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Abstract
The present study considers uniform blowing in turbulent boundary layers as active flow 
control scheme for drag reduction on airfoils. The focus lies on the important question of 
how to quantify the drag reduction potential of this control scheme correctly. It is demon-
strated that mass injection causes the body drag (the drag resulting from the stresses on the 
body) to differ from the wake survey drag (the momentum deficit in the wake of an airfoil), 
which is classically used in experiments as a surrogate for the former. This difference is 
related to the boundary layer control (BLC) penalty, an unavoidable drag portion which 
reflects the effort of a mass-injecting boundary layer control scheme. This is independent 
of how the control is implemented. With an integral momentum budget, we show that for 
the present control scheme, the wake survey drag contains the BLC penalty and is thus a 
measure for the inclusive drag of the airfoil, i.e. the one required to determine net drag 
reduction. The concept of the inclusive drag is extended also to boundary layers using the 
von Kàrmàn equation. This means that with mass injection the friction drag only is not 
sufficient to assess drag reduction also in canonical flows. Large Eddy Simulations and 
Reynolds-averaged Navier–Stokes simulations of the flow around airfoils are utilized to 
demonstrate the significance of this distinction for the scheme of uniform blowing. When 
the inclusive drag is properly accounted for, control scenarios previously considered to 
yield drag reduction actually show drag increase.
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1  Introduction

Active flow control has been an ongoing area of research for many decades with the goal 
of improving the energy usage and performance of energy-intensive transport applica-
tions, such as civil aviation. The first active flow control was introduced by Prandtl who 
proposed to use suction in order to prevent separation in the adverse pressure gradient 
region of boundary layers [Schlichting and Gersten 2000, p.42]. In addition, boundary 
layer suction can also have the beneficial effect of delaying the transition from a laminar 
to a turbulent boundary layer (TBL) (Gregory et  al. 1953). Transition delay allows to 
reduce the power requirements of internal or external flows, since the skin friction drag 
exerted by a laminar boundary layer is substantially lower than the one of a turbulent 
boundary layer. For aeronautic applications this is still a very active research field with 
sizeable potential for reducing the fuel consumption (Beck et al. 2018; Schrauf and von 
Geyr 2020). Recently, commercial aircraft industry adapted first implementations on the 
Boing 787 tailplane (Krishnan et al. 2017).

Despite the efforts to control turbulent transition, a turbulent boundary layer will 
eventually emerge along most applications. Substantial research has been devoted to the 
question of how to reduce viscous drag in turbulent boundary layers (Wilkinson et al. 
1988; Spalart and McLean 2011), since this is one of the key contributions to the total 
drag of an airfoil (Bushnell 2003). Riblets, a particularly designed surface corruga-
tion, are a successful example of a drag reducing passive (i.e. not requiring additional 
energy input) control technique. Thanks to their simplicity and passive nature, riblets 
have been already tested and proved working on aircraft (Walsh 1986).  However, the 
maximum local skin-friction drag reduction achievable via passive strategies is typi-
cally limited to few percent and achievable only in specific operating conditions. Active 
drag-reducing flow control aims to overcome these limitations, albeit at the cost of an 
additional energy input. Among the simplest active control strategies for skin-friction 
drag reduction, blowing a small mass flow into the TBL has been proposed.  In contrast 
to lift control via wall-parallel blowing in the aft region of an airfoil (von Glahn 1958; 
Norton 2002; Rumsey and Nishino 2011), drag-reducing blowing, sometimes referred to 
as micro blowing, is oriented in the wall-normal direction. First implementation efforts 
for wall-normal uniform blowing technique date back to the 1960 s (Kinney 1967; Mof-
fat and Kays 1968; Simpson et al. 1969), after that the scheme regained interest based 
on direct numerical simulation (DNS) studies in the 1990 s (Sumitani and Kasagi 1995; 
Park and Choi 1999). A comprehensive review in Hwang (2004) includes experimental 
and numerical efforts towards practical implementation. In this review the achieved skin 
friction reduction with micro blowing is reported to reach 50% in subsonic flow and 
more than 80% for supersonic flow conditions.

A number of numerical studies concentrate on the properties of a flat plate TBL with 
uniform wall-normal blowing (Kametani and Fukagata 2011; Kametani et  al. 2016; 
Stroh et al. 2016; Atzori et al. 2020). In the region of blowing a reduction of the skin-
friction drag is found which is also maintained downstream of the controlled region. 
This constitutes a major difference compared to most other drag reducing techniques 
including laminar flow control. The difference is caused by the fact that uniform blowing 
increases the momentum deficit boundary layer thickness due to the added mass (that 
needs to be accelerated) while other skin-friction reducing control techniques (includ-
ing transition control) lead to a smaller boundary layer growth rate due to the reduced 
viscous momentum loss (Stroh et al. 2016). A thinner boundary layer downstream of a 
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controlled section indicates a local drag increase compared to the uncontrolled flow. In 
consequence, the global benefit of e.g. laminar flow control is smaller than the local one 
(Spalart and McLean 2011).

The question of whether uniform blowing can be employed to reduce the global total 
drag of a finite size body has been repeatedly addressed in literature (Mickley 1954; 
Park and Choi 1999; Hwang 2004). Generally, the displacement effect of the boundary 
layer which induces a skin friction drag reduction even downstream of the controlled 
region is expected to increase the (viscous) contribution of pressure drag on the airfoil 
thus mitigating or cancelling the global total drag reduction (Spalart and McLean 2011).

In apparent contradiction to this expectation numerical studies of airfoils with blow-
ing reveal a significant reduction of the total drag experienced by the airfoil (Atzori 
et  al. 2020; Ohashi et  al. 2020). Furthermore, it was shown that the scheme of uni-
form blowing on the pressure side of an airfoil has a prospect of significant performance 
enhancement resulting from both pressure and friction drag reduction (Fahland et  al. 
2021). In these studies, the total drag of the body is obtained through an integration of 
all shear stress and pressure along its surface.

In experimental studies the total drag on the airfoil is usually not measured directly. 
This is mainly related to the large ratio between lift and drag force which induces large 
uncertainties in direct drag force measurements. Wind tunnel measurements of airfoil 
drag are thus often based on wake measurements. This is also the case for experiments 
with micro blowing which showed partially good agreement with numerical results but 
also revealed some considerable deviations (Eto et al. 2019; Hasanuzzaman et al. 2020; 
Kornilov and Boiko 2012; Kornilov 2021; Miura et al. 2022). Eto et al. (2019) report 
drag reduction based on numerical results which was difficult to reproduce experimen-
tally. Hwang [p. 569, Hwang 2004] describes good agreement between numerical results 
and experimental skin-friction reduction data measured with a balance, but observed the 
contradicting result of a drop in total pressure in the wake survey, which corresponds to 
a drag increase.

This contradicting evidence between numerical and experimental studies, or equiva-
lently between the drag force measured directly on the body and indirectly from the wake, 
can be partially traced back to the uncertainties of both approaches. From the experimental 
side, for instance, there are uncertainties related to the extraction of the total drag based on 
wake measurements and different corrections have been proposed for wind tunnel experi-
ments to deal with the finite control volume size, resulting e.g. in the methods of Betz 
(1925) and Jones (1937). However, the major reason for the disagreement mentioned above 
can be linked to the contribution of micro blowing to the momentum balance. For instance, 
if the mass of the control fluid is assumed to be available from a source within the airfoil, 
the drag force deduced from the wake is larger than the body drag, as recently discussed 
by [Supplemental Material, Fahland et al. 2021]. This difference is a possible explanation 
for the fact that experiments on airfoils with micro blowing, where drag is retrieved from 
wake measurement, yield less-promising results than the corresponding numerical studies 
(Eto et al. 2019), where drag is typically more comfortably obtained by integration of the 
stresses along the body surface.

In the present work we analyze the relation between the total drag of an airfoil measured 
directly at its surface or in its wake based on well-resolved LES and RANS numerical data 
for incompressible and compressible flows. Aided by such numerical results, we address 
the question whether the force exerted from the flow onto the airfoil or the force deduced 
from the wake survey is relevant for the performance measurement of micro blowing for 
skin-friction drag reduction on airfoils.
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Several authors approached this subject in the past, e.g. by considering the momentum 
budget (e.g. [Mickley (1954),  p. 30]) or evaluating the energy requirement of the mass-
injecting control for different scenarios (Fahland et al. 2021; Hirokawa et al. 2020). How-
ever, most studies within the field of turbulent skin friction drag reduction focus on the 
friction drag only leveraging canonical cases such as ducts or flat plates which do not yield 
other obvious drag components. Therefore, the question about additional cost is usually 
out of scope. Yet, we show that the momentum budget analysis gives a general answer 
about the theoretical penalty of this boundary layer control scheme prior to considering any 
implementation-dependent losses subject to optimization. This is done by carefully exam-
ining common assumptions in respect to the momentum budget of (turbulent) boundary 
layers with wall-normal blowing and their wakes.

2 � Momentum Budget of Flow Around an Airfoil

We consider the integral momentum balance of a flow over a 2D airfoil with the control vol-
ume ABCD sketched in Fig. 1. As shown in the figure, the direction of the inflow and thus 
the direction of the drag force FD coincides with X . The corresponding normal direction and 
thus the direction of the lift force FL is denoted by Y . To allow for different angles of attack 
the orientation of the airfoil is described by a rotated coordinate system X, Y. Flow control 
due to wall-normal micro blowing on the pressure side of the airfoil is denoted by vBLC and 
is assumed to be oriented in Y-direction for small angles of attack. For the uncontrolled case 
vBLC = 0 applies. The control volume boundaries consist of the outer perimeter with the 
planes AB and CD , aligned with the flow direction X , and planes BC and DA which are paral-
lel to Y . At the wake survey plane BC we define a sampling coordinate s for pressure p(s) and 
velocity u(s). All other control volume boundaries are placed at a sufficiently large distance 
from the airfoil (e.g. 2/3c from the trailing edge [Russo 2011, ch. 7.2.3)] such that the veloc-
ity component in X-direction u

X
 and pressure p along these boundaries can be assumed to 
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Fig. 1   Control Volume (CV) for the airfoil momentum budget in which n is the normal vector pointing out 
of the CV
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correspond to the inflow conditions at infinite distance upstream of the airfoil. The wetted sur-
face of the airfoil is denoted by SK . Normal vectors n point out of the control volume.

The momentum budget for the flow in Fig. 1 without flow control ( vBLC = 0 ) yields the 
well-known result that the force exerted from the fluid onto the airfoil in the mean flow direc-
tion ( X ) can be recovered from the momentum deficit in the wake far downstream of the air-
foil where the static pressure has recovered to its far upstream inflow value. The drag coef-
ficient retrieved by integrating the stresses acting on the body (airfoil) is denoted with cd,B and 
defined as

where Sref is the product of chord length c and the span-wise airfoil dimension. Equiva-
lently, the wake-survey also delivers the drag coefficient, which we denote with cd,W , as 
follows:

We refer to cd,W as wake survey drag. For an airfoil without blowing control, the body drag 
and wake survey drag are equivalent up to possible measurement uncertainties, i.e.

The distinction between body drag cd,B and wake survey drag cd,W will become relevant for 
the controlled flow.

Under turbulent flow conditions, the velocity components in Eq. 2 correspond to tempo-
rally averaged values and an additional momentum flux due to the corresponding turbulent 
velocity fluctuations (and thus the Reynolds stresses in the time averaged scenario) is present 
such that

The additional momentum flux due to turbulent fluctuations were discussed for free shear 
layers [Townsend 1976, p. 93] but are rarely measured experimentally since their contribu-
tion to the drag coefficient is small even close to the airfoil trailing edge where high tur-
bulence intensities are found [Schlichting 1964, p.703]. It will be shown that the turbulent 
contributions to cd,W are also negligibly small for the present investigation.

If the static pressure along the wake survey plane BC has not recovered to its far upstream 
value, Eq. 2 has to be extended to

(1)cd,B =
2FD

�U2
∞
Sref

,

(2)cd,W =

C

∫
B

2

c

u(s)

U∞

(
1 −

u(s)

U∞

)
ds.

(3)cd,B = cd,W if vBLC = 0.

(4)
cd,W =

C

∫
B

2

c
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U∞

(
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U∞

)
ds +

C
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c

(
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)
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Reynolds stress integrand fReStress

ds.
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wake survey integrand fWS
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Since the experimental determination of u(s) or p(s) can be challenging, alternative exten-
sions to Eq. 2 are available in literature (Betz 1925; Jones 1937). For numerical data sets 
Eq. 5 can be applied directly. If any drag reducing flow control is realized on the airfoil 
without the addition or removal of mass inside the control volume, e.g. riblet-induced drag 
reduction, we expect a reduction of cd,B that can be deduced from the wake survey follow-
ing Eqs. 2 or 5 under the same assumptions as for the uncontrolled flow.

In the case of the active flow control scheme of micro blowing a source of mass is added 
into the airfoil which leaves the airfoil at speed vBLC normal to the mean flow direction. 
Micro blowing on the pressure side of the airfoil is sketched in Fig. 1. Note that the injected 
control fluid does not carry any momentum in the streamwise direction (if we consider the 
flow in the airfoil reference system as indicated in Fig. 1). It is known that this particular 
type of micro blowing on the pressure side can reduce not only the skin friction drag but 
also the pressure drag along the airfoil (Atzori et al. 2020; Fahland et al. 2021). The force 
FD that the surrounding fluid exerts onto the airfoil, and thus cd,B (see Eq. 1), is reduced in 
this setting. However, due to the mass added inside the control volume, this change in force 
does not directly reflect in the wake flow. The fact that the injected mass flow for bound-
ary layer control (BLC) has to be accelerated in streamwise direction causes an additional 
momentum deficit in the wake. This momentum deficit is given by the product of BLC 
mass flow rate and U∞ which can be normalized in analogy to a drag coefficient (see Eq. 1) 
to obtain a dimensionsless number, cBLC , that describes a BLC penalty. In the case of BLC 
control with (mass injecting) blowing the dimensionless momentum balance reads

The BLC penalty thus describes the difference between body drag and wake survey drag 
in the blowing-controlled configuration. Large blowing rates can induce significant differ-
ences between the drag measured directly at the airfoil and the momentum deficit of the 
wake. Eq. 6 indicates that cd,B may even assume negative values if cBLC > cd,W which is 
later shown in Fig. 4. In the derivation of Eq. 6 the mass flow required for micro blowing 
flow control originates from an unknown source. It is simply assumed to be available on 
the controlled surface. In numerical simulations this is achieved through the definition of a 
suitable boundary condition. In experiments an external pressurized reservoir from which 
fluid is guided into the airfoil has to be made available.

More realistically, one may consider the collection of the required control fluid as a 
separate problem, where instead of a reservoir an air intake is utilised. The air intake redi-
rects the collected fluid so that ultimately all its X-momentum is transferred to the body. 
Even if viscous losses are neglected, this loss of X-momentum causes an additional drag 
component at the intake which equals the term cBLC albeit being of opposite sign. The dif-
ference of the wake-survey drag and the body drag of the airfoil-intake system still respects 
Eq. 6. In fact, the air-collection and the BLC only form a closed system in terms of mass 
continuity if considered simultaneously: in this case the equality of body drag and wake 
survey drag is restored. If the airfoil with BLC is considered without an air-intake, i.e. a 
mass source is present, the BLC penalty cBLC has to be considered.

An ideal fluid collection happens without total pressure losses. In consequence the col-
lected fluid is available at a static pressure equal to the total pressure of the freestream. We 
note that collection of control fluid at stagnation pressure conditions provides a “power res-
ervoir" since the collected fluid has a higher pressure than the static pressure at the location 

(6)
cd,B + 2

vBLC

U∞

lBLC

c
⏟⏞⏞⏞⏟⏞⏞⏞⏟

cBLC

= cd,W.
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of the BLC. In this ideal case, there is at least some pressure difference available to overcome 
implementation-dependent losses (such as viscous losses of forcing the fluid through a porous 
surface) thus enabling a system of passive blowing as it has been described e.g. by Hirokawa 
et al. (2020). Theoretically, it may also be possible to harvest the pressure difference men-
tioned above, as explained e.g. by Fahland et al. (2021) who showed using energetic consid-
erations that the BLC penalty drag coefficient cBLC in this case would reduce to only half of 
what is obtained here from the momentum balance. This is because the increased pressure 
level upon fluid collection is not a necessary condition in terms of the energy budget but a 
result from the circumstance that a lossless collection of BLC fluid can only happen at total 
pressure and not below. However, any attempt of energy recovery by expanding fluid through 
a recovery system is limited by viscous losses within the system itself, in addition to losses 
within the propulsive system exploiting the regained power to counteract the total drag of the 
aircraft. Therefore, any attempt of even marginally reducing the momentum-budget-based 
BLC penalty cBLC remains very inefficient and thus not viable due to inefficiencies in energy 
recovery as well as the additional mass of the recovery system. Therefore, the momentum-
budget based BLC-penalty cBLC derived here is a very reasonable measure of the unavoidable 
costs of the control scheme of uniform blowing.

Appendix A shows that carrying a reservoir of pressurised air for providing the BLC fluid 
is indeed not a viable alternative to fluid collection either: a cruise flight mission with a range 
of 4000 kms would require the sizeable additional mass of 280.000 kgs. In this scenario, an 
additional force is required to accelerate the mass of the control fluid to flight speed. The 
impulse of such force is equivalent to the time-integrated force of collecting the fluid in flight. 
The supply of control fluid from an external source or its carrying thus inevitably leads to 
additional force requirements that are not included in force measurements directly at the air-
foil. As a result the wake survey drag yields a reasonable estimate of the total force required 
to move an airfoil with BLC at U∞ not matter the source of the control fluid. While this result 
might be considered as obvious to some degree, we are not aware of recent literature refer-
ences that clearly links body drag and wake survey drag in the form of Eq. 6 for the flow con-
trol scheme of uniform blowing.

In the following, we compare body drag and wake survey drag based on numerical simula-
tions carried out for an airfoil with micro-blowing flow control. Both incompressible and com-
pressible flow scenarios are considered. The relevant expressions obtained in this section can 
be easily extended to compressible flow conditions by accounting for the difference between 
�∞ , i.e. the density of the incoming flow at speed U∞ and pressure p∞ , and the local density � . 
As a result, the drag coefficient cd,W obtained via the wake survey, i.e. the compressible ver-
sion of Eq. 5, reads

Similarly, the relationship between the drag coefficient cd,B measured on the body and cd,W 
through the wake survey is as follows:

(7)
cd,W =

2

�∞c

C

∫
B

�(s)
u(s)

U∞

(
1 −

u(s)

U∞

)
+

1

U2
∞

(
p∞ − p(s)

)

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
wake survey integrand fWS

ds.

(8)
cd,B + 2

vBLC

U∞

lBLC

c

�BLC

�∞
⏟⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏟

cBLC

= cd,W.
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3 � Numerical Results

3.1 � Drag Assessment for Flows Around Airfoils

The present analysis relies on Large Eddy Simulations (LES) and Reynolds-Averaged 
Navier–Stokes Simulations (RANS) data, where the latter are availalbe for incompressible 
and compressible flow conditions.

In the case of LES we consider the flow around a NACA4412 airfoil with and with-
out uniform blowing. The setup of these simulations are extensively described by Vinuesa 
et  al. (2018) for the uncontrolled reference case, while cases with control are described 
by Atzori et al. (2020). The portion of the data set that we examine in the present study 
consists of cases at a chord Reynolds number of Rec = U∞c∕� = 400, 000 , where U∞ and � 
are the velocity of the incoming flow and the kinematic viscosity of the fluid, respectively, 
and an angle of attack � = 5◦ . These simulations are carried out using the code Nek5000   
Fischer et al. (2008), which is based on the spectral-element method proposed by Patera 
(1984). We employ a C-type mesh that extended up to a distance of 2c from the airfoil 
surface and 0.1c in the periodic direction. A precursor RANS simulation is used to impose 
inlet boundary conditions and the outflow boundary condition is implemented as proposed 
by Dong et al. (2014). The laminar-to-turbulent transition is enforced by the placement of 
tripping at x∕c = 0.1 , as proposed by Schlatter and Örlü (2012). The mesh is designed in 
the way that the grid spacing scaled in viscous units in the wall-normal, wall-tangential, 
and periodic directions are, respectively, Δx+

t
= 18 , Δy+

n
= (0.64, 11) , and Δz+ = 9 in the 

turbulent region of the domain resulting in approximately 463 × 106 grid points. The time 
step is selected to keep the CFL number of approximately 0.3. The adopted LES filter cor-
responds to the one proposed by Schlatter et al. (2004). A statistical convergence is ensured 
by the temporal integration for more than 10 flow-over times after the statistically station-
ary state has been reached. A validation with the DNS data of Hosseini et al. (2016) shows 
an excellent agreement for the uncontrolled case (Vinuesa et al. 2018).

The incompressible RANS of the flow around the same NACA4412 airfoil is carried 
out based on the setup of Fahland et al. (2021). This employs the simpleFoam solver from 
OpenFOAM simulation framework (Weller et al. 1998). Turbulence is modeled using the 
Menter k-�-SST model (Menter et al 2003). While we considered multiple angles of attack 
ranging � = [−3◦, 12◦] and Reynolds number Rec = [0.1, 4] ⋅ 106 , we limit the presented 
results to � = 5◦ and Rec = 4 ⋅ 105.

The compressible RANS simulations also consider the NACA4412 airfoil and are 
performed with the density-based steady-state solver from the open source CFD soft-
ware SU2 (Economon et al. 2016). As for the incompressible case, the Menter k-�-SST 
model is employed, whereas the grid generation system, size and resolution for a given 
Reynolds number are the same as in (Fahland et al. 2021), as well as the forced transi-
tion strategy, which imposes transition at x∕c = 0.1 . The fluid is modeled as standard 
air treated as an ideal gas with constant viscosity. The non-reflective far-field bound-
ary condition is imposed at the outer boundaries of the computational domain based 
on the local direction of the characteristics. The airfoil surfaces are modeled as adi-
abatic walls. In the airfoil sections where wall transpiration is applied, wall velocity 
is imposed while the wall mass and energy fluxes are computed by extrapolating the 
thermodynamic properties via the Riemann invariants. The convective fluxes are discre-
tised via the second-order Roe method, while the Green–Gauss method is employed for 
the viscous fluxes. A second-order upwind scheme is applied for gradients of turbulent 
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variables. A parametric study was performed where different parameters such as the 
Reynolds number, the Mach number, the angle of attack, the airfoil shape and the con-
trol velocity were investigated. For the sake of the present manuscript, we will present 
a subsonic case at a chord-based Reynolds number of Re = 5 ⋅ 106 , compatibly with the 
incompressible RANS case, a Mach number of Ma = 0.4 and an AoA of � = 0◦ . For 
this case, the freestream flow and fluid parameters are � = 1.169

kg

m3
 , p = 100010 Pa and 

T = 298K.
Wall-normal blowing is applied with intensity in the range vBLC∕U∞ = [0.1, 5]% on 

either suction or pressure side of the airfoil. The blowing region on the suction side spans 
the interval x∕c = [0.25, 0.86] , whilst it is placed at x∕c = [0.2, 1.0] on the pressure side 
alternatively.

The numerical data is evaluated in a control volume as indicated in Fig.  1 following 
Eq. 5. Data evaluation based on the methods suggested by Betz (1925) and Jones (1937), 
that rely on u(s) only, was additionally carried out for the uncontrolled flow. The obtained 
RANS results for incompressible flow indicate that uncertainties in the body drag evalu-
ation based on wake flow measurements (either following Eq. 5 or as suggested by Betz 
(1925) and Jones (1937)) are limited to less than 5% of the body drag for wake survey 
planes BC located at a down stream distance of dTE∕c ≈ [0.8, 2] behind the airfoil trailing 
edge. This is in reasonable agreement with literature suggestions, where an uncertainty of 
2% is reported [2011, ch. 7.2.3].

We note that the commonly stated assumption of u
X
= U∞ and p = p∞ on all other con-

trol volume boundaries except the wake survey plane (see Sect. 2) is locally not valid for 
the present data set. This can easily be explained by the properties of a inviscid flow field 
around an airfoil: Although all values converge to the far-field values for increasing control 
volume size even small deviations add up when considering control volume faces such as 
CD in Fig. 1 separately. However, the integrated contribution of these local deviations from 
the idealized assumption over all control volume surfaces is small, such that the expected 
good agreement of the integral values is obtained nevertheless.

The computational box size of the LES data is too small to fulfill the requirement of 
dTE∕c ≥ 0.8 behind the airfoil trailing edge. The wake survey drag is thus not expected to 
quantitatively agree with the body drag. Nevertheless, the distribution of the integrands 
labelled in Eqs. 4 and 5 reveal general properties of the applied control and can be con-
sidered to cross-check the (ir)relevance of the Reynolds stress contributions in the wake 
deficit. These values are plotted in Fig. 2 for blowing on the suction side (SS) and blowing 
on the pressure side (PS) at dTE∕c = 0.2 , both in comparison to the uncontrolled reference 
case. The momentum deficit of the mean flow and the Reynolds stresses are plotted along 
s/c. As discussed above the turbulent contribution is small and the present data shows that 
the applied control induces only minor changes to this contribution. Comparing the mean 
flow contributions to the momentum deficit in the wake for the two different control sce-
narios (blue curves in Fig. 2) reveals significant differences. Blowing on the suction side 
deflects the wake upwards which is related to a substantial thickening of the boundary layer 
due to blowing in a region of adverse pressure gradient (Atzori et al. 2020) thereby reduc-
ing circulation/lift. The boundary layer on the pressure side of the airfoil is similar to a 
ZPG boundary layer resulting in a smaller growth of the boundary layer thickness due to 
the applied blowing compared to the suction side. Therefore, the corresponding downward 
deflection of the wake is less pronounced. Blowing on the suction side obviously results in 
a significant increase in the total wake deficit. The wake deficit is modified less for the case 
of blowing on the pressure side but still exhibits a total increase compared to the reference 
case despite the fact that the body drag of this case is reduced.
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The fact that the wake survey drag is neither reduced for blowing on the pressure side 
nor on the suction side is also found for the RANS data for larger vBLC . Figure 3 shows 
the wake survey drag cd,W in comparison to the sum of body drag and BLC penalty 
cd,B + cBLC for one selected case. In agreement with literature results, it can be seen that 
blowing on the suction side increases the body drag (in green) while blowing on the 
pressure side decreases this value. However, the wake survey drag (in red) increases for 
both flow control scenarios. For both control cases, the sum of body drag and BLC pen-
alty is in reasonable agreement with the wake survey drag as suggested by Eq. 5. There-
fore, neither control technique is successful in the sense of a reduced force requirement 
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for propulsion. In the case of PS blowing the gain of a reduced body drag is annihilated 
by the BLC penalty.

The effect of increased blowing intensity vBLC∕U∞ on the global drag coefficients is 
shown in Fig. 4. The left part of the figure corresponds to blowing on the suction side of 
the airfoil for which the body drag increases in general. The contributions of friction and 
pressure drag to the body drag cd,B are marked in color. It can be seen that the pressure 
drag strongly increases with increasing blowing intensity. The skin friction drag is reduced 
by blowing as expected and converges to a constant value for vBLC∕U∞ > 1% (for the pre-
sent configuration) which stems from the friction contribution of the uncontrolled parts 
of the surface. Since blowing is applied in an adverse pressure gradient boundary layer, 
the controlled flow region becomes susceptible to separation and strong flow separation is 
observed for vBLC∕U∞ > 0.5% . The boundary layer control penalty cBLC increases linearly 
with vBLC∕U∞ and needs to be considered on top of cd,B as discussed above.

The case of blowing on the pressure side of the airfoil is shown in the right part of 
Fig. 4. Note that the vertical axis is scaled differently than in the left part of the figure. 
The friction drag contribution develops very similar to the case of blowing on the suction 
side. However, the pressure drag contribution exhibits a distinctly different behavior. As 
previously discussed by Fahland et  al. (2021), it continuously decreases with increasing 
blowing intensity. For vBLC∕U∞ > 2% the pressure drag switches signs indicating a nega-
tive contribution to the body drag which leads to negative cd,B for vBLC∕U∞ > 3.2% . In this 
flow control regime, the airfoil itself thus experiences a negative drag, or in other words 
a thrust in upstream direction. This counter-intuitive phenomenon comes at a cost trans-
lated into cBLC . The sum of cd,B and cBLC constantly increases with vBLC∕U∞ indicating 
that the total force required to move the airfoil with BLC at U∞ does never fall below the 
uncontrolled reference case. As discussed above this total force requirement is reflected in 
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the momentum deficit in the wake which increases with increasing blowing rate since the 
added control mass flow rate has to be accelerated to U∞.

As demonstrated, both the body drag as well as the wake survey drag carry a physical 
meaning. Whilst the information body drag conveys is trivial, since it describes the direct 
forces on the controlled body, the wake survey drag is at least as relevant, since it includes 
the crucial information of the unavoidable effort needed for the particular BLC scheme of 
uniform blowing. It has to be noted though, that the wake survey drag does not provide this 
information for all BLC control schemes. For laminar flow control via suction the wake 
survey drag underestimates the true effort and instead the body drag is a more reasonable 
quantity to look at in terms of BLC effort as pointed out by Beck et al. (2018). Therefore, 
we introduce the term inclusive drag, which we define as the drag quantity which includes 
the theoretical effort one has to put into enabling a certain boundary layer control scheme. 
We want to stress that this is not to be confused with the additional efforts related to par-
ticular implementation such as device power requirements, viscous losses of pipe flows, 
etc. In the case of uniform blowing the inclusive drag cd,inc. is represented by the wake sur-
vey drag. In the case of laminar flow control the inclusive drag is represented by the body 
drag.

The results discussed so far are also confirmed by the compressible data. Figure 5 shows 
the components of the drag coefficient for a control velocity of vBLC = 0.5%U∞ and an 
AoA of � = 0◦ . In agreement with the previous results, blowing on the suction side leads to 
an increase in the body drag cd,B (in green) compared to the uncontrolled case. On the other 
hand, blowing on the pressure side results in a decrease of the body drag. The wake survey 
drag cd,W (in red) increases in both cases. In accordance with Eq. 8 the wake survey drag 
agrees with the sum of the body drag and the BLC penalty. As for the incompressible case, 
none of the two investigated cases lead to a reduction of the total drag coefficient, when 
taking into account the BLC penalty.

In Fig. 6 the effect of blowing velocity on the various drag components is shown. The 
left diagram shows the results for blowing on the suction side. The pressure drag (orange) 
increases with increasing blowing velocity, while the friction drag (blue) shows a small 
decrease. The strong adverse pressure gradient on the suction side in combination with 
blowing makes the flow prone to flow separation. This phenomenon can be observed from 
vBLC > 0.5%U∞ . For a blowing velocity of vBLC > 1%U∞ the flow becomes unsteady and 
no convergence of the steady simulation can be reached, therefore only the data up until 
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vBLC = 1%U∞ are plotted in the figure. The BLC penalty increases with increasing blowing 
velocity and needs to be added to the body drag, as discussed before.

The figure on the right shows the results for blowing on the pressure side. A decrease 
in the friction drag can be observed, which reaches a constant level at vBLC = 1%U∞ . 
As already seen in the incompressible case, the pressure drag decreases with increas-
ing blowing velocity and becomes negative at vBLC > 2%U∞ in this particular case. A 
further increase in the blowing velocity leads to a change of sign in the body drag for 
vBLC > 3.05%U∞ due to the large negative drag contribution of the pressure drag.

3.2 � Local Drag Assessment for Boundary Layer Flows

The previously discussed difference between body drag and wake survey drag and the rel-
evance of the latter in determining the air intake effort do not only concern airfoil flows or 
external geometries but hold true also for flow control on a flat plate. This is the scenario 
in which micro blowing has been intensively investigated in the last decades (Kinney 1967; 
Simpson et  al. 1969; Park and Choi 1999; Hwang 2004; Kametani and Fukagata 2011; 
Kametani et al. 2015; Stroh et al. 2016), mostly with a focus on the local skin friction drag 
reduction. In analogy to the discussion above, the wake of a finite size flat plate provides 
information about the corresponding inclusive drag. For the turbulent flow along the plate 
the momentum displacement boundary layer thickness �� carries the same information as 
the wake, as discussed in the following.

The von Karman Eq. describes the spatial evolution of the boundary layer and its cor-
responding friction drag. In general form (Goldschmied 1951) with additional wall-normal 
transpiration vBLC the dimensionless friction drag is usually scaled with the wall-parallel 
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free-stream velocity at the edge of the boundary layer at the same streamwise coordinate 
Ue:

The term 2vBLC∕Ue can be simply moved to the right-hand side if one is interested in the 
local friction drag cf ,l , which is usually the case when studying canonical flows such as flat 
plate boundary layers. However, similar to the case of the 2D airfoil one can show that this 
term carries the information on the momentum penalty the system experiences for col-
lecting BLC fluid from the free-stream. This motivates the interpretation of this term to 
be similar to the BLC penalty cBLC described above. In order to have a more general view 
on the boundary layer of a flow around a body it is reasonable to rescale the Eq. with the 
velocity at infinity U∞ which may differ from the velocity at edge of the boundary layer 
at the corresponding streamwise coordinate Ue in boundary layers with nonzero pressure 
gradients. Scaled with U∞ the friction drag cf ,∞ can be motivated alongside the local BLC-
related penalty cf ,BLC:

Similar to the wake survey the contribution of the Reynolds stresses is negligible, except at 
the edges of the controlled area  (Stroh et al. 2016).

The Clauser parameter along the pressure side of the boundary layer on the NACA 4412 
airfoil at � = 5◦ is plotted in Fig.  7b where � ≈ 0 corresponds to ZPG conditions. The 
boundary layer assumptions are met if the value for � , i.e. |�| ⪅ 10 and the streamwise 
slope ��∕�X are sufficiently small. Otherwise, the assumption of the streamwise scales 
being large compared to the wall-normal scales is violated thus the boundary layer equa-
tions and also the von Karman equation loose their validity. As confirmed in Fig. 7a, on 
the PS of the uncontrolled airfoil the boundary layer assumptions are fulfilled, so the cf ,∞ 
directly computed from the wall-shear stress corresponds to the derived RHS of von Kar-
man Eq. 10. Application of blowing on the pressure side of the same airfoil results only 
in a minor modification of � as shown in Fig. 7b. Therefore, it is expected that the von 
Karman equation similarly holds when the blowing term cf ,BLC is included to estimate the 
inclusive drag coefficient cf ,inc along the plate. The corresponding results in Fig. 7a confirm 
this expectation.

In the large body of literature the control scheme of micro blowing has been considered 
in ZPG boundary layers along semi-infinite plates, i.e. flow scenarios without wake. The 
considerations above indicate that in these cases the momentum deficit of the boundary 
layer compensates not only the total force required to move the plate but also the supply 
of the control fluid (either by collecting it from the ambient or by carrying it). The afore-
mentioned analysis for ZPG boundary layers can also be applied to the adverse pressure 
gradient boundary layer found on the suction side of the airfoil. In this case the values for � 
are progressively larger towards the aft of the airfoil which indicates an increasing adverse 
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pressure gradient. In this case the boundary layer approximation becomes less accurate 
which translates into less prominent agreement between cf ,∞ and RHS of Eq. 10. Figure 8 
shows the reasonable agreement of the two quantities for the uncontrolled case. It is also 
obvious that the difference between those quantities for the controlled case roughly corre-
sponds to the BLC penalty cBLC . This observation confirms that also for flat plate boundary 
layer investigations the concept of the inclusive drag has a physical correspondence to the 
boundary layer development derived through the von Karman integral equation. Since the 
inclusive drag is directly linked to the unavoidable costs of the BLC scheme of uniform 
blowing we stress that this important quantity has to be considered when judging control 
effectiveness also for flat plate boundary layer investigations, in which it has often been 
overlooked.

4 � Conclusion

The present study exploits the global momentum balance to discuss a fundamental aspect 
of drag-reducing boundary layer control via wall-normal blowing, namely how to correctly 
quantify the drag force and its control-induced change.

The flow around an airfoil has been considered as application scenario of flow control. It 
is shown that the wall-normal blowing control modifies the relationship between the body 
drag cd,B , i.e. the drag force coefficient measured directly by integrating the stresses on the 
surface, and the wake survey drag cd,W , the drag force inferred indirectly via the momen-
tum deficit in the wake of the airfoil. These two drag force coefficients are typically equal 
in an uncontrolled scenario or when a combination of blowing and suction results into zero 
net mass flux. With wall-normal blowing, however, a source of fluid mass is effectively 
applied at the airfoil surface if the air intake system providing the boundary layer control 
fluid is not explicitly considered. In this case, the flow control fluid expelled by the source 
initially lacks momentum in the main wind direction and is thus accelerated within the flow 
to wind speed while being deflected into the wake. Since the reaction force to such accel-
eration and deflection can only be carried by the body, the body drag cd,B becomes smaller 
than the wake-survey drag cd,W by an amount proportional to the blowing flow rate, which 
we name boundary layer control penalty cBLC . We demonstrate that, in particular scenarios 
such as in absence of flow separation, the body drag can be even made negative and thus 
effectively turned to a thrust for sufficiently high blowing rates.

Both the body and wake-survey drag are legitimate measures of the drag force and 
carry a clear physical meaning, as discussed in the manuscript. The body drag cd,B is the 
force effectively experienced by the body, as it could be measured by a drag balance, for 
instance. The wake-survey drag cd,W plays a role akin to an inclusive (or net) drag, since it 
is the body drag augmented by the boundary layer control penalty cBLC . This penalty is a 
reasonable estimate of the effort required to provide the boundary control fluid whenever 
this has not been already included by explicitly considering an air-intake system within the 
flow.

A simple thought experiment can clarify the distinction between body and wake survey-
drag. Let a wing section with an airfoil geometry similar to the one considered in the pre-
sent manuscript be placed into a closed-circuit wind tunnel with an open test section. With-
out wall-normal blowing control cd,W and cd,B would be equal. If wall-normal blowing is 
applied on the pressure side of the airfoil, thus not yielding flow separation, a drag balance 
attached to the wing will measure a value of body drag cd,B smaller than the wake-survey 
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drag cd,W inferred from a pressure probe rake in the wake. Both measurements are com-
pletely correct: the body is experiencing a drag force proportional to cd,B while the wind 
tunnel fan needs to exert a force proportional to cd,W to maintain the same wind speed as in 
the uncontrolled case. In other words, the wind tunnel has to provide the additional force 
proportional to cBLC required to accelerate the additionally injected flow control fluid and 
thus overcome the boundary layer control penalty.

We argue that the difference between body and wake-survey drag is responsible for the 
apparent contradicting results (discussed in Sect.  1) of laboratory and numerical experi-
ments, in which respectively one of the two drag definitions is more widespread. The dis-
cussion of the difference and meaning of the body and wake-survey drag in presence of 
fluid sources, object of the present manuscript, may seem trivial at first to an expert aero-
dynamicist and has been discussed, albeit not directly in the context of flow control, in 
classic literature such as by [Schlichting and Gersten (2006), pag.311]. Nonetheless, recent 
works on the topic of turbulent drag reduction via wall-normal blowing (Ohashi et al. 2020; 
Kornilov 2021; Miura et al. 2022), including ours (Atzori et al. 2020; Fahland et al. 2021), 
overlooked this aspect or did not address it properly, thereby possibly overestimating the 
control performance by not considering the inclusive drag or pointing at an only apparent 
disagreement of the different drag measurements.

The relevance of the present study is not limited to flows around airfoils but also extends 
to other flows, such as flat-plate boundary layers, a widespread canonical scenario for stud-
ying flow control via wall-normal blowing (Kametani et al. 2016; Stroh et al. 2016; Mah-
foze et  al. 2019). Even though skin-friction is the only stress present on a section of an 
infinitely long plate, we have shown that also in such flows the inclusive drag — sum of the 
friction drag and the flow control penalty—is the relevant quantity for estimating realisti-
cally the net effect of the control and we advocate for its use in the future.

A last word must be spent regarding the overall performance of wall-normal blowing 
for drag reduction. In fact, when the inclusive drag is accounted for, none of the blowing 
cases addressed by Fahland et  al. (2021) yields net drag reduction. However, in spite of 
the negative scenario for the potential of wall-normal blowing evoked by this result, there 
is still hope for this control strategy to show beneficial effects. In fact, wall-normal blow-
ing could be an energy-efficient answer to the problem of the expulsion of flow collected 
elsewhere by suction flow control, whether it be for keeping the flow laminar or achieving 
high-lift configurations. Also, for the field of aircraft control, e.g. replacing classical ailer-
ons, uniform blowing can be an interesting option as it has a positive coupling of lift and 
drag changes at the application position therefore preventing adverse yaw by role control.

A Estimation of BLC Fluid Supply Requirements

This example shall demonstrate the need to collect the fluid from freestream rather than 
bringing along a supply in case of a mobile application. For that purpose we assume more 
or less reasonable numbers of a passenger aircraft.

(11)mBLC = t ⋅ ṁBLC = tcs𝜌U∞

(
lBLC

c

)(
vBLC

U∞

)
= 280t

(12)with t = 5h flight time
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The BLC fluid accumulates to 280t of air which is at least two orders of magnitude above 
what such an aircraft could possibly bring along, not to mention the additional energy con-
sumption or volume due to the added mass. This estimate shows that uniform blowing in 
mobile applications has to be provided by the same free-stream the body is subject to itself.
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