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Abstract. Synthetic jets actuators that produce a zero net mass flow rate have been locally
applied at the pylon-wing junction to suppress the high-lift penalties caused by the closely
coupled engine integration. The high fidelity numerical simulations utilizing unsteady Reyn-
olds-averaged Navier-Stokes have been performed to simulate this problem. A wind tunnel
model representing a 2,5D wing with pylon, nacelle and deployed high-lift devices is used for
this study. Active flow control applied at the wing-pylon junction area can prevent the larger
flow separation on the wing behind the nacelle caused by the slat cutback, increase the lift
and to postpone the stall angle by interaction of the vortices from the SJA with vortices domi-
nating this region. The performed unsteady CFD simulations demonstrate the possibility lo-
cally affect the flow by utilization of AFC. The geometrical setup of the actuators and the flow
variables (blowing coefficient, actuation frequency) have been varied, as well. Two different
shapes and positions of the nacelle’s strike have also been considered during the simulations.
The positive effect of the application of the SJA on maximum lift and stall angle has been ob-
served.
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1 INTRODUCTION

Utilization of the Ultra-High Bypass Ration (UHBR) engine in air transport is driven by
ecological and economical aspects. These new engines have lower emissions of CO2 and
NOx, higher efficiency and smaller fuel consumption. On the other hand the integration of
UHBR engine is very challenging part from two aspects, at least. The first one is the high-lift
conditions at high angles of attack and low-speeds and the second one is connected with the
clearance between the runway surface and the nacelle. To avoid longer landing gear struts suf-
fering from weight and space penalties, the nacelle should closely-coupled to the wing. This
closely-coupled integration causes the high-lift penalties due to the high-lift devices cut-back
to prevent clashes with the nacelle or thrust reverser [1]. Among other techniques the Active
Flow Control (AFC) can be successfully applied to remedy this lift lost due to the high-lift
devices cut-back.

Within the European project AFLoNext [2] one of the main goals is the application of Ac-
tive Flow Control (AFC) techniques, like pulsed jet blowing and Synthetic Jet Actuators
(SJA), on wing/pylon junction to remedy the lift losses caused by in closely-coupled engine
integration. A significant effort of experimental and numerical investigation of the application
of the passive and AFC techniques to locally suppress the flow separation or improve the
high-lift performances at the wing-pylon area, outer-wing or applied to high-lift devices has
been done [3-7]. This paper summarized the results of the SJA of the high-lift configuration
using the CFD simulation by means of URANS approach. The effect of the momentum coef-

ficient Cp and actuation frequency f is discussed.

2 GEOMETRICAL SET-UP

2.1  Wind tunnel model

Model used for CFD studies is based on a wing section of a generic high-lift wing, the
DLR-F15 [8], which is representative for today’s transport aircraft high-lift system layout. It
is equipped with a slat and a single-slotted Fowler flap. Because of the AFLoNext project this
model was modified to integrate pylon and nacelle. It represents 2,5D wing with sweep angle
28deg equipped with the side plates.

2.2  Strake configurations

Two different strake’s configurations were used during this study. They differ in the shape
and location on the nacelle. Both strakes are depicted in Figure 1. The new strake is located
closer to the wing to be more effective and creates stronger strake’s vortex. The effect of the
original and new strake on baseline flowfield is described in subsequent section.

7y AW

Figure 1 Position of old (grey) and new strake (red) on nacelle
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2.3 Actuator’s geometry and position

The circular actuator with area 5mm? was used for simulation of the synthetic jet. Two
configurations of the actuators were used during this study. They differ in the location and
number of actuators. The first configuration is characterized by two rows of actuators located
at 0.01% and 0.021% of the chord of the wing. The spanwise position of this configuration
with two rows of actuators is limited by the inner slat-end on one side and the pylon’s axis on
the other side. The actuators in the second row are placed in cascade regarding the actuators in
the first row. The second configuration was created from the first one by omitting the second
row of actuator. One halve of actuators is considered in comparison with the first configura-
tion. The spanwise location remained the same. The spanwise spacing between the actuators
is 0.01m.

Actuators of both configurations were placed parallel with the leading edge and inclined
30deg towards the wing’s surface. The actuators’ cavities were physically modeled to enable
the development of boundary layer inside them.

3 NUMERICAL METHODS

3.1 Grid creation

All grids used during this study were created in Pointwise grid generation software. The
grids are unstructured with rectangular elements on the model surfaces and with tetrahedral
elements in the volume. The boundary layer is simulated by prismatic elements and the condi-
tion of y+ bellow 1 was fulfilled. The region of interest was refined to capture all flow phe-
nomena (interaction of the vortices, flow separation,...). In case that the modification of the
strake or actuator’s positions was considered, the same grid topology was used. Only the
blocking of the surface grid on the nacelle and in the region of actuators was modified due to
new strake and different actuators locations, the number of nodes remained the same. The grid
in the region of interest was not changed.

3.2 Boundary conditions and CFD solver

Mass flow inlet/outlet boundary conditions (BC) were used to simulate the flow from SJA.
The mass flow, total temperature and flow direction are defined at these BC. The adjusted
mass flow corresponds to the required blowing velocity at the cavity’s outlet. The simulation
of the synthetic jet is done by switching between the mass flow inlet and mass flow outlet
boundary condition controlled by harmonic (or step) function. It is possible to define the de-
sired peak velocity and frequency of the synthetic jet using the harmonic function. In case that
the step function is used, the duty cycle can be also controlled. The typical course of the mass
flow in time for synthetic jet actuator is depicted in Figure 2. The cavities of the actuators
were physically modeled during the mesh generation process to enable the development of
boundary layer velocity profile inside them. The boundary conditions were applied at the bot-
tom part of these cavities. The fully modeled cavities have some drawback in terms of the grid
creation, number of cells etc., but the flow at the cavities’ outlets is more realistic. On the oth-
er hand same effort has been devoted to applying the surface boundary conditions simulating
the flow from actuators and actuation models in the past [7, 9-11].
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Figure 2 Typical course of the mass flow during the simulation of synthetic jet

3.3 Flow conditions

All of the computations were performed at a chord-based Reynolds number of
Re=4.65-10° the freestream Mach number 0.2 and freestream pressure corresponded to the
Om International Standard Atmosphere. These flow conditions correspond to the landing con-
ditions of the characteristic airliner.

3.4 Baseline configuration — strake effect

The effect of the strake on the local flowfield has been experimentally and numerically in-
vestigated in the past [12]. It is usually used to remedy the lift losses due to the slat cut-back.
During this study it was found that the original strake did not affect the flow as it was ex-
pected. The strake’s vortex was too high above the wing and applying the AFC it transported
low momentum flow towards the wing. It was the main reason to use a new strake design by
DLR during the AFLoNext project. The new strake has been moved towards the wing’s lead-
ing edge and it is slightly larger than the original one. The position of this strake was verified
by numerical simulations performed also by DLR.

The comparison of the lift curves of the original and new strake configurations is depicted
in Figure 3. It can be seen that the new strake has a significant effect on the local flowfied be-
hind the nacelle at stall condition and it is able to improve the lift more effectively than the
original one. The new strake creates stronger vortex which is closer to the wing and more in-
teracts with the vortices dominating this region.
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Figure 3 Effect of strakes on baseline flow

The surface streamlines together with the area of separated flow (visualized by negative x
component of the skin friction coefficient) of the baseline flow with original strake are depict-
ed in Figure 4. It is possible to see the development of the separated area with increasing AoA
(depicted by the arrow). The surface streamlines and flow separation areas of the baseline
flow corresponding to the configuration with the new strake is depicted in Figure 5. It is pos-
sible to see that for the same AoAs, the flow separation area is smaller in comparison with the
configuration with original strake. No flow separation has been observed in the outer part of
the wing (behind the pylon’s axis in spanwise direction) for the simulated AoAs.

—

Figure 4 Surface streamlines and flow separation area (visualized by negative Cfx in blue) for baseline configu-
ration — original strake

Figure 5 Surface streamlines and flow separation area for baseline configuration with new strake

6509



P. Vrchota

The location of the flow separated area between the inner slat-end and pylon’s axis was the
main reason for creation of the configuration of the circular actuators with limited span wise
position between the inner slat-end and pylon’s axis. The configuration with the new strake
was used during the CFD simulations of the SJA.

3.5  Synthetic Jet simulations

The boundary condition described in 3.2 was used for simulating of the Synthetic Jet (SJ)
by means of URANS approach. A harmonic function with defined frequency and amplitude,
representing the desired mass flow, was used for SJA. The frequency was limited by the limit
of 100 Hz at first. A more realistic actuation frequency 1kHz has been simulated consequently.
Due to extremely high time consuming simulation of the higher actuation frequency, only one
post stall AoA was simulated for the configuration of the actuators in one row. The adjusted
mass flow corresponded to the peak velocity 150m/s.

The configurations with one and two rows of actuators have been used to evaluate the ef-
fect of Cp on aerodynamic performances. The frequency effect was evaluated on the configu-
ration with one row of actuators using different actuation frequency.

From lift curves depicted in Figure 6 it is possible to see the effect of SJA with actuation
frequency 100Hz (red curve) and the effect of different Cp and f, as well. The stall angle was
delayed by about 2deg in comparison with the baseline configuration. The C uyax was im-
proved by about 8 Ic according to the baseline C, max and by about 14 Ic at the same post stall
A0A of the baseline configuration.
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Figure 6 Lift curves and CL values of bsl and SJA of both configurations of actuators

The surface streamlines and separated areas of the configuration of two rows of SJA work-
ing with frequency 100Hz at simulated AoAs are depicted in Figure 7. It is possible to see that
the separated area at stall angle is almost the same as at lower AoA due to the interaction of
the synthetic jet with the inboard LE-step and slat-end vortices (see Figure 8). With increasing
A0A the SJA is not able to effectively control the vortices and inboard LE-step vortex bursts
and it causes the large flow separation area (see Figure 7 and Figure 8, right). The vortices for
simulated AoAs are depicted in Figure 8. It is possible to see the interaction of the flow from
SJA with the inboard LE-step and slat-end vortices and the discontinuity of the slat-end vor-
tex and slightly reduced inboard LE-step vortex at post stall AoA. These vortices cannot af-
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fect the flow in close vicinity of the wing and the flow separates. It has to be emphasized that
these surface streamlines and vortices correspond to the last iteration of the simulations.

Figure 8 Vortex structures for two rows of SJA, pre-stall AoA (left), stall AoA (middle) and post stall AoA (right)

The effects of Cu and actuation frequency on C, at stall AoA are also depicted in Figure 6.
The Cp is decreased from 0.0252% to 0.0127% by using one row of actuators instead of two
rows. The effect of reduced Cu on the C, is depicted in Figure 6 by the left arrow. The value
of C. is decreased by about 6 Ic. The vortex structures for both values of Cp are depicted in

Figure 9 (left and middle figures). It is possible to see the positive effect of higher Cu on the
structure of the inboard LE-step and slat-end vortices. These vortices are more continuous in

comparison with the vortices corresponding to the lower Cu (one row of actuators). For the

smaller Cp the slat-end vortex is more discontinuous and the inboard LE-step vortex is slight-
ly weaker and not so much affects the local flow close to the wing’s surface.

Figure 9 Effects of Cp and actuation frequency on vortex structures, two rows of actuators (left), one row (mid-
dle) and one row of actuators with f=1000Hz (right)
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In case that the one row of actuators is used (smaller Cp) and the actuation frequency is in-
creased from 100Hz to 1000Hz, the CL is increased by about 3 Ic (see Figure 6). The right
black arrow indicates the change of C. with the change of actuation frequency. The dimen-
sionless frequencies F* corresponding to the 100Hz and 1000Hz are increased from 4.79 to
47.9, respectively. The effect of actuation frequency on forming the vortex structure is depict-
ed in Figure 9 (middle and right figures). In comparison with the lower Cu and lower fre-
quency (vortices in the middle), the slat-end and also the strake’s vortex are more affected by
SJA with higher actuation frequency. Especially the LE-step vortex is stronger.

Comparison of the flow separation areas for particular cases with SJA are depicted in Figure
10. It is possible to see that the flow separation area is increased by using smaller Cp and on
the contrary the higher actuation frequency slightly reduce it.

Figure 10 Surface streamlines and flow separation area of two rows of actuator (left), one row of actuator (mid-
dle) and one row of actuator with actuation frequency 1000Hz (right)

4 CONCLUSIONS

No flow separation was observed in the outboard part of the wing for the baseline and con-
trolled flows for both strakes configurations. It was the main reason for the location of the ac-
tuators between the inner slat-end and pylon’s axis.

The strake’s shape and its position have a significant effect on the C, and local flowfield
without AFC. The new strake increases the Cvax by about 9 Ic in comparison with the origi-
nal one.

The stability and vertical position of the vortices forming behind the slat-end and inboard
LE-step vortex have a significant effect on local flow separation on the wing-pylon area. If
these vortices are “continuous” (not bursting or discontinuous) and closer to the wing’s sur-
face, the flow separation is usually suppressed. The structures and positions of these vortices
can be, to a certain degree, maintained by a local application of AFC like SJA.

The effect of Cu and the actuation frequency of SJA was considered and evaluated on the
configuration with the new strake. The C_yax can be increased by about 8 Ic by means of ap-
plying of two rows of SJ actuators with actuation frequency 100Hz. The Cu has been changed
from 0.0252% to 0.0127% by considering two rows or one row of actuators, respectively. In
case that the Cp is reduced to one half, the C_ is decreased by about 6 Ic. But utilizing higher
actuation frequency, the C_ can be increased again by about 3 Ic. The overall drop of C_ by
means of smaller value of Cu and higher actuation frequency is only 3 Ic in comparison with
the value of C_ obtained using SJA in two rows and actuation frequency 100Hz.
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Due to the very high time consuming of the simulations of the SJA especially with the
higher actuation frequency (1000Hz), the effect of the Cp and f was evaluated only for one
post stall AoA.

The simulated high actuation frequency 1000Hz is still approximately one half of the
working frequency of the real SJA. The simulation of the working frequency of SJ should be
done using large eddy simulation (LES) instead of URANS, but for our target large Reynolds
number it is not feasible today.
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