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Abstract

We present a comprehensive parametric study on
the flow-control scheme denoted as wall-normal uni-
form blowing and suction in turbulent boundary lay-
ers around airfoils. The focus is primarily put on the
influence of the drag caused by the power consump-
tion of the support system. We also assess the theo-
retical background of the momentum budget includ-
ing free-stream and boundary-layer control flux. It is
shown that this assessment is crucial if a complete un-
derstanding and a reliable measurement of the drag in
such system is desired in practice.

1 Introduction

Despite the sizeable impact of the COVID-19 pan-
demic on air-traffic development the need for emission
reduction by drag reduction remains crucial for the
decades to come. Aircraft design still has many pos-
sibilities for efficiency improvement despite the huge
efforts in the past in fields like engine design and
lightweight construction. Viscous drag reduction by
boundary layer control (BLC) is a field which is lack-
ing wide-spread implementation despite some efforts
on implementing laminar boundary layer control on
newest generation aircraft tailplanes. This lack of im-
plementation is even more severe for turbulent bound-
ary layer control although the turbulent state is of-
ten unavoidable for commercial aircraft given the high
Reynolds numbers, swept wings, flap design, manu-
facturing imperfections such as rivets and leading edge
deposits like bugs, dirt, etc. This justifies increased
efforts in investigating turbulent boundary layer con-
trol schemes. We focus on the active scheme of uni-
form blowing as it is a simple scheme quite a few ex-
perimental [11, 6, 4, 9] and numerical [8, 14, 2] in-
vestigations exist for. It also allows to build on the
experience of laminar flow-control regarding the ac-
tual implementation on aircraft [13]. Furthermore it
could be shown that the drag reduction potential is sig-
nificant given a favourable use case can be identified.
[5]. For example, large potential is recognized in the
scheme of blowing on the pressure side (PS) of an air-
foil within the turbulent region at favourable or mildly

adverse pressure gradients like they exist on cambered
airfoils at lower angles of attack. In this presentation
and proceeding we focus on the energy budget calcula-
tion including the control scheme power requirements
as well as how to correctly assess the total drag based
on the momentum budget equation.

2 Methodology

The incompressible Reynolds-Averaged Navier-
Stokes (RANS) equations are solved with the SIMPLE
FOAM solver from OpenFOAM. Menter kw-SST [10]
is set as turbulence model. Upstream of x/c¢ = 10%,
with ¢ being the chord length, the turbulent kinetic en-
ergy (TKE) is kept at practically zero to simulate a
laminar boundary layer. The mesh resolution is suf-
ficient to allow low-Re modeling i.e. 3y < 1 for the
first cell at the wall. The mesh is C-shaped with a ra-
dius of 50 airfoil chord lengths, c. The outlet is 75¢
behind the trailing edge of the airfoil. On the sur-
face of the airfoil a no-slip condition is imposed in
the uncontrolled regions. For controlled regions a uni-
form wall-normal velocity is prescribed. The setup of
simulations, boundary conditions and variation of pa-
rameters correspond to the ones reported in Fahland ef
al. [5]. Validation of the setup is done with LES data
from Atzori et al. [2].
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Figure 1: Control schemes and schematics of the sys-
tem providing the flow-control mass flux

The flow-control schemes investigated within the
present parametric study are displayed in figure 1. The
upper side of the airfoil is referred to as suction side
(SS) while the lower side of the airfoil is labelled as
pressure side (PS) no matter whether blowing or suc-
tion is applied. The parametric study covers the fol-
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Figure 2: Power consumption of a suction scheme (left) and of a blowing scheme (right) on the upper side of an
airfoil in dimensionless visualisation. Green items indicate specific drag savings e.g. thrust, orange items show

additional drag

lowing variations for the NACA 4-digit airfoil family:

* angle of attack (AoA) o = [—3,12]°

* Reynolds number based on chord Rec
[1le5, 4e6]

* BLC velocity vpr.c = [0.1,0.5]%Us

L]

airfoil thickness t = [6, 15]%c
* airfoil camber f = [0, 6]%c

Figure 1 also shows how the boundary-layer con-
trol fluid is gathered from (in case of a blowing
scheme) or discharged to free stream. In principle,
both could take place at ambient pressure leaving no
penalty for this process. In reality the amounts of fluid
are considerably large and it is impossible for an air-
craft to carry it along at ambient pressure. Therefore,
the fluid meant for blowing has to be gathered at free-
stream conditions implying an inevitable momentum
loss (although no energy is lost at this moment if one
assumes that the fluid is gathered at a stagnation point).
This results in a drag component for the air supply
¢p,as- Meanwhile for suction schemes the opposite
is true as pointed out by Beck et al. [3]. The discard of
non-moving fluid in the reference frame of the aircraft
can take place at e.g. free-stream velocity. Although
one has to provide the necessary pressure difference
for this, doing so is highly desirable since the propul-
sive efficiency of this exhaust is 100%. This results in
a negative drag component cp ,s for the air discharge
in case of a suction scheme.

For both cases (blowing and suction scheme) the
pressure level of the air supply (or discharge) is as-
sumed at free-stream total pressure (dimensionless
static pressure ¢, = (p — Poo)/(p/2u2,) 1) in
order to allow discharge or collection at free-stream
conditions. Figure 2 shows the pressure differences
which have to be overcome to get to the BLC sur-
face. Since one has to distribute the BLC-fluid evenly

without an extensive hardware overhead a distribu-
tion scheme of tailored losses is most practical (e.g.
Scholz et al. [12]). This results in an achievable pres-
sure level at the supply chamber (plenum) of at least
Acp 1oss,min = 0.1 [3] higher than the highest airfoil
surface pressure in the BLC region in case of blowing
(equivalently lower in case of suction). In figure 2 the
distribution losses are indicated by the black bars. The
corresponding power is assumed to be lost completely.
Consequently, a plenum pressure level can be formu-
lated for each case. The pressure difference to the air
supply/discharge at ¢, = 1 is then to be overcome us-
ing a pump (in case of suction) or a small turbine (in
case of blowing). The drag associated to the power
consumption (Pp in case of a pump) or power gener-
ation (Pr in case of a turbine) of these items has to
include a corresponding efficiency which is set to be
n = 70% following the suggestion by Beck er al. [3].

In total the drag related to the BLC hardware con-
sists of the two described portions: the momentum
loss due to air supply/discharge and the pump/turbine
power. They can be recast in terms of dimensionless
drag coefficients as shown in equation 1. Doing so, the
aerodynamic drag coefficient ¢4 sero can be corrected
to include the BLC system drag as ¢4 corr:
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The improvement of a controlled case is measured
as drag reduction compared to the uncontrolled case at
equal lift coefficient ¢;. It is important not to compare
the drag reduction at equal angle of attack due to the
fact that a certain drag reduction can also coincide with



a lift reduction similar to e.g. flap deflections. Yet this
does not necessarily offer any efficiency benefit in a
real-world application. For an actual benefit the airfoil
polar (as seen in figure 3) has to be shifted to the left.
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Figure 3: Polar plot of the following cases uniform
blowing on the SS, uniform suction on the SS and uni-
form blowing on the pressure side. The parameters are
vpre = 0.5%Us, Rec = 4 - 10°, NACA 4412.

The polar plot in figure 3 shows that the schemes
of uniform blowing on the PS and uniform suction on
the SS both can yield an improvement compared to the
uncontrolled polar: at least parts of the corresponding
polars are shifted to the upper left from the uncon-
trolled reference. For suction on the SS the aerody-
namic improvement exists for higher lift coefficients
like present upon aircraft launch and approach. This is
also why it is not a significant disadvantage that the po-
lar with included energy budget is significantly shifted
to higher drag. The system is needed for small parts of
the total flight time only at the benefit of reducing wing
area thanks to higher ¢; max, Which in turn improves
the efficiency during cruise. For blowing on the PS the
situation is different. An increase in maximum lift can
barely be expected. Hence the improvement has to be
reached directly. Due to the smaller system drag which
results from the much smaller pressure differences ob-
served in figure 2 a net gain can be reached for medium
lift coefficients. Although the energy consumption of
blowing on the SS is even lower than that of blow-
ing on the PS due to the more favourable pressure dif-
ference, the detrimental aerodynamic performance of
such a configuration cannot be compensated.

Regarding the trends with Reynolds number (fig-
ure 4) it becomes apparent that the relative energy
consumption of a BLC system rises with higher Re.
This can be explained by the Re-independent losses
assumed within the system which stay constant at any
Re in their dimensionless value. Meanwhile, the aero-
dynamic performance of any airfoil in a strictly tur-
bulent regime rises due to the reduced viscous effects.
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Figure 4: Development of aerodynamic coefficients
and efficiency improvement relative to the uncon-
trolled polar. Operating point: NACA 4412, o = 5°
for the BLC case (equal lift for the uncontrolled case),
UBLC = 05%U 00

This in turn has the effect that the aerodynamic drag
portion drops compared to the BLC system drag. In
total we see a reduction of the aerodynamic drag in
the case of blowing on the PS savings for higher Re¢,
while the corrected drag savings for the scheme of
blowing on the PS saturates. Suction on the SS has
a declining aerodynamic performance at a fixed AoA
since rising Re reduces the boundary layer growth so
the suction cannot yield a significant improvement. In-
cluding the BLC drag renders this effect even worse
due to the aforementioned reasons.

In the following we focus on the scheme of blow-
ing on PS since it is the only one considered with direct
overall drag reduction. Figure 5 shows how its per-
formance changes with the camber of an airfoil f and
Re. For o = 0 and symmetric airfoils it becomes clear
that no improvement can be reached including the sys-
tem drag. The slight aerodynamic improvements of
approximately 5% in the presence of an adverse pres-
sure cannot compensate the cost of the BLC system.
This is an important finding since symmetric airfoils
are very common for experimental test campaigns [9]
or first implementations on aircraft due to the smaller
effort modifying a tailplane compared to a wing [13].
However, the higher the camber the more favourable
the pressure gradient on the PS so a drag reduction is
present. The same trend as in figure 4 becomes vis-
ible. Whereas the improvement of the plain aerody-
namic values still continues for the highest Re the net
improvement saturates at around dc; = —10%. At
higher AoA the pressure gradient on the PS is more
favourable in general so an improvement already exists
for symmetric airfoils. Also the maximum improve-
ment is slightly higher at o = 5° which correlates well
with the polar plot observations (figure 3).

At this point it is interesting to understand the
cause of the observed drag reduction. Clearly, a reduc-
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Figure 5: Drag reduction for equal ¢; as the corresponding uncontrolled case at « = 0° (a) and at @ = 5° (b)
as function of airfoil camber f and Reynolds number Re. Plain aerodynamic comparison is plotted in black,

BLC-system drag results are plotted in red.
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Figure 6: Boundary-layer development on the pres-
sure side of NACA 4412, vgrc = 0.5%Us, oo = 5°.
Both the momentum thickness (Jg) and the displace-
ment thickness (0*) rise within the BLC region (grey
area) compared to the uncontrolled case.

tion in friction drag is present due to the effects simi-
larly observed in zero pressure gradient boundary lay-
ers [7, 8, 14]. However, as figure 6 shows, this comes
at the cost of an increased boundary layer thickness,
both for the momentum loss dy and the displacement
thickness *. Contrary to intuition, the larger bound-
ary layer thickness does not necessarily cause a pres-
sure drag increase although the momentum deficit in
the controlled case at the trailing edge is larger due to
the thicker boundary layer. Especially for the most ad-
vantageous blowing on the PS conditions a slight de-
crease in pressure drag contributes to the overall drag
reduction. This apparent contradiction is addressed in
the following.

Figure 7: Control Volume (CV) for 2D airfoil momen-
tum assessment in which n is the normal vector point-
ing out of the CV.

4 Theoretical Analysis of the Drag Re-
duction

Here we investigate how it is possible that the to-
tal drag (and in some cases even the pressure drag) of
an airfoil drops although the thickness of the bound-
ary layer and thus the momentum deficit in the wake
rises. Changing the perspective, an airfoil of which
all the boundary layer is sucked off completely ex-
periences no momentum deficit in the wake, yet the
airfoil still experiences drag. In this case the momen-
tum loss of the fluid which got sucked in is responsible
for the entire drag also called the sink-drag. Note that
the drag force is transferred to the airfoil by both wall
friction and pressure drag at the orifices in the wall
where the last stream-wise velocity component of the
suction fluid is removed. Accordingly, the opposite
effect takes place for blowing: Although the source
is not directed towards the rear of the airfoil and the



deficit in the wake is larger than for the uncontrolled
case there is a thrust term originating in this source as
can be shown considering the momentum budget. This
is discussed in detail in the supplemental material of
Fahland et al. [5]. We recapitulate this topic here.

The momentum budget for the control volume in
figure 7 is given as:
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The right-hand side of the equation is not altered by
the boundary-layer control:
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However, the left-hand side does experience an alter-
ation since there is a mass flux over the surface of the
airfoil.
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A solution of the X -component of these equations for
the drag force F'p delivers for a 2D airfoil:
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In the case of an uncontrolled airfoil the drag can be
evaluated by measuring the momentum deficit of the
wake only as done in many experiments (e.g. [1]).
However, to get the correct measurement of the con-
trolled airfoil one has to take into account the mass
flux of the control.

In contrast to the free-stream the BLC fluid enters
the domain with almost zero momentum. Yet it gets
deflected and exits the control volume with a non-zero
momentum. This gain in momentum is also drawn
from the free-stream but does not add up to the drag
of the airfoil although causing a momentum deficit

its wake. This effect is responsible for the total drag
reduction (and also for the pressure drag reduction if
present) despite the thicker boundary layers in the con-
trolled case.

To put this into perspective, it is important to re-
member that the effect described here comes at the
cost of previously lost momentum when collecting the
fluid from the free-stream, which is later expelled as
BLC fluid. However, this momentum loss was already
accounted for as air-supply drag cp s in the BLC-
system drag as shown in section 2, figure 2.

5 Conclusions

Results of a large parametric study on turbulent
2D airfoil flows with wall-normal uniform suction and
blowing using RANS are presented. In the present
work we focus on the assessment of the drag com-
ponents related to the system providing the control
scheme. It is shown that this has a strong influence
on the overall performance development assuming a
conservative yet universal set of system parameters.
Although the improvement of some of the aerodynam-
ically advantageous control schemes is reduced when
the overall performance is considered, a positive net
effect can be identified for the most of these schemes.
We note that this conclusion also strongly depends on
the use case. At equal lift coefficient aerodynamic drag
reduction of approximately 30% can be realized within
the investigated parameter space. At the same time
the net drag savings at equal lift coefficient still reach
more than 10%.

The present numerical study is highly relevant for
the design of experimental investigations for active
control on airfoils. The generated data allow for esti-
mation at which operating conditions an adequate sig-
nal to noise ratios can be expected in order to achieve
experimental proof of concept for realization of net
performance increase due to turbulent boundary-layer
control through blowing and suction.
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