall the body drag is decreasing for
all investigated configurations, but the rate of the decrease decreases
with increasing Reynolds number. Also, the difference between the
uncontrolled body drag and the controlled body drag decreases. Thus,
the effects on the efficiencies are also decreasing. While at a Reynolds
number of Re = 5x 10° for the investigated case, an efficiency increase
of 2.7% is observed, at a Reynolds number of Re = 10 x 10° the
efficiency increase is 1.9%. The efficiency is calculated with the body
drag, thus the costs for the control are not taken into account for this
discussion.

In order to make a precise and detailed prediction about the influ-
ence of the Reynolds number, a more broadly diversified parametric
study would have to be carried out. In the investigated set of mesh
generation, code, and parameters used here, a wider range of Reynolds
numbers cannot be covered. A more detailed discussion of the re-
alization of the presented flow control method can be found in the
Concluding discussions.
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4. Concluding discussion

In the present study, the active control method of wall-normal
uniform blowing and suction within a turbulent boundary layer has
been assessed as a possible mean to achieve an increase in the aero-
dynamic efficiency of a transonic airfoil. RANS simulations with a
fixed transition at 10% of the chord length to ensure a fully turbulent
boundary layer are conducted. The flow regimes span from the subsonic
regime to the transonic regime. The performance of the active control
in the compressible but still subsonic regime as well as the presence of
non-linear effects as the shock in the transonic regime are addressed in
the present study.

The parametric study includes angles of attack of « = —1° to 3°, the
Mach number range covers Ma = 0.600 — 0.729, and a fixed Reynolds
number of Re = 5x10° is chosen. The control intensity is varied between
mgrc = (0.1 = 3., and four control positions are investigated, where
the largest spans from 25%-85% of the chord length, and the three
smaller ones are defined with respect to the shock position and span
10% of the chord length. Three different control configurations with
uniform mass flow rates are investigated. With the inclusive drag, the
efficiency was calculated and compared to the uncontrolled cases to
make statements about whether the control leads to positive effects.
The power consumption is estimated to also take into account the
additional energy that is needed to run the active control.

The investigated blowing configurations of blowing on the suction
side and blowing on the pressure side led to an increase in the inclusive
drag compared to the uncontrolled cases. The most promising configu-
ration that was found in the investigated setup is suction on the suction
side.

In the subsonic regime, suction was mainly promising for high
lift coefficients and low control magnitudes. In the transonic regime,
most of the configurations with a low control magnitude showed a
decreased inclusive drag and thus an increase in the efficiency. The
suction configuration leads to a decrease in the pressure drag, but
an increase in the friction drag. Opposite effects are observed for the
blowing configurations. The results in the subsonic regime agree with
previous investigations (Fahland et al., 2021, 2024; Atzori et al., 2020),
who figured out that most configurations do not lead to an efficiency
increase. In the transonic regime, the non-linear effect of the shock
appears. The control leads to a shift of the shock position as well as
a change in the shock magnitude. For suction on the suction side, the
shock is shifted towards the trailing edge and increases in size; this
leads to a decrease in the inclusive drag and an increase in efficiency.
Many previous investigations showed that blowing leads to a reduction
of the friction coefficient, which was also observed in the present
parametric study. However, when the inclusive drag is calculated and
also the pressure drag is taken into account, the method of blowing
does not show a positive effect on the efficiency. With the inclusive
drag, only the control of suction on the suction side shows a positive
effect on the efficiency.

When the control magnitude is increased for suction on the suction
side, the observed effects of the shift of the shock position towards the
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trailing edge and the growth in magnitude increase as well. Only for
low control magnitudes of i = 0.1 — 0.2n1,, a positive effect on the
efficiency could be observed. Suction leads to an increase in the friction
drag since the boundary layer thickness is decreased. This increase
is growing with increasing control magnitude. The shift of the shock
position has two effects: slight growth of the pressure drag, which also
increases with increasing control magnitude, and an increase in the lift
coefficient when comparing results at the same angle of attack. The
combination of an increasing drag and lift results in an increase in effi-
ciency for low magnitude control configurations. For the configurations
with higher control magnitudes, the increase of the drag due to the
increase in both drag components leads to an efficiency decrease.

The effect of smaller control positions, which are chosen with
respect to the shock position, is much smaller than the larger control
position, which can be explained by the smaller mass flow. Never-
theless, it is interesting to notice that not the exact position of the
control seems to be important for its effect, but rather the configuration
(blowing or suction) and the control magnitude.

Overall, when not taking into account the power consumption, low
magnitude control configurations with suction on the suction side in
the large control area at high lift coefficients lead to an increase in
efficiency of up to 22% for the transonic case. The effect increases
with increasing Mach number (appearance of the non-linear effect of
the shock) and increasing angle of attack (closer to the design point
of the airfoil). Since an active control is applied the additional energy
which needs to be provided to run the control needs to be taken into
account. A precise estimation of the energy required involves many
assumptions and therefore leads to imprecise and no longer transparent
results, a simpler and therefore more conservative estimation was
chosen in this case. Even with the conservative estimation of the power
consumption, some cases still show an efficiency increase. The high
lift configurations show a decrease in the inclusive drag and thus an
increase in efficiency of up to 16%. As discussed above, the estimation
of the power consumption is conservative. A lower power consumption
could be reached for example, by having two supply chambers, one at
the actual pressure level before the shock and a second that sucks in
the fluid in the rear part of the control region, where a lower pressure
value would be sufficient. In the back part of the airfoil, the pressure
difference between the supply chamber and the control surface is very
high with the assumptions made for the power calculations present in
the study. This would be one option to be more efficient, especially at
lower angles of attack, which correspond to the cases with the highest
absolute value of efficiency.

The results of the present study on wall-normal homogeneous blow-
ing and suction show that the control of blowing does not lead to an
increase in efficiency in any of the cases investigated. Positive results
were achieved in a few cases of the control with suction, where a
significant increase in efficiency is determined, but these cases neither
correspond to the design points of the airfoil nor are present in a
typical mission of a cruise aircraft. In the optimal operation points, for
which the absolute efficiency is the highest, no increase in efficiency is
determined for this control either. In order to be able to evaluate the
control conclusively and completely, the cruise condition cases need to
be optimized to make a clear statement about the effectiveness at these
points. Furthermore, a combination with laminar flow control (Beck
et al., 2018) — not the focus of the present study — can be carried out
to utilize the positive effects of suction.
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Appendix A. Validation

For the validation of the present RANS results, a direct numer-
ical simulation (DNS) is performed with the code FLEW, developed
by Soldati et al. (2024). FLEW is designed for performing DNS on
structured grids defined on generalized curvilinear coordinates and is
an extension of the cartesian code STREAmS (Pirozzoli, 2010). The
numerical framework uses a hybrid discretization of the compressible
Navier-Stokes equations, which combines the nearly-zero numerical
dissipation of 8th-order central schemes, best suited to accurately de-
scribe turbulence structures, with the robustness of 7th-order Weighted
Essentially Non-Oscillatory (WENO) schemes, required to capture shock
waves.

The grid was generated with a modified version of the open-source
software Construct2D (Prosser, 2013-2018), where a hyperbolic algo-
rithm generates high-quality, smooth C-type meshes. The grid gener-
ated with the code for a Reynolds number of Re = 3 x 10° consists
of 4096 x 512 x 256 nodes in streamwise (x), wall-normal (y), and
spanwise (z) directions, respectively.

The C-mesh has a radius of 25¢ and the outflow of the domain is
placed at 25¢ from the trailing edge of the airfoil with the chord length
c. The flow is assumed to be periodic in spanwise direction with an
extension of 0.1c. Additionally to the freestream condition prescribed,
non-reflective boundary conditions are imposed to prevent the shock
wave from being reflected in the far field. On the airfoil, a no-slip
adiabatic boundary condition is prescribed.

The validation of the RANS simulation is performed at a Reynolds
number of Re = 3 x 10°, a Mach number of Ma = 0.725, and an
angle of attack of « = 4°. The distribution of the pressure and friction
coefficient is shown in Fig. A.16. The forced transition of the flow at
x/c¢ = 0.1 was prescribed for the DNS simulation with a numerical
tripping defined according to Schlatter and Orlii (2012), consisting of
a weak random volume force acting in wall normal direction. Owing to
the small value of the Reynolds number and the effect of the favorable
pressure gradient present up to x/c ~ 0.4, it was observed that the
boundary layer on the pressure side of the airfoil remains laminar
despite the numerical tripping. At x/c ~ 0.4 the pressure gradient
changes and is now positive, which leads to a separation of the flow
on the lower surface with a consequent separation-induced transition
and reattachment.

The semi-implicit scalar source employed to initiate the turbulent
flow in the RANS simulations at large values of Re is not adequate to
reproduce the complex scenario occurring at the low value of Re nec-
essarily employed in the DNS. To capture the transition and separation
correctly also in the RANS simulations, the Langtry-Menter transition
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Fig. A.16. Distribution of the pressure and friction coefficient for a RANS and a DNS simulation at a Reynolds number of Re =3 x 10°.
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Fig. A.17. Pressure distribution of the RANS simulation and the experimental data
of Cook et al. (1979) at a Reynolds number of Re = 6.5 x 10°.

Table A.3
Aerodynamic coefficients for the conducted validation simulation for the RANS and
DNS results for a Reynolds number of Re =3 x 10°.

¢ Cabody * 10% Cap* 10% Cayt 10?
DNS 0.840 3.261 2.461 0.800
Su2 0.839 3.165 2.472 0.694

model has been utilized. The model predicts the transition and flow
separation at the lower surface as expected and thus agrees with the
DNS simulations. The LM transitional model was modified for the upper
surface to trigger the transition at x/c = 0.1 on the upper surface.

The pressure distribution shows a good agreement between the DNS
and the RANS simulations, see Fig. A.16. Both simulations capture
the shock at the same position. Only the flow separation takes place
slightly later on the airfoil’s lower surface for the RANS simulation.
This can also be observed in the distribution of the friction coefficient.
Additionally, it can be seen that turbulence in the DNS simulation is
triggered at x/c = 0.1.

In Table A.3 the aerodynamic coefficients for the validation sim-
ulations are shown. The lift coefficient agrees perfectly, while a small
difference can be observed for the drag coefficient, which mainly comes
from a difference in the friction drag. A small underestimation of the
drag coefficient was also observed in the comparison of RANS and DNS
by Fahland et al. (2021) for an incompressible flow. Despite the small
deviation in the absolute value of the drag, the relative changes induced
by the control were correctly reproduced in the RANS simulations.

While it is not possible to exploit DNS for validating the RANS
simulations at the larger value of the Reynolds number of Re = 5 x 10°
employed in the present study, we can resort to laboratory experiments.
So the pressure distribution of the RANS simulation at a Reynolds
number of Re = 6.2 x 10°, a Mach number of Ma = 0.734, and an
angle of attack of a = 2.79° (corrected for experimental wind tunnel
blockage) is compared to the experimental data of Cook et al. (1979)
(test case 9).

Fig. A.17 shows the pressure distribution of the RANS simulation
and the experimental data of Cook et al. (1979). The data show a great
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Fig. B.18. Change in efficiency of the controlled cases compared to the uncontrolled
case for different mesh sizes.

agreement, where only the shock position is slightly shifted towards the
trailing edge for the experimental data.

Finally, the validation of the RANS simulation with the DNS simu-
lation at a Reynolds number of Re = 3 x 10° and the comparison with
the experimental data at a Reynolds number of Re = 6.5 x 10° showed
that the RANS simulations can resolve the flow and the most relevant
flow physics.

Appendix B. Mesh convergence

The convergence of the mesh was tested with different meshes
varying from 150 183 cells up to a very fine resolution of 382915 cells.
Fig. B.18 shows the increase in efficiency for blowing on the pressure
side and suction on the suction side compared to the corresponding un-
controlled case. The simulations were conducted at a Reynolds number
of Re = 5x 10°, a Mach number of Ma = 0.725, an angle of attack of
a = 2° and a control magnitude of rig; - = 0.1%rm,. For the calculation
of the efficiency the body drag was used. Therefore, an increase in
efficiency for cases with blowing is also achieved in these cases, since
the drag component of the boundary layer penalty and the costs are
not taken into account. For both control configurations, the deviations
are minimal and are in the range AEff = 0.15%. The simulations in
the present study were carried out with the coarsest grid tested, as this
already depicts all characteristics.

Data availability

Data will be made available on request.
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