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Abstract
We investigate the active turbulent boundary layer control (BLC) scheme of uniform blowing
also known as micro-blowing technique applied on airfoils. In this contribution we will
show the path relating numerical investigations to experimental investigations which we are
currently preparing. A significant effort was put in understanding the differences previous
experimental campaigns showed compared to numerical results. Therefore, we conduct a
theoretical analysis of the momentum budget including the fluid utilized for control application.
From this we draw a conclusion for the inevitable drag contribution of this control scheme
as well as understanding the relation of different drag measurement techniques. We show
the application of these findings for a zero pressure gradient turbulent boundary layer flow
via Direct Numerical Simulation (DNS). Furthermore we apply a set of Reynolds-Averaged
Navier-Stokes (RANS) simulations to show the impact of these findings for varied control
parameters in order to demonstrate the significance of the findings for both the relation of
measurement quantities as well as the inevitable drag contributions of the support system.
With this we give an overview of the prepared experimental setup which we plan on using
to validate some of the numerical results in terms of aerodynamic performance enhancement
capabilities as well as demonstrate the validity of the concepts regarding the drag relations.

1 Introduction
Active flow control has been a continuous field of research in the last decades with the goal of performance
enhancement, especially for mobile applications such as aircraft. It started with Prandtl proposing suction to prevent
separation in adverse pressure gradient boundary layers [19, p. 42]. Applied to airfoils it was soon discovered
that suction in order to prevent separation also has the beneficial effect of delaying the transition to a turbulent
boundary layer [8]. This is still a very active field of research in order to significantly reduce fuel consumption on
commercial aircraft [2, 20] with first adaptions by the industry on the Boing 787 tailplane [16]. However, preventing
laminar-turbulent transition is very sensitive to changes in conditions which opens the field for turbulent boundary
layer drag reduction control schemes if a turbulent boundary layer (TBL) cannot be avoided. Flight tests were done
using the passive control scheme of riblets [24] but also active schemes were proposed, e.g. wall-parallel blowing
in the aft region of an airfoil to control lift [23]. Also, this is still an active field of research [18] despite successful
implementations on aircraft [17] already. The scheme of wall-normal uniform blowing aims at reducing the wall
friction of a TBL directly. First efforts date back to the 1960s [13]. A major contribution to the field was done
around the year 2000 by Hwang which is summarized in [9]. It was shown that significant friction reduction and
thus performance enhancement by reduction of the drag of the body could be accomplished. In the following more
numerical investigations were done [11, 12, 21, 1] to better understand the properties of a TBL subject to uniform
blowing. Furthermore it was shown that the scheme of uniform blowing on the pressure side of an airfoil has a
prospect of significant performance enhancement regarding the drag force on the airfoil itself [6]. The experimental
implementation of uniform blowing is resembled the closest by the so-called micro-blowing technique. Experiments
showed partially good agreement but also some considerable deviation to numerical results [5, 15, 14]. This raises two
questions in order to understand if the performance enhancement which was shown numerically can be implemented
in a real-world application similar to other control schemes mentioned above:
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• What is the best way to resemble the uniformity assumed numerically using the micro-blowing technique?
This question focuses around the porosity 𝜙𝐻 = 𝐴𝐻/𝐴 which is a measure of the open area 𝐴𝐻 in respect to
the total area 𝐴 of a surface.

• What is the inevitable cost to provide the mass flux for such a control scheme in terms of system-related drag?
One aspect which got almost no attention so far is the momentum budget of the mass flux which is used for
the control scheme. As we will show this is by far the most significant part which is also fundamental in the
limits it puts to the overall performance enhancement possibilities.

In the methodology chapter we will show the numerical means of the investigations to answer the second question.
We also show the momentum budget assessment which we will apply on the results in the following chapter.
The discussion regarding the momentum budget reveals a fundamental difference for the measurement quantities
in experiments. In the last chapter we will derive the implications for the design of our upcoming experimental
campaign and show the general setup.

2 Methodology

2.1 Numerical Methods
In order to show the generality of our findings we process data of two previous publications: Direct Numerical
Simulations (DNS) on zero pressure gradient (ZPG) turbulent boundary layers (TBL) were conducted by Stroh [21].
The data was reprocessed in order to find the necessary quantities for the von Karman equation (see equation 6).
Secondly we conducted a series of Reynolds Averaged Navier-Stokes (RANS) simulations with the setup of Fahland
et al. [6]. In order to assess the relations of different drag components (see section 2.2) we sampled the necessary
values in the wake of the airfoil to evaluate the formula of Betz [3] in order to assess the drag of the airfoil.

2.2 Momentum Budget of support system
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Figure 1: Control Volume (CV) for the airfoil momentum budget in which n is the normal vector pointing out of the
CV).

In order to assess the momentum budget of a system with uniform blowing control scheme one can look at
the problem from a measurement point of view – one way to determine the drag of a body is the integral force
measurement of this body. We term this the body drag which we present as the dimensionless drag coefficient 𝑐𝑑,𝐵.
It represents the drag force 𝐹𝐷 , acting in the free stream direction X (see figure 1), normalized by the free-stream
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total pressure 𝑞∞ = 𝜌/2𝑈2
∞ and a reference area 𝑆𝑟𝑒 𝑓 = 𝑠 · 𝑐 with span 𝑠 and chord 𝑐:

𝑐𝑑,𝐵 =
2𝐹𝐷

𝜌𝑈2
∞𝑆𝑟𝑒 𝑓

=
2

𝜌𝑈2
∞𝑆𝑟𝑒 𝑓

(∬
𝑆

𝑝n + 𝜏t 𝑑𝑆

)
· X, (1)

where n and t correspond to normal and tangential unit vectors in respect to the surface. Integrating across the whole
control volume perimeter which is put around the body (see figure 1, 𝐴𝐵𝐶𝐷) will also result in the body drag if the
flux across the body surface is not taken into account separately.

The second possibility of drag estimation is to measure the momentum deficit downstream of the body (see figure
1, line 𝐵𝐶) in order to assess the drag which we call the wake survey drag 𝑐𝑑,𝑊 . Multiple wake survey methods are
reported for application in practice, e.g. by Jones [10] and Betz [3]. These methods commonly result in a formulation
linked to the momentum thickness of a boundary layer if the pressure behind the body has recovered to the free-stream
static pressure:

𝑐𝑑,𝑊 =
2
𝑐

𝐶∫
𝐵

𝑢

𝑈∞

(
1 − 𝑢

𝑈∞

)
𝑑𝑌︸                       ︷︷                       ︸

momentum contribution

+ 2
𝑐

∫
𝑊

− 𝑢′2

𝑈2
∞
𝑑𝑌︸            ︷︷            ︸

Reynolds stress term

. (2)

Both considered methods by definition yield almost identical results for the drag coefficient of a 2D flow around
a body. For the wake survey drag it is assumed that the flux leaving the control volume over the top (𝐶𝐷) and
bottom (𝐴𝐵) edges has the free-stream velocity 𝑈∞. Since this is not entirely true for a finite CV, this leads to minor
deviations in the drag assessment compared to integrating over the whole CV surface or the body surface. These
deviations can be addressed by introducing a correction factor which is constant for similar farfield solutions, i.e.
minor boundary layer changes do not cause significant changes to the correction factor. This is also observed in our
results.

However, in the case of an airfoil with additional mass flux through its surface like uniform blowing a correction
term 𝑐𝑑,𝑆 has to be introduced covering for the inflow-momentum introduced by the uniform blowing with the
intensity 𝑣BLC over the control region length 𝑙BLC:

𝑐𝑑,𝐵 =

𝐶∫
𝐵

2
𝑐

𝑢
𝑋

𝑈∞

(
1 −

𝑢
𝑋

𝑈∞

)︸             ︷︷             ︸
𝑓def. U

𝑑𝑌 +
𝐶∫

𝐵

2
𝑐

(
− 𝑢′2

𝑈2
∞

+ 𝑣′2

𝑈2
∞

)
𝑑𝑌︸                   ︷︷                   ︸

𝑓ReStress︸                                                           ︷︷                                                           ︸
wake survey drag 𝑐𝑑,𝑊

−2
𝑣𝐵𝐿𝐶

𝑈∞

𝑙𝐵𝐿𝐶

𝑐︸            ︷︷            ︸
source thrust 𝑐𝑑,𝑆

. (3)

Simplified this reads as

𝑐𝑑,𝐵 = 𝑐𝑑,𝑊 −2
𝑣BLC
𝑈∞

𝑙BLC
𝑐︸          ︷︷          ︸

𝑐𝑑,𝑆

. (4)

It will be shown that the thrust-like contribution of the correction term 𝑐𝑑,𝑆 plays a significant role in the drag budget
if the uncontrolled case is compared with the microblowing case. For the realization of blowing technique in a real
world application the fluid expelled at the surface of the body has to be taken from somewhere else. If this source of
fluid is ultimately the free-stream which the body is experiencing, then the momentum-loss drag 𝑐𝑑,𝑀𝐿 linked to the
utilization of this fluid will be inevitably equal to the same term as the source thrust 𝑐𝑡 ,𝑆 but with an opposite sign.
This can be shown by applying the momentum budget to an isolated air-intake where the control fluid is drawn from
the free-stream. Consequently we introduce the inclusive drag 𝑐𝑑,inc. which accounts for this drag portion:

𝑐𝑑,inc︸︷︷︸
inclusive drag

= 𝑐𝑑,𝐵︸︷︷︸
body drag

+ 𝑐𝑑,𝑀𝐿︸ ︷︷ ︸
momentum loss drag = -𝑐𝑑,𝑆

= 𝑐𝑑,𝑊︸︷︷︸
wake survey drag

. (5)

The inclusive drag includes the sink drag of taking in fluid from the free-stream and it is equal to the wake
survey drag. In the case of an alternative source of fluid the body drag resembles the relevant drag for performance
evaluation which is less then the wake survey drag.

Inspired by the similarity of this result with the formulation of the momentum thickness [19, p. 191] a more
general approach on how a mass defect acts on the momentum balance can be motivated. The drag savings reported
from the reduction of the friction velocity 𝑢𝜏 do not resemble the overall drag reduction if blowing is applied which
is provided by the same free-stream it is supposed to reduce the drag with.
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Reassessing the von Karman equation we see the similarity of the momentum loss drag 𝑐𝑑,𝑀𝐿 = −𝑐𝑑,𝑠 depicted
above with the term associated to the wall-normal injection velocity 𝑣BLC. This leads us to treat it as supply loss
coefficient 𝑐𝑠 for the localized boundary layer formulation in the von Karman equation:

𝑐 𝑓 ,𝑙 + 2
𝑣BLC
𝑈𝑒︸ ︷︷ ︸

supply loss coefficient 𝑐𝑠︸                          ︷︷                          ︸
inclusive loss coefficient 𝑐inc

= 2
𝜕𝛿\

𝜕𝑥
+ 2

2𝛿\ + 𝛿★

𝑈𝑒

𝜕𝑈𝑒

𝜕𝑥
. (6)

Here 𝑈𝑒 stands for the velocity at the edge of the boundary layer. In a zero pressure gradient boundary layer
simulation this is identical to the velocity at infinity 𝑈∞. In a more general case the the wall shear stress 𝜏𝑤 is
normalized with the velocity at infinity rather than the local velocity at the edge of the boundary layer:

𝑐 𝑓 ,∞ + 2
𝑣BLC𝑈𝑒

𝑈2
∞︸     ︷︷     ︸

supply loss coefficient 𝑐𝑠︸                           ︷︷                           ︸
inclusive loss coefficient 𝑐inc

= 2
𝑈2
𝑒

𝑈2
∞

𝜕𝛿\

𝜕𝑥
+ 2𝑈𝑒

2𝛿\ + 𝛿★

𝑈2
∞

𝜕𝑈𝑒

𝜕𝑥
. (7)

with 𝑥 being the wall parallel coordinate.
The force on the body is only given by the friction in case of the flat plate. In case of a provision of the BLC from

free-stream the supply loss coefficient 𝑐𝑠 equals the sink drag of a necessary intake of fluid. It has the same form of
the sink drag of a whole body in equation 3, i.e. it is integrated over the length of the body in case of a plane flow.
Therefore, the total drag is the sum of both the friction on the body and the supply losses.

The formula for both the integral drag forces as well as the boundary layer formulation show the necessity to
have an accurate measurement of the local control scheme mass flux. This is not just important for labeling the
measurement with the correct control intensity but also to get the correct relation of body drag to inclusive drag,
especially if the measurement principle allows only for one of those values to be obtained directly.

3 Numerical Results

3.1 Boundary Layer
First we take a look at the local boundary layer momentum budget. The relation of body drag - which in a flat plate
experiment consists solely of friction drag - and inclusive drag is present even if the origin of the BLC fluid is not
investigated directly. Figure 2 shows the inclusive drag coefficient 𝑐𝑑,inc. derived from both the 𝑐 𝑓 calculated from
the wall shear stress 𝜏𝑤 plus the correction term as well as the inclusive drag coefficient calculated from the control
volume investigation. Despite neglecting the Reynolds stresses in the control volume analysis the agreement between
them is clear. In fact, this is no surprise because it simply complies with the von Karman equation. The important
part here is, that while the wall shear stress is indeed reduced by the control scheme of uniform blowing as reported
multiple times [21, 11, 4, 9] the inclusive drag which is represented either by the left hand side or the right hand
side of equation 6 is higher than the reference case. This means that including the provision of the control fluid
the overall drag is increased by the flow control scheme although the wall shear stress is reduced. In order to avoid
this unfavourable result one needs to use a source of control fluid where the momentum-wise effort of providing the
control fluid has already been included. In such a case the reduction in wall shear stress is the relevant quantity for the
drag estimate. Such conditions can be obtained e.g. by having a second flow control scheme which applies suction
to the boundary layer and thus has left-over control fluid which can be used for the blowing control scheme.
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Figure 2: Evaluation of Eq. 6 for controlled TBL with 𝑣𝐵𝐿𝐶 = 0.005𝑈∞ placed at 𝑥/𝛿∗,0 = 1594 − 1794 (grey
shading). Data adopted from [22].

3.2 Integral Drag forces
Similar to the localized formulation for the inclusive drag we motivated the quantity for integral drag estimates. The
corresponding assessment can be found considering the wake profiles (figure 3). The figure shows the integrants of
the wake integral to determine the wake surve drag and therefore the inclusive drag for the schemes blowing on the
suction side (SS, figure 3 a)) and blowing on the pressure side (PS, figure 3 b)) of an airfoil.
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Figure 3: Wake profile integrant of Betz formula [3] and Re-Stresses (equation 3) for blowing on the SS and blowing
on the PS at 𝑑𝑇𝐸 = 0.2𝑐 behind trailing edge. NACA 4412, angle of attack 𝛼 = 5◦, 𝑅𝑒 = 4 · 105, 𝑣BLC = 0.1𝑈∞.
LES data.

Clearly, for the blowing on the SS case one can see the significant increase in wake-size and therefore the
associated increase of inclusive drag. The increase in the Re-Stress contribution, which acts negatively on the drag
budget cannot mitigate the overall drag increase. Moreover it correctly indicates that the blowing on SS scheme
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enhances the turbulence significantly by severely increasing the boundary layer thickness. However, also for the
blowing on the PS scheme (shown in figure 3 b) the increase in wake survey drag and thus inclusive drag is apparent
despite the fact, that Fahland et al. reported a reduction in body drag. What is interesting however is that this increase
in inclusive drag does not correlate with an enhancement of the Re-Stress contribution in the drag assessment.
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Figure 4: Relation of wake survey (solid lines) drag to body drag and derived inclusive drag (dashed lines) for
different distance of the wake plane downstream of the trailing edge based on RANS data. NACA 4412, 𝑅𝑒 = 4 · 105,
𝑣BLC = 0.1𝑈∞

In a next step we take a look at the correlation of the body drag with the wake survey drag in figure 4. The
assumptions for thewake survey drag include the flux leaving the control volume through the top and bottom boundary
having a velocity equal𝑈∞ (figure 1). However this is not exactly true, because the velocity to either side of the airfoil
is not 𝑈∞ for a considerable distance, theoretically infinity. Therefore we have to calibrate the corresponding error
of the wake survey drag assessment for the general flow pattern, i.e. a certain angle of attack for a certain airfoil. We
do this by deriving a correction term Δ𝑐𝑑,𝑊,𝑐 for the converged wake survey drag result which we find to exist for
far distances from the airfoil trailing edge:

Δ𝑐𝑑,𝑊,𝑐 = 𝑐𝑑,𝐵,unc. − 𝑐𝑑,𝑊,unc. (𝑑𝑇𝐸 = 50𝑐) = 0.001524. (8)

In figure 4 we show all quantities derived from the body drag corrected by this value. Clearly, including the correction
term both body-integral and wake-integral quantities show good agreement for both flow control schemes, despite
their very different effect on the body drag. Also it is obvious that the wake survey drag indeed resembles the
inclusive drag well. This means the information of the penalty term 𝑐𝑑,𝑆 of the considered flow control scheme on
the body drag due to getting fluid elsewhere is present in such an experiment or simulation even if this origin is not
considered directly in the setup.

This leads the investigation to the question of the development of body drag and inclusive drag (wake survey drag
respectively) with increasing the flow rate of the BLC depicted in figure 5. As can be seen for the blowing on the SS
case (figure 5 a)) the reduction in friction drag cannot even compensate the increase in pressure drag thus a strong
increase in body drag is observable. This is accompanied by strong flow separations on the SS of the airfoil which
also prevents the simulations to converge as well as the others. The inclusive drag (wake survey drag respectively)
increases even stronger of course for the aforementioned reasons of BLC provision.
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Figure 5: Drag portion development for increasing uniform blowing on PS intensity for NACA 4412, 𝑅𝑒 = 4 · 105,
𝛼 = 5◦ based on RANS data.

In case of blowing on the PS (figure 5b) of the airfoil the reduction in friction drag as accompanied by a reduction
in pressure drag which leads to a decline in body drag with increasing BLC flow rate. The decrease in body drag
is almost linear leading to a point where the pressure drag becomes negative and for higher BLC rate even the body
drag gets negative. Clearly, the linearity resembles the proportionality of the source thrust term in equation 3 which
is in fact acting like a source in a potential flow field, which also experiences thrust proportional to its strength.
However, it becomes clear that the cost of such a body drag decrease is high when considering the inclusive drag.
For the scheme shown here it is obvious that it cannot provide any net drag reduction if it is to be provided from the
free-stream which requires the inclusive drag for proper drag assessment. Yet, this does not mean that it cannot be
efficient because if this scheme is not provided by the free-stream but another suction BLC which already realises the
sink drag effect, the body drag becomes the relevant figure of merit for drag assessment which shows a considerable
drag reduction (figure 5b).

Our investigations show the importance of the correct drag quantity choice when judging the performance of
an active flow control scheme, in our case uniform blowing or micro-blowing respectively. Moreover, it has been
clarified that the corresponding distinctions are crucial also for the correct interpretation of drag measurement results
in experimental investigations.
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4 Outlook on Experimental campaign

4.1 Measurement goals
For the experimental campaign we have several goals. Naturally, the original desire for an experimental campaign
arose from demonstrating the validity of the numerical results of the large parametric study of Fahland et al. [6]
which showed large performance enhancement capabilities for certain parameter combinations of uniform blowing
on the pressure side of NACA 4-digit series airfoils. During the preparation for this campaign the literature review
revealed the aforementioned disagreement in drag estimates of some numerical and experimental campaigns which
led to our findings regarding the drag assessment and support system drag penalties which we now want to justify
their significance using our experiment as well. Lastly we aim at closing the gap of possible porosities of the control
surface which we found to exist after reviewing previous experimental studies. Figure 6 shows the wall-normal
velocity in terms of dimensionless 𝐶𝑞 = 𝑣BLC/𝑈∞ over different levels of porosity.

Figure 6: Literature data of micro-blowing experiments so far by Ferro [7], Hwang [9], Eto & Fukagata [5] and
Kornilov [15, 14]

4.2 General Setup

5 DOF load cell (body drag, lift)

porous surface (𝜙 = 10%) (roughness effect, pressure loss)

81 tabs wake rake (inclusive drag)

70 pressure tabs (pressure drag, lift)

7 mass flow meters (momentum loss drag)

Figure 7: Schematic of general setup

The general setup for the intended experiments has been completed and is in validation testing with the HGR-
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airfoil [25]. It fields an open jet wind tunnel with extended side-plates in order to ensure two-dimensional flow. The
boundary layer of the site plates starts at the wind tunnel nozzle with an elliptical leading edge of which the stagnation
point position can be controlled via the bleed air flow. The measurement principles are depicted in figure 7. The
specs of the complete setup including the custom airfoil wind-tunnel model will be as follows:

• Modified NACA 4412 airfoil

– span 𝑠 = 1298𝑚𝑚

– chord 𝑐 = 750𝑚𝑚

– achievable chord Reynolds Number 𝑅𝑒𝐶 ≈ 2.9Mio
– 70 pressure tabs (MPS 4264 sensors)
– smoothed pressure side TBL development compared to original NACA 4412

• Blowing Pressure Side TBL control scheme

– laser-drilled thickness 𝑑 = 1𝑚𝑚 Titanium sheet metal, 8Mio holes 𝑑𝐻 ≈ 70`𝑚
– span 𝑠 = 871𝑚𝑚

– chord 𝑐 = 351𝑚𝑚

– porosity 𝜙 = 10.06%
– 7 individually controllable chambers
– flow rate up to 𝑐𝑞 = 0.5% for 𝑈∞ = 40𝑚/𝑆

• Load cells

– decoupled axes, air bearing
– ME-Systeme KD40s Sensors, spanning 5N to 1kN nominal load

• Wake Rake

– 81 tabs for total pressure
– 8 tabs for static pressure
– MPS4264 Sensors

• Flow meter

– 7 testo hot film mass flow meter
– 7 pressure drop flow meter over porous surface

As can be seen in figure 6 there is a gap of experimental investigations for porosity lower than 𝜙𝑂 = 15%. Hwang
stated [9] that his experiments showed that this region could be interesting regarding the conflict of surface roughness
induced by the porosity vs. the non-uniformity of the injected mass flux due to the finite character of the open area.
This motivated us to choose the porosity of 𝜙 = 10% for our experiments.

Intentionally every integral quantity has two means of measuring in our setup. For one, this way we want to make
sure to have a more robust error estimate compared to using a single measurement principle. Furthermore we want
to demonstrate in practice the drag relations we have shown in the present contribution numerically. Additionally we
plan on doing PIV or StereoPIV measurements synchronized to the setup of figure 7 in order to correlate localized
turbulent effects with integral quantities.
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