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Abstract 

The use of Active Flow Control (AFC) methods was studied to enhance the performance of a vertical tail 
plane (VTP). A generic mode scale VTP was used as a joint test case to conduct, both, experiments and 
simulations and compare their effect and efficiency in generating additional side force at the VTP. Three 
different methods have been applied: vortex generating devices, tangential blowing and alternately pulsed 
blowing, each in some different variations  and with different mass flow rate. The results show that the choice 
of the most efficient method is dependent on the overall effect that needs to be created: The vortex generat-
ing devices can crate small additional side force with very high efficiency. Alternately blowing pulsed jets 
require more mass flow rate to be operated, but can achieve larger side force. And finally the tangential 
blowing can generate large side forces, but eventually requires a noteworthy mass flow rate. For a given 
rudder deflection, an additional side force coefficient between 0.1 and 0.4 can be generated, the efficiency in 
terms of the lift gain factor can reach values as high as 100, if only small additional side force is required, but 
drops to values between 40 and 20, if larger side force is desired. 
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1. INTRODUCTION 

The vertical tail of an aircraft has to ensure stability and 
flight control in the whole flight envelope and under all 
foreseeable conditions. Most medium- to long-range jet 
airliners are designed as underwing-mounted twin-engine 
jets and as a "family" of aircrafts with different fuselage 
lengths, which share the same empennages. This design 
has impact on the sizing of the vertical tail plane (VTP), 
because the unsymmetrical thrust distribution during a 
"one engine inoperative" (OEI) event results in a large yaw 
moment, which must be counteracted by a aerodynamic 
side force of the VTP. For the smallest member of an 
aircraft family the moment arm of the vertical tail is short-
est, such that the size is typically dominated by the re-
quirement to maintain flight control during OEI, while other 
requirements (e.g. static stability and manoeuvrability in 
normal operation) could be met with smaller VTPs. Large 
vertical tails contribute undesirable weight and friction drag 
and it is therefore interesting to study methods to increase 
the effectiveness of the vertical tail.  

During the OEI-event the VTP has to generate maximum 
side force under a side slip angle β while the rudder is 
deflected to a large angle δr. The flow over the rudder 
separates. Therefore, the aerodynamic task for active flow 
control is to reduce, or probably fully prevent, the separa-
tion over the rudder near maximum side force conditions. 

A consistent study regarding the use of active flow control 
on a VTP was done in the framework of the Boeing eco-
Demonstrator program. It ranged from conceptual studies 
in a low speed wind tunnel [1], over wind tunnel experi-
ments with a full scale VTP model [2] to flight tests with a 
modified Boeing 757 "ecoDemonstrator" [3]. These studies 
have demonstrated the successful application and particu-
larly the scaling of the method from small wind tunnels to 
flight tests. However, the researchers concentrated on 
applying a certain AFC method, namely the sweeping jets, 
at the vertical tail, but several other means of active and 
also passive flow control are known. It is yet not published, 
what would be the optimal choice for a certain objective 
and a quantitative comparison is required. 
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Probably the most obvious flow control method is a tan-
gential wall jet. The concept goes back to the early days of 
aerodynamics — soon after the process of separation (the 
loss of momentum in the lower boundary layer close to the 
wall) has been discovered, additional momentum was 
actively injected tangentially at the wall, such that the 
separation can be delayed, see references in [4], [5], [6] 
and [7]. The most challenging task with wall jets is to gain 
a suitable efficiency, and it was found that it increases 
substantially, if the wall jet passes over a convex surface, 
such that the high velocity generates a distinct low-
pressure region, which contributes to the desired force. 
Also the outer flow stays attached to the wall jet, which is 
often called the "Coanda-effect". With an attentive design 
of the jet (e.g. slot height and velocity), the convex curva-
ture and the surrounding airfoil, such system can generate 
significant lift coefficients, [6], [7], with acceptable effort. 

Application of a tangential wall jet to a VTP-like flow is first 
published in [8], where the jet was applied to a symmetri-
cal vertical tail airfoil, utilizing the front radius of the de-
flected rudder as the required convex surface. Numerical 
simulations of the 2D airfoil revealed that, indeed, the lift 
can be increased significantly with good efficiency. Also a 
pulsed tangential wall jet was studied and it was found that 
pulsing might be very beneficial for efficiency, since a 
similar increase of lift can be generated, but with reduced 
mass flow. 

This concept was then extended to a 3D spanwise section 
in [9] with numerical simulations of an infinitely swept 
airfoil. In this study it was found beneficial to separate the 
blowing slot into different spanwise segments, because 
longitudinal vortices are created at the edges of the dis-
crete slots, which contribute to the momentum rearrange-
ment, such that a similar lift can be gained, but with re-
duced mass flow requirement. This seems to be particu-
larly advantageous for swept airfoils, since the sweep 
facilitates the longitudinal vortices, as it was also found for 
vortex generators, e.g. [10] and others. Also pulsing of the 
wall jets was studied in [9] and again pulsing increased the 
efficiency. 

Herein, based on these preparatory studies, an extract of 
results will be shown in section 3.3, where tangential blow-
ing is applied to the full VTP configuration. The full results 
are published in [11]. 

Another relatively long-known method to control separa-
tion is to introduce longitudinal vortices, [4], [12], [13]. The 
vortices rearrange, both, the diffusive transport and the 
distribution of longitudinal momentum and, if properly 
arranged, can therefore make up the momentum deficit of 
a boundary layer close to separation. The vortices can be 
created with mechanical (passive) devices, e.g. triangular 
shaped "delta wings" or rectangular shapes placed under 
a certain angle in the flow inside a boundary layer, which 
are called vane vortex generators (VVGs). Also, pitched 
and skewed fluidic jets can be used, which are then called 
the vortex generating jets (VGJ). Such comparison was 
done, e.g. in [10]. For a comprehensive summary of the 
design aspects for VGJs, such as optimal pitch and skew 
angles, distances between individual vortex pairs and the 
relevance of the jet velocity, refer to [7], [14] and refer-
ences therein. 

Application of passive vortex generating devices to control 
the flow over a VTP has been published as a comparative 
case in [2]. For the configuration discussed herein, ex-

perimental data is given in [15] and [16], also comprising a 
comparison of the passive VVGs with active VGJs. The 
main findings of these experiments will be recapped in 
section 3.2. 

It was mentioned above that it seems beneficial, if the wall 
jets undergo a periodic pulsing [9]. The beneficial effect of 
periodicity was actually discovered, e.g. in [17] and [18] 
and intensive research followed, refer to the comprehen-
sive review in [19]. In practice the design of the "actuator" 
is crucial, i.e. the system that generates the periodicity. 
For model scale, eventually loudspeakers [18] or fast 
solenoid valves [20] can be used. However, systems with 
moving parts are considered critical for flight certification 
[21]. A review of possible solutions for the actuation is 
given in [22] and among the most promising ones is the 
fluidic oscillator, since it creates periodicity without any 
moving parts. Fluidic oscillators can be designed in very 
different ways, such that differentiation is not always 
straightforward. E.g. the sweeping jets used in [2] and [3] 
are variants of a fluidic oscillator. 

Herein, a "pulsed jet actuator" is used [23], which is also a 
variant of a fluidic oscillator. The results have been pub-
lished in [21] and will be summarized in section 3.4. 

Due to the amount of possible means of flow control it 
seems interesting to quantitatively compare their effec-
tiveness and efficiency on one and the same configura-
tion. The actuators considered herein, continuous or dis-
crete tangential wall jets, pulsed jets and the vortex gen-
erating jets, are all nonzero-net-mass-flux actuators, 
meaning, that a certain amount of pressurized air must be 
fed into the system. We have not considered zero-net-
mass-flux concepts (such as plasma actuators or synthetic 
jets). For a nonzero-net-mass-flux actuator, basically, the 
mass flow rate of the pressurized air is the "effort". To 
compare the effort to the effectiveness, the momentum 
coefficient Cµ must be compared to the additional side 
force ΔCY that was created with this effort. This will be 
defined in section 3.1. The relevance of the momentum 
coefficient Cµ and the "lift gain factor" LGF to assess the 
efficiency is also discussed in [7]. 

2. JOINT TEST CASE 

The joint test case is a generic representation of a vertical 
tail plane in model scale. The planform is shown in FIG. 1. 
The geometry is trapezoidal with a leading edge sweep of 
φLE = 46°, taper ratio λ = 0.40, aspect ratio Λ = 1.71 and 
consists of a fixed fin and an adjustable rudder. Symmetri-
cal airfoils are used over the whole span. At the tip, the 
leading edge is slightly rounded, as shown in FIG. 1, and 
the tip is closed with circular arcs along the chord.  

The rudder hinge line is at 67 % chord. The surface curva-
ture over the rudder is very small, such that the cross 
profile of the rudder is merely a triangular shape with a 
circular radius around the hinge line. For all cases dis-
cussed herein the rudder is fixed at a constant deflection 
of δr = 30°. 

Herein, we consider a model scale vertical tail with a span 
of 0.85 m and a mean aerodynamic chord (cMAC) of 
0.5285 m. As the different studies have been done in 
different wind tunnels and with computational fluid dynam-
ics (CFD), the Reynolds number based on cMAC varies 
between 1.3∙10

6
 and 1.8∙10

6
. In all cases, the VTP is 
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mounted on a plain surface, to mimic a VTP mounted on 
the rear end of a fuselage. In CFD a symmetry plane was 
used, while in the experiments the root region interferes 
with a turbulent boundary layer of the wind tunnel floor, 
which is approximately of similar size relative to the VTP 
as the one at the rear end of a fuselage, such that this 
interaction can be considered to be realistic. 

 

3. FLOW CONTROL METHODS  

3.1. Efficiency factors 

Generally speaking, for nonzero-mass-flux flow control 
methods, the mass flow is the main source of energy that 
has to be supplied by the aircraft. To assess this effort, the 
momentum coefficient Cµ is used. The definition is: 

 (1)       
  ∙   

 

 
  
 ∙     

 

where uj      j are the jet velocity and the mass flow rate 
through the AFC system and the denominator is the same 
as for other force coefficients (such as lift, drag or side 
force coefficients). The numerator is basically the momen-
tum flux and is quantitatively equivalent to the force that is 
introduced by the fluidic jet. In an experiment, typically  j 
can be measured directly using a mass flow meter. How-
ever, uj cannot be measured and is derived also from the 
mass flow rate  j by assuming continuity and eventually 
introducing corrections for a compressible flow in the jet. It 
shall not be concealed that this process does have uncer-
tainties, which are not yet fully assessed. They will be 
discussed in detail in future contributions.  

Since Cµ is actually a force coefficient, it can directly be 
compared to the additional force coefficient generated by 
the action of the AFC system, Δ Y. The additional side 
force per unit momentum flux is an important assessment 
factor for efficiency and is called the "lift gain factor" LGF. 
Although originally used for lift forces, it makes as much 
sense to use it for the side force, which is then 

 (2)        
Δ  

  
  
         

  
 

LGF = 1 means, that the additional force is purely the 
momentum flux of the jet (similar to the thrust of a jet en-
gine). In other words, LGF ≤ 1 is a useless AFC method. 
The higher the LGF, the more beneficial effect is initiated 
by the actuator. Apparently, the numerator in (2) requires 
a suited reference CY,Ref, the choice of which is critical to 
make a fair comparison of the efficiency. Therefore more 

aspects will be discussed in section 4.1. It is worth to note 
again, that all data used herein is always at a fixed rudder 
deflection of δr = 30°, which is also true for all reference 
states CY,Ref. I.e. comparisons over different rudder deflec-
tion angles are not made. 

Since Cµ is typically at least an order of magnitude smaller 
than the side force, it will be given in percent in the follow-
ing.  

3.2. Vortex generating devices 

Application of vortex generating devices to the VTP has 
been tested in a wind tunnel with a test section size 1.3 x 
1.3 m² at 57 m/s reference velocity. 

  

The most interesting dataset regarding the application of 
fixed vane vortex generators (VVGs) is shown in FIG. 2. In 
the test entry many different combinations, shapes, sizes, 
positions and orientations have been tested. As a result, 
five vanes attached at some small distance upstream of 
the hinge line have been found to be most effective. Inter-
estingly, the VVGs are all positioned in the lower half of 
the span, i.e. it was found ineffective to place VVGs near 
the tip. Refer to [15] for a full description of the final con-
figuration, the core result of which are shown in FIG. 2. 

The VVGs enlarge the side force in the region of the linear 
slope. When CY,max is approached, the effect reduces to 
rather small gains. However, considering that the VVGs 
are passive devices, the performance of ΔCY ≈ 0.1 in the 
linear range is still noteworthy. 

In a second step, vortex generating jets (VGJs) have been 
applied with the same setup as has been found with the 
VVGs. That means that five jets with the same spacing, 
same position relative to the hinge line and a comparable 
orientation w.r.t. the local flow have been applied and the 
free parameters of this study were the diameter of the jets 
and the jet velocity. The full results are in [16]. It was 
found, that the optimum jet diameter slightly depends on β 
where ΔCY is assessed. A jet diameter of 
dj/cMAC = 0.75∙10

-3
 may be taken as a good compromise, 

the results for this jet diameter with varying jet amplitude 
are shown in FIG. 3. 

FIG. 2: Effect of VVGs on the side force 
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With the correct blowing amplitude (here: Cµ ≈ 0.28 %), 
the side force curve is offset to larger CY in the whole β 
range. In contrast, for both, too strong or too weak blow-
ing, the curve is offset only at small β, while towards CY,max 
the benefit decreases. This is presumably due to the prin-
ciple of vortex generating devices: The jet does not di-

rectly regain momentum in the boundary layer. Instead, a 
vortex is created, which in turn rearranges the momentum. 
This principle is bound to a sensible balance: Somewhere 
outside the BL enough longitudinal momentum must exist, 
which can be transferred. At the same time, the jet itself 
must not disturb the boundary layer. Both aspects become 
more fragile when approaching CY,max. Nevertheless, as 
found in [16], for each jet diameter a suitable blowing ratio 
exists that creates a linear offset of the CY-β-curve. 

3.3. Tangential Wall Jets 

The tangential wall jets were studied using numerical 
simulations, by solving the steady-state RANS equations 
with the DLR-TAU-code using a Spalart-Allmaras turbu-
lence model including rotational corrections ("SARC"-
model). Refer to [11] for more details about the numerical 
method. ReMAC was 1.8∙10

6
 to reflect the conditions of the 

wind tunnel that was also used for the experiments de-
scribed in section 3.2, however, only the lower wall exists 
and otherwise the domain is large to exclude wall interfer-
ences.  

In preliminary studies, [8], e.g. the height of the blowing 
slot in relation to the required momentum coefficient Cµ 
was studied in detail using numerical simulations of a 2D 
airfoil. As a result, a constant slot height of h/c = 6.6∙10

-4
 is 

used, which means, that the slot becomes smaller towards 
the tip of the VTP. The slot is integrated into the gap that 
exists, if the rudder is deflected, such that the jet blows 
tangentially over the circular front radius of the rudder. For 
what will be denoted "full span" in the following, a small 
region near the tip is actually not actuated, because (i) it 
was found ineffective and (ii) in a practical application for a 
model of 0.85 m span it is very hard to implement a blow-
ing slot in this region due to the small dimensions.  

FIG. 4 shows some of the results for the full VTP. If the 
tangential wall jets are applied over the full span, the side 

force can be increased by a large amount. The general 
character of the CY-β-curve is preserved, but shifted to 
larger CY-values. The required Cµ is quite significant, 
which is due to the combination of the large cross sec-
tional area due to the length of the slot and relatively large 
jet velocity, e.g. uj ≈ 200m/s for Cµ = 1.68%, required to 
achieve this effect. Other applications of tangential wall 
jets, e.g. [7], have gained more additional force, however, 
it should clearly be noted that the rudder deflection here is 
"only" δr = 30° and eventually with larger rudder deflection 
much larger gains could be expected. 

Also shown are two results, where only a smaller segment 
near the middle section along span is active. Interestingly, 
it was found in a parameter variation, that this segment 
approximately at midspan is the most effective, while other 
segments (e.g. near the root or near the tip) are less effec-
tive for a given Cµ. This indicates, that the most sensible 
region regarding the separation on the rudder is some-
where around mid span. This will be picked up in sec-
tion 3.4.  

FIG. 3: Effect of VGJs with fixed jet diameter dj and 
varying blowing amplitude on the side force. 
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In [9] and [11] it was also found to be beneficial, if the 
blowing slot is not a continuous slot over the full span, but 
if it is separated into spanwise segments, such that the 
whole span is covered with 22 discrete blowing slots. The 
results on the VTP, compared to a continuous slot over 
the full length and only one segment at midspan, is shown 
in FIG. 5. As can be seen the discrete jets can achieve 
large side force with relatively low effort. E.g. roughly simi-
lar maximum side force, as compared to the full length 
jets, demands only one third of the Cµ. 

3.4. Alternately pulsing jets 

The alternately pulsing jets were tested in a wind tunnel 
with a test section size 2.0 x 1.44 m² at 40 m/s reference 
velocity. 

The actuator exits are basically a sequence of 24 discrete 
slots embedded into the surface of the rudder, at a small 
distance downstream of the circular front radius. The jets 
exit under an angle of 30° to the local surface. Although 
the main component of the jets is in downstream direction, 
it is not a tangential wall jet, but inclined, such that it can 
initiate transversal vorticity that convects over the rudder 
and enhances the turbulent mixing. The actuator itself is a 
self-sustaining fluidic oscillator type: due to the internal 
shape of the tubing system the airflow will alternatively be 
guided from one exit to a neighbouring one, refer to [23]. 
The actuator does not feature any moving parts, the fre-
quency of the pulsing is fixed with the internal tubing de-
sign and appears inherently, if a mass flow rate is fed 
through the system. The frequency, the effective ampli-
tude uj and the quality of the pulsing have been checked in 
detail and results can be found in [21], where also the 
results for the VTP are presented. Each actuator segment 
features four slots, two of which are actively blowing at a 
time, alternately with their respective neighbouring slot. 

The results for this type of actuation with all actuators 
active is shown in FIG. 6. In the linear region a substantial 
increase of the side force can be generated. With increas-
ing amplitude the βmax is slightly reduced, such that the 
gain of CY,max is slightly smaller. 

 

In [21] also the use of single segments was studied. For 
these cases not all 24 slots, but only 4 slots ("one seg-
ment") were active. Interestingly, consistent to the results 
in [11] for the tangential blowing, it was found to be most 
effective to use one segment near the midspan of the 
VTP, while other segments (near the tip or near the root) 
were found to be less effective. The data for the one-
segment tangential wall jet was shown in FIG. 4 and is 
compared to a one segment alternately pulsing jets in 
FIG. 7.  

The comparison is quite interesting: If we compare the two 
methods at roughly the same Cµ (0.29 % vs. 0.18 %), the 
effect for lower β is comparable, but the tangential wall jet 
will not be effective when approaching βmax,Ref. Even if the 
Cµ is tripled for the tangential jet, the effect in the linear 
regio  grows  b t still βmax is reduced. In contrast, the one 
segment alternately pulsing jets c   pr s rv  βmax and 
Δ Y,max is similar to the tangential wall jets with three times 
the Cµ. 

 

This qualitative comparison clearly shows the necessity to 
assess the benefit from the AFC systems in different ways 
and each with respect to a suitable reference. These as-
pects will be discussed in the following sections. 

4. COMPARISON OF THE METHODS 

4.1. References without AFC 

Before comparing the effect of the different methods, the 
different reference CY-β-curves are plotted in FIG. 8. Small 
variations exist, which can be considered typical: Note that 
the flow over the rudder is separated for δr = 30°, such 
that a perfect match is not to be expected, if data from 
different wind tunnels (using different physical models of 
the VTP) and CFD is compared.  

One characteristic feature can be seen: The data meas-
ured in wind tunnels barely shows a distinct maximal value 
of CY. Instead, beyond a certain β the slope of the CY-β-
curve reduces. It was found for both wind tunnels (not 
shown here) that the drag increases rapidly beyond this 

FIG. 7: Comparison between one spanwise segment 
near midspan with tangential wall jets vs. alternate-
ly pulsing jets. 
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value of β, well before eventually a maximum of the side 
force is reached. In contrast, the data from the CFD actu-
ally shows a linear slope and then a very sudden drop of 
side force. This behaviour was tested (not shown here) 
with different turbulence models, Reynolds numbers and 
also with simulating the wind tunnel walls, but was found 
in all datasets. The full reasons for this difference between 
CFD and experiments cannot yet be described, however, 
all data below a certain value of β (not shown here, e.g. 

pressure distributions, wall shear stress visualizations, 
tufts, etc.) is consistent between the measurements and 
CFD. 

 

For a fair comparison we have defined a certain state of 
the VTP to be CY,max,Ref at βmax,Ref, which is indicated in 
FIG. 8. For CFD, it is the CY,max actually found in the data. 
For the experiments we have chosen a βmax,Ref, where the 
local data (e.g. pressure distributions, etc.) is similar to 
what was found in CFD. It is noted, that this βmax,Ref always 
coincided with the β-value, where the drag increases rap-
idly. In the following (and already done in all above fig-
ures), all data is relative to this reference state of the ref-
erence configuration. 

It is noted that all data for each method was always as-
sessed relative to its individual reference (measured in the 
same wind tunnel test entry, or calculated with the same 
geometry and the same simulation setup, respectively).  

4.2. Effectiveness and efficiency 

A first overview to compare the performance of the differ-
ent methods is given in FIG. 9, where some CY-β-curves 
for each of the methods are plotted in the same figure. 
Each curve is labelled with the respective Cµ (except the 
VVGs, which is a passive method). Only one single refer-
ence curve is shown for orientation to not overly limit over-
view. The colouring of the curves for the individual meth-
ods is held consistent in the paper. 

A general trend can be seen that investment of higher Cµ 
can increase the side force that can be achieved. This will 
be discussed later by quantitatively assessing the benefit 
and the effort for each method. In general, if β is suffi-
ciently small, all methods offset the CY-β-curve to larger 
CY-values. However, FIG. 9 also shows that the effect of 

the different methods differs at CY,max and βmax: Most 
methods reduce βmax w.r.t. the reference. In contrast, e.g. 
the discrete tangential wall jets actually give larger βmax 

and, thus, benefit also in terms of CY,max. Other methods 
differ in how much βmax is actually reduced and this affects 
also the final CY,max. In other words, the benefit of the 
methods is quite different, depending if the final CY,max is of 
interest, or if we assess ΔCY somewhere in the linear 
region of the side force slope. Therefore, in the following, 
both aspect will be analyzed. 

For each method, both, the ΔCY at one fixed β=const. in 
the linear region, as well as CY,max was extracted relative 
to the individual baseline case without AFC. This data is 
plotted over Cµ for all cases discussed in section 3 in 
FIG. 10, subfigures (a) and (b). The figure is cropped to 
focus on the region with medium Cµ, such that one point of 
the tangential wall jet with highest Cµ is not shown. 

For ΔCY in the linear region, subfigure (a), there is a clear 
conclusion: For low Cµ the VGJs are best able to create 
some additional CY. If one is willing to invest more Cµ, the 
alternately pulsing jets or the discrete tangential wall jets 
seem very interesting. Finally, if very large side force is 
required, only the full span tangential wall jet can actually 
achieve this.  

 

The assessment is different, if we look at the values for 
ΔCY,max in subfigure (b): Since the vortex generating jets 
have a reduced βmax, as shown in FIG. 3, they cannot 
create much more maximum side force. In contrast, now 
the one-segment alternately pulsing jets become quite 
interesting in the low-Cµ-region. As noted before, it is 
characteristic for the discrete tangential wall jets that they 
actually enlarge βmax, which is now well visible in their 
ΔCY,max dominating over all other methods for medium Cµ. 
Again, if very large maximum side force is required, only 
the full span tangential wall jet can achieve it. 

Yet, the comparison covered the ability to create additional 
side force. For technical application it is of course interest-
ing to study the efficiency, e.g. the lift gain factor LGF 
introduced in section 3.1. Also the efficiency can be stud-
ied in the two ways, either for ΔCY at one fixed β=const. in 
the linear region, or for the CY,max that can be achieved. 
This comparison is shown in FIG. 10 in subfigures (c) and 
(d), where the abscissa gives the effect in terms of ΔCY, or 

FIG. 9: Comparison of selected CY-β-curves of the 
different methods. Refer to legend in FIG. 10 
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CY,max, respectively, and the ordinate shows the efficiency 
as the LGF. 

The general trend for most methods is that efficiency de-
creases with increasing demand for either ΔCY, or CY,max. 
This was also seen for other methods in [7] and, thus, 
seems to be typical. One exception is the VGJs, which are 
able to achieve a very large efficiency, however, only if the 
required ΔCY is small. With varying ΔCY or CY,max, different 
methods become more advantageous than others. Very 
generally speaking, for low ΔCY the VGJs are best and for 
mid ΔCY the alternatively pulsing jets. The full span tan-

gential wall jet can reach very high ΔCY, but the efficiency 
is rather limited compared to other methods. Again, the 
discrete tangential wall jets seem to be a particularly inter-
esting concept for medium gains of side force. 

For ΔCY,max the VGJs are not so competitive for the rea-
sons discussed above. In contrast, now the concept of a 
small segment of alternately pulsing jets seems extremely 
interesting to achieve some limited ΔCY,max, but with high 
efficiency. With this kind of assessment now the discrete 
tangential wall jets are extremely interesting for medium 
ΔCY,max. 

FIG. 10: Effectiveness and efficiency of the various methods compared with different approaches: 
 S b ig r s ( )     (b) is th     itio  l si    orc  Δ Y that can be added with certain Cµ, 
 Subfigures (c) and (d) shows the efficiency in terms of the "Lift Gain Factor" LGF, eqn. (2), 
 Subfigures (a) and (c) assess the additional side force for a co st  t β i  th  li   r r gio   
 Subfigures (b) and (d) show the increase of the maximum side force relative to CY,max,Ref 

C

[%]


C
Y
,
m
a
x
[-
]

0 0.5 1 1.5 2
0

0.1

0.2

0.3

0.4
(b)

C
Y
for =const. [-]

L
G
F
[-
]

0 0.1 0.2 0.3 0.4
0

20

40

60

80

100

120
(c)

C

[%]


C
Y
fo
r

=
c
o
n
s
t.
[-
]

0 0.5 1 1.5 2
0

0.1

0.2

0.3

0.4
(a)

C
Y, max

[-]

L
G
F
[-
]

0 0.1 0.2 0.3 0.4
0

10

20

30

40

50

60
(d)

Vane vortex generators (passive)

Vortex generating jets

Discrete tangential wall jets, N=22

Tangential wall jet, Full span

Tangential wall jet, Segment "midspan"

Alternately pulsing jets, Full span

Alternately pulsing jets, Segment "midspan"

©2018

Deutscher Luft- und Raumfahrtkongress 2018

7



5. CONCLUSIONS & SUMMARY 

Different active flow control methods were studied com-
paratively to reveal their relative performance to control 
the flow separation on a generic vertical tail plane and 
gain higher side force. As an overview, each method was 
introduced with some characteristic results. All individual 
results are published elsewhere and the interested reader 
can find more details in the respective references. The 
focus of the present contribution is the comparison of the 
effectiveness and efficiency of the active methods. 

The vortex generating jets are suitable, if a small increase 
of side force is required. The jets can create a vortex with 
comparatively low jet velocity and the jet exits have small 
cross sectional area, such that mass flow and Cµ, respec-
tively, are small. For small effect, i.e. low ΔCY at low Cµ, 
and if β is b low βmax, the vortex generating jets are clearly 
the most efficient method. It must also be noted that the 
VGJs are very easy to implement into the airfoil surface, 
requiring barely more than five holes and some tubing. 

If larger side forces are required, the alternately pulsing 
jets are interesting. They can be used with anything be-
tween Cµ = 0.2 % up to 1.5% and the gain in side force 
can effectively be varied over a wide range. The alter-
nately pulsing jets can also easily be tuned to the required 
ΔCY or ΔCY,max by turning off individual elements over 
span, which was shown herein by discussing a case with 
only one segment at midspan being active and this case 
still offers a very good efficiency and a decent perform-
ance. 

If very large additional side force in the excess of 
ΔCY > 0.3 is required, only the tangential wall jet over the 
full span can generate it. However, it requires a significant 
amount of mass flow and, thus, has limited efficiency. 

The discrete tangential wall jets seem to be a very inter-
esting case, particularly for large β close to CY,max: This 
method is able to actually extend the usable β-range and 
since the required mass flow is much smaller than for a full 
span tangential wall jet, the efficiency is much higher. The 
parallel paper [11] will cover some more recent results 
regarding the discrete wall jets. 

It should finally be noted that the study is not fully verified 
and crosschecked in all respects, yet: The data is taken 
from two different wind tunnels with different properties 
and also from numerical simulations. While the data for 
each method alone can be considered unbiased, the cross 
comparisons between the methods might not be fully 
transferable, since quantification of, both, Cµ and CY,max is 
not straightforward. Future work will focus to secure the 
interpretations of the current results by experimentally 
testing the tangential wall jets, exchanging the different 
models between the wind tunnels, and by completing 
numerical simulations of the alternately pulsing jets and 
the vortex generating jets. 
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