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Abstract
In the present paper, an experimental investigation on the application of high-speed sweeping
jet actuators was carried out. It examines the feasibility of a super sonic exit jet to control
boundary layer separation caused by an adverse pressure gradient in a compressible Mach
number regime. The first part of the investigation includes a thorough assessment of the
used sweeping jet actuator by three dimensional numerical simulations using OpenFoam® .
A validation of the results was done by means of schlieren visualization within the actuator
and dynamic pressure measurements at the actuator outlet. The outlet signal of the actuator
features a characteristic switching frequency of fs ≈ 1200 Hz and a peak Mach number of
M a ≈ 1.4 which was evident in the experiments and the CFD simulation. The supply pressure
ratio of the actuator was set to P R = 3.6 using compressed air. The second part of the paper
presents the results of the wind tunnel experiments using a test section with the geometry
of a half-diffusor ramp equipped with two sweeping jet actuators. Inflow conditions of Mach
numbers ranging from M a∞ = 0.3 to M a∞ = 0.8 were investigated. The conducted wind
tunnel experiments include detailed oil flow surface visualizations and mean surface pressure
measurements in order to demonstrate the impact of the active flow control system. By varying
the mass flow rate of the actuator system different operating points were studied. The presented
results indicate the positive effect of active flow control regarding the pressure rise over the
ramp in a compressible Mach number regime. The separated flow region was significantly
reduced.
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the forcing mechanism is independent of Reynolds number
driven effects. Nevertheless, Nagib et al. [2] showed that
efficient forcing is only possible with a correspondingly high
velocity ratio (VR). The VR has a significant impact on the
control authority of AFC measures e.g. in axial turbo compressors.
Taking the flow in a high-pressure compressor stage into
account, the inflow conditions are compressible and a
strong adverse pressure gradient exist. Due to that, the
flow field in axial compressors is dominated by highly complex flow patterns and flow separations that cause losses
and limit the operating range of the component [3].
A promising way to increase the efficiency and stability of a
high turning compressor stator is actively controlling these
secondary flow features. In order to use AFC measures
to influence the flow around high turning stator blades in a
transonic Mach number regime, actuators featuring a super

INTRODUCTION

The reduction of aircraft engine emissions as well as the efficient conversion of energy using gas turbines calls for disruptive technologies to go beyond the most efficient projected improvements in current technologies. Amongst others,
achieving this goal requires a ground breaking improvement of flow control devices to push engine efficiencies
beyond their current limits and improve their operability.
Despite the vast range of existing flow control solutions,
most of the active flow control (AFC) systems described in
the literature are still far from being implemented on turbo
engine relevant flow phenomena.
In earlier investigations by Troutt et al. [1] it was shown that
the most effective Strouhal-number range for the actuation
of boundary layers can be assumed to be approximately
constant over a wide range of Reynolds numbers. Thus,
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Fig. 1: Boundary conditions of the numerical domain.

The SWJ actuator is a self-oscillating device. Compressed
air accelerates over the inlet nozzle and enters into the interaction zone. Caused by the Coandǎ effect [10], the fluid
jet attaches to one side of the attachment walls and follows
the curved surface to the exit nozzle, where the exit jet is
formed. A fraction of the fluid enters the feedback channel
and is led back to the interaction zone, where it pushes the
attached jet to the opposite attachment wall. This process
is repeated resulting in an oscillating jet. The characteristics of the oscillating jet depends on the internal geometry
of the actuator and on the supply pressure ratio. SWJ actuator characteristics have already been investigated in various papers [11], [12], [13].
At high pressure ratios the compressed air gets pushed
through the choked exit throat and forms an underexpanded jet. It was shown, that a super sonic sweeping jet is
characterized by a limitation in its motion, which results in
a reduced deflection angle θ of the actuators exit jet - compared to a sub sonic sweeping jet [12].
Tab. 2 lists the boundary conditions of the CFD simulation
for the actuator at the design point. At the inlet a constant
mass flow rate of ṁ = 0.0025 kg/s was set and the inlet temperature has a fixed value of T = 293 K. At the
outlet patch a constant ambient pressure of p = 101325
Pa was predefined. With reference to [14] the SpalartAllmaras turbulence model was chosen for modeling turbulent effects. A turbulence intensity of 1% is assumed
and leads to a turbulent viscosity at the inlet patch of
νt = 0.0011 m2 /s. The boundary layer was modeled using the nutUSpaldingWallFunction on two boundary layer
cells. The first cell of the mesh controls the y+ value.
The dimension of the boundary layer cell was chosen to
be hbl = 4.5e-05 m. Therefore, the value of y+ resulted in a range of y+ = 40 − 60 where the wall function
is applicable. Because of the high Mach numbers within
the actuator, the sonicFoam solver was used to solve the
compressible unsteady Reynolds-Averaged Navier-Stokes
(URANS) equations. The adjustable time step of the CFD
simulation was controlled by means of the threshold of a
maximum courant number of cou = 1. For the CFD validation the position at y = 0.2 · lref at the outlet plane of the
actuator was chosen - marked in figure 2.

ACTUATOR CHARACTERISTICS

In a first step, a numerical simulation of the inner flow field
of a single SWJ actuator was performed. The experimental
validations of the CFD simulation were carried out using
dynamic pressure measurements along the actuator outlet
slot and schlieren visualization of the actuator inner flow
field - extracted from [9]. Furthermore, the performance of
the actuator power jet was evaluated at different operating
points invoked by varying the mass flow rate.

2.1 Numerical Method
The numerical investigations were carried out using
OpenFoam® . The computational mesh was generated with
approximately one million cells using the OpenFoam® implemented utility snappyHexMesh. Figure 1 shows the
scaled computational domain and illustrates the boundary
patches. The distance between the actuator outlet plane
and the outlet patch of the domain was set to 1500 x lref ,
where the reference length describes the length of the actuator outlet slot (lref = 0.013 m). The key geometric parameters of the actuator are shown in figure 2 and summarized in table 1.
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sonic exit jet have to be used to reach a sufficient velocity
ratio. These measures lead to higher pressure recoveries
of a stator vane and a reduction of flow losses [4].
Scientific research in recent decades largely focused on
the investigation of fundamental influencing methods using AFC. According to the current state of the art, however,
self-switching fluidic actuators – such as the sweeping jet
(SWJ) actuator – are known which are already successfully
used with high TRL and even in flight tests to influence the
external flows on aircraft ([5], [6] and [7]). Nevertheless, an
integration of such high-speed fluidic actuators into a turbo
machine relevant compressible flow of axial compressors
could not yet be demonstrated until now.
Trávníček et al. [8] attempted to reduce the flow separation
in a compressible compressor cascade using continuous
and periodic blowing at the suction side. However, results
showed a minor effect of the actuators due to a sub sonic
exit jet.
The objective of the present work is to investigate the feasibility of active flow control in a compressible Mach number
regime. Therefore, the test section of a transonic wind tunnel was equipped with a half-diffusor ramp model, generating a pressure-induced flow separation. The inflow condition of the wind tunnel experiments were ranging from
M a = 0.3 to M a = 0.8, corresponding to Reynolds numbers of Re = 0.4−1.1·106 with respect to the ramp height.
The flow pattern over the ramp is dominated by complex
secondary flow structures. For the application of active
flow control, two SWJ actuators were implemented at the
separation line. The operating point of the actuator system was varied by adjusting the actuator supply mass flow
rate. It was successfully demonstrated that the separated
flow reattaches in the mid section of the ramp by means
of active flow control, producing a super sonic exit jet. Oil
flow visualization and static pressure measurements along
the ramp were conducted to evaluate the efficiency of the
actuation system.
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In super sonic flows with M a < 1.8 the total pressure loss
due to the occurring bow shock in front of the pitot probe
is negligible [15]. Therefore, the Rayleigh pitot probe formula was not applied for this experiment. Figure 3 shows
the time series of the pressure signal and the corresponding Mach number at the validation point (depicted in figure
2) - for both, the experimental measurement and the data
computed by CFD simulation. Regarding the time series,
which represent four oscillating periods of the actuator outlet jet, it is seen that the rising edges match well between
both signals. Thus, it can be concluded that the oscillating frequency calculated by CFD simulation corresponds
to the frequency acquired by the experimental measurements. Furthermore, it can be stated that the amplitudes
of the simulated and measured signals are in good correspondence. The peak Mach number captured with the pitot
probe at the validation point equals M a ≈ 1.3 while the
minimum measured Mach number was M a ≈ 0.5.
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Fig. 2: Geometry of the sweeping jet actuator.
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Tab. 1: Geometrical parameters of the sweeping jet actuator.

walls

Fig. 3: SWJ actuator outlet signal – comparison of experimental and CFD results at ṁ = 0.0025 kg/s.

Tab. 2: Initial and boundary conditions of the CFD simulation at design point.

In order to analyze the frequency spectrum of the device,
the time domain of the experimental measurement is converted to the frequency domain by means of a fast Fourier
transform. The result is shown in figure 4, where the maximum of the amplitudes account for an actuator switching
frequency of fs,exp = 1252 Hz. The switching frequency
which was extracted from the pressure signal computed by
CFD simulation is fs,cf d = 1182 Hz. The frequency deviation between both results yields ∆fs = 5.6%.

2.2 Experimental Validation Method
In order to build the sweeping jet actuator in original scale a
stereolithographie 3D printing technique was used. For the
experimental validation of the numerical simulation, a subminiature pitot probe with a dynamic kulite differential pressure transducer (XT-140M-1.7BARD) was used to measure
the total pressure along the actuator outlet plane. Due to
the small scale of the investigated SWJ actuator, it is challenging to capture the generated time-dependent velocity
field in the required spatial resolution. For this reason, the
pitot probe was only traversed along the actuator slot in
span-wise direction (y-direction). The pitot probe was designed to have a frequency response of a Helmholtz resonator in an order of magnitude above the expected frequencies to be measured. For the validation, the mass flow rate
through the actuator was set to ṁ = 0.0025 kg/s. It was
measured by a FESTO SFAB-200 flow meter. The pressure ratio with regard to the inlet nozzle was PR = 3.6. To
determine the local Mach number, the isentropic equation
(equation 1) was used on the pressure measurements.

(1)
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2
.
κ−1

3

Deutscher Luft- und Raumfahrtkongress 2019

The dependency of the switching frequency and the supply mass flow rate of the fluidic device was examined by
means of experimental pressure measurements, while the
supply mass flow rate of the actuator was varied between
ṁ = 0.0011 − 0.0028 kg/s. The resulting actuator characteristic is presented in figure 5. The trend shows a
slightly increasing switching frequency and a rising peak
Mach number at the actuator outlet with increasing mass
flow rate.

x
y

(a) Schlieren visualization acquired from
experimental measurement; image
extracted from [9].

x
y

·
(b) Density gradient from CFD simulation.

Fig. 5: Characteristics of sweeping jet actuator - calculated
from experimental measurements.

Fig. 6: Comparison of computed density gradients and
schlieren visualizations at P R = 3.6.

Additionally, the numerical results have been validated using visualizations of the density gradients in y-direction
within the actuator. The presented snapshots in figure
6 show the same phase angle of the actuator oscillation
cycle, where the exit jet is centered inside the outlet nozzle.
The supply pressure ratio was set to P R = 3.6. The experimentally acquired schlieren image depicted in figure 6a
highlights coherent structures in the shear layer that are
formed within the actuator [9]. Due to the high pressure
ratio, the flow is choked at the exit throat and the compressed air generates an underexpanded jet within the outlet nozzle. The same flow structures are captured by the
density gradients calculated from the numerical simulation
– presented in figure 6b. However, due to the assumptions
of the URANS simulation, the temporal and spatial resolution of the turbulent structures in the flow are suppressed
to some extent.
Previous investigations [11] and [16] showed that a sub
sonic jet is able to fully attach to the outlet nozzle walls
and that the sweeping motion of the actuator jet is reduced
by an increasing supply pressure ratio. The flexibility of the
actuator jet is expressed by the jet deflection angle θ that
is defined in [16] as the angle between the actuator center
line and the center line of the exit jet. Figure 7 presents the
computed Mach number distribution within the SWJ actuator. In figure 7a, a snapshot capturing the instantaneous
moment of the maximum jet deflection is shown. A maximum Mach number of M a = 1.6 is reached downstream
of the exit throat within the outlet nozzle. This leads to a
limitation in motion of the actuator sweeping jet. Thus, the
jet is not capable of attaching to the nozzle diffusor walls.
As derived from the time-averaged flow field in figure 7b,
the maximum deflection angle of the computed actuator jet
was θ ≈ 13◦ .
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(a) Instantaneous - moment of maximum jet
deflection.

(b) Time averaged flow field.
Fig. 7: Mach number distribution at P R = 3.6.
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they state that this should not fall below a value of 10 in
order to still assume a 2D flow. With the given values of
b = 0.15 m for the width and h1 = 0.075 m for the inlet
height of the ramp, the aspect ratio results to AR = 2.
Thus, with an AR of less than 10, the experiments are
based on complex secondary flow structures (3D flows)
influencing the reattachment length of the separated flow.
The diffusor section of the ramp features 68 static pressure
taps implemented along the center line of the ramp which
are shown in figure 8. All pressures are measured as absolute pressure values.
The inflow Mach number was calculated from the total
pressure measured in the settling chamber and the static
pressure tap located at x/l = −0.65. Within the scope
of the experimental work presented in this paper, inflow
Mach numbers ranging from M a = 0.3 to M a = 0.8
were investigated. The corresponding Reynolds numbers
of Re = 0.4 − 1.1 · 106 are based on the step height of the
ramp (∆h = h2 − h1 ).
One prominent parameter to compare various configurations of an active flow control system is the nondimensional momentum coefficient cµ , as defined by Bauer
for incompressible flows [19]. It relates the momentum of
the actuators to a reference momentum. For the utilization
in a compressible flow regime, the momentum coefficient
was modified. Therefore, the compressible momentum
coefficient cµ is calculated using equation 2.

HALF-DIFFUSOR RAMP - WIND TUNNEL EXPERIMENTS

In the current approach, the effect of active flow control
by a configuration of two self switching SWJ actuators which have not been synchronized - was investigated. The
test section of the wind tunnel experiments features a halfdiffusor ramp producing a turbulent pressure-induced separated flow in a transonic Mach number regime.

3.1 Experimental Setup
The experimental investigations were carried out at the
transonic wind tunnel at the chair of Aerodynamics. This indraft wind tunnel is suitable for investigations in a transonic
and super sonic flow regime with inflow Mach numbers up
to M a = 2.4. Various nozzles and measuring sections
are available for this purpose. The wind tunnel test section
used for this experiment has a cross section of 0.15 m x
0.15 m. The geometrical details of the ramp used in the
experiment are depicted in figure 8.
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Fig. 8: Geometrical details of the ramp producing an adverse pressure gradient.
The ramp inclination angle was 23◦ , which led to a
pressure-induced flow separation downstream of the onset of the ramp. Moreover, the boundary layer is turbulent
because of a trip at the inlet of the test section. For the
application of active flow control, two SWJ actuators are
installed symmetrically with respect to the center line of the
ramp. The distance between the outlet orifices was 27 x
lthroat . Seifert and Pack [17] showed that the optimal position of the actuator slot is shortly upstream or directly at
the time averaged separation line. Therefore, the actuator
outlets are located at the onset of separation at the position
x/l = 0. The blowing angle was set to 30◦ in reference to
the surface of the ramp.
One important parameter influencing the pressure rise over
the ramp is the expansion ratio (ER). Defined by means
of the relation between h2 to h1 , the expansion ratio is
ER = 1.87. Brederode and Bradshaw [18] define the aspect ratio (AR) as the width-height ratio of the ramp and
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Figure 9 shows the dependency of the momentum coefficient from the inflow Mach number and the mass flow
rate of the actuation system. The momentum coefficient
decreases with increasing inflow Mach number and increases with the mass flow rate of the actuation system.
The marked dots indicate the operating points of the actuator system as it was configured in the experiments for the
results presented hereinafter.

smax

0.0

cµ =

Fig. 9: Distribution of the momentum coefficient depending
on the inflow Mach number and the actuator mass
flow rate.
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3.2 Oil Flow Visualization

50

The results of the oil flow visualization for the inflow Mach
numbers M a = 0.4 and M a = 0.6 are presented in figure
10 and 11. For each inflow Mach number the condition with
no actuation (reference flow) and with active flow control
are compared. The mass flow rate of the actuation system, with two SWJ actuators working in parallel, was set
to ṁaf c = 0.0055 kg/s. This results in a momentum coefficient of cµ = 1.5% for M a∞ = 0.4 and of cµ = 0.78%
for M a∞ = 0.6. The wall streamlines that were derived
from the oil flow visualization indicate the direction of the
time averaged wall shear stress and illustrate the global
flow structures over the ramp. Figure 10 a) and figure 11
a) show that the flow separation starts at the actuator slots
at s/smax = 0 and propagates along the ramp in case of
no actuation.
It is also seen that the flow pattern over the ramp is formed
asymmetrically to the center line of the ramp. Furthermore,
the flow pattern is characterized by a large area of separated flow, which is dominated by secondary flow structures.
The flow separation is decisively created by a massive passage vortex rotating in counter clock-wise direction, which
is blocking the passage over the ramp. According to vortex theory, a second – much smaller – vortex rotating in
clock-wise direction is formed upstream of the passage
vortex. The development of the pair of vortices significantly
influences the flow pattern on the ramp. Also, it is apparent
that the flow pattern feature very similar structures for both
investigated Mach numbers.
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(a) Reference flow - no active flow control.
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(b) Active flow control on - ṁaf c = 0.0055 kg/s.
Fig. 11: Oil Flow Visualization at M a∞ = 0.6 – for the reference flow and with AFC.
Figures 10 b) and 11 b) present the corresponding state
with active flow control. The presence of oil color paint in
different shadings provides further insight to the time averaged wall shear stress distribution. In the mid section
of the test specimen the streamlines are more guided in
the main flow direction indicating the flow to be reattached.
The flow separation was suppressed successfully and the
passage blocking was reduced by means of the actuation.
In addition, two large corner vortices (secondary flows) are
formed on the upper and lower end wall. These protrude
into the mid section to some extent, affecting the flow field
by restricting the channel flow. Considering the center line
of the test section, the flow patterns are formed symmetrically by the actuation. The two corner vortices are growing
similar in size.
Quantitative studies to the effect and the efficiency of the
active flow control system are conducted by means of static
pressure measurements and are presented hereinafter.

(a) Reference flow - no active flow control.

3.3 Pressure Measurements
The pressure coefficient for compressible flows along the
center line of the ramp is calculated using equation 3,

(3)

!
px
−1 .
p∞

Figure 12 shows the static pressure distribution for the
reference flow and figure 13 for the actuated flow at three
different inflow Mach numbers. Here, the measured data of
the pressure taps and the corresponding curve fitting are
plotted. In all cases, the flow accelerates until the suction

(b) Active flow control with ṁaf c = 0.0055 kg/s.
Fig. 10: Oil Flow Visualization at M a∞ = 0.4 – for the reference flow and with AFC.
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peak is formed at x/l = −0.2. It is assumed that the acceleration of the flow is induced by the growing boundary layer
along the inlet oft the ramp. Downstream of the suction
peak, the flow decelerates due to the diffusor effect, which
results in a significant increase of static pressure. Due to
the actuator insert – between −0.17 < x/l < 0.085 – no
pressure information were available.

For the reference flow, the static pressure slightly decreases from x/l = 0.085 until x/l = 0.45 downstream of
the actuator insert. It can be assumed, that the blocking
effect of the flow separation affects the pressure recovery.
Furthermore, the pressure recovery over the ramp was
only slightly dependent of the inflow Mach number.
The effect of active flow control on the pressure coefficient
along the ramp is shown in figure 13. Here, two different
mass flow rates were used and the inflow Mach number of
M a∞ = 0.4 (a) and M a∞ = 0.6 (b) has been set. It can
be seen that the momentum of the actuator jet has a positive impact on the pressure rise along the center line of the
ramp. Downstream of the actuator slots a slight pressure
drop at x/l = 0.085 occurs. Subsequently, a distinct static
pressure rise from x/l = 0.2 to x/l = 1 was observed.
Compared to the reference flow, it can be seen that the
higher the mass flow rate of the actuation system gets, the
higher the pressure rise over the ramp was.

cp,1
cp,2
actuator insert

The contour plots in figure 14 present the change of the
pressure coefficient ∆cp along the ramp with AFC. The impact of a variation of the momentum coefficients of the AFC
to the static pressure is calculated by means of equation 4.
Here, the pressure coefficient of the reference flow is subtracted from the one with actuation. Positive values of ∆cp
represent a pressure gain and values of ∆cp < 0 depict a
reduction in static pressure with respect to to the reference
flow.

Fig. 12: Static pressure coefficient of the reference flow
with no active flow control - at different inflow Mach
numbers.

(4)

Figure 14a shows the contour plot of the changing static
pressure gains for an inflow Mach number of M a∞ = 0.4.
Here, the values of the momentum coefficient ranges from
0.08% < cµ < 1.5%. The position of the actuator slots
are marked by the dashed line. The red line defines the
minimum momentum coefficient which is required to generate a significant pressure gain of ∆cp > 0.2 at some
point along the ramp. It can be seen, that an effort of
cµ ≥ 0.9% causes a high pressure gain of ∆cp ≥ 0.2 at
the end of the ramp. Furthermore, the actuator jet causes
a decreased suction peak upstream of the actuator slots
with momentum coefficients of cµ ≥ 0.9%. For values
of cµ < 0.9% the actuation increases the suction peak
(∆cp < 0) upstream of the actuator slots. The maximum
static pressure gain of ∆cp = 0.26 was reached at the end
of the ramp by a momentum coefficient of cµ = 1.5%.
The contour plot of the change of the pressure coefficient for an inlet Mach number of M a = 0.6∞ is shown
in figure 14b. Due to the higher inlet Mach number, the
values of the momentum coefficient were varied between
0.04% < cµ < 0.79%. Nevertheless, the trend of the pressure coefficient is very similar when compared to the lower
Mach number – figure 14a. Downstream of the ramp the
pressure gain increases due to the higher momentum coefficients. Here, the maximum pressure gain is ∆cp = 0.17
at a momentum coefficient of cµ = 0.79%. Besides, it can
be seen that an increased suction peak occurs upstream of
the actuator slots over the entire actuator operating points
(∆cp < 0).

cp,1

actuator insert

cp,2

(a) M a∞ = 0.4.

cp,1

actuator insert

cp,2

(b) M a∞ = 0.6.
Fig. 13: Static pressure coefficient for the reference flow
and with AFC - at two different inflow Mach numbers.
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For the reference flow (η - afc off), the ramp coefficient
equals η = 0.47 at M a∞ = 0.3. That signifies that the
static pressure rise over the ramp is reduced to 47% of
the theoretical pressure rise of a Carnot diffusor (η = 1)
- due to secondary flow structures. The ramp coefficient
increases slightly for higher inlet Mach numbers up to a
maximum of η = 0.55 at M a = 0.8.
Switching on the actuation system led to a ramp coefficient
of up to η = 0.99 at M a = 0.3∞ . Here the effectiveness
improvement amounts to ∆η = 0.52. Applying AFC, led
to the theoretical pressure recovery of a Carnot diffusor.
However, at higher inlet Mach numbers the ramp coefficient is decreasing. Here, an improvement of ∆η = 0.29
at M a = 0.8 was measured when using AFC. At a constant mass flow rate of the actuation system the actuator
jet Mach number is maintained constant and consequently
the velocity ratio is decreasing with higher inlet Mach numbers.

c≥
µ 0.9 %; cp≥0.2

actuator slots

(a) M a∞ = 0.4.

c≤0.79
%; c≥0.1
µ
p

η
η

η

actuator slots

Δη

(b) M a∞ = 0.6.
Fig. 14: Static pressure gain distribution along the center line of the ramp at different momentum coefficients.

∞

Fig. 15: Ramp coefficient and velocity ratio at different inlet
Mach numbers with ṁaf c = 0.0055 kg/s.

The parameter η indicates the ratio between the static
pressure rise over the ramp and a theoretical value cp,c
– equation 5. In the following, the parameter η will be referred to as ramp coefficient. Based on an incompressible
flow, the theoretical value represents the maximum static
pressure rise over a 90◦ diffusor – equation 6 according to
[20]. The static pressure rise over the ramp is related to
a point upstream of the ramp cp,1 at x/l = −0.65 and a
point downstream of the ramp cp,2 at x/l = 0.85 – labeled
in figure 12 and 13.

(5)

(6)

η=

cp,c =

The ramp coefficient indicated the effectiveness of the AFC
system and does not consider the momentum flux injected
into the flow by the AFC system.
Taking the effort of the actuation system into account, a
Figure of Merit (FM) is introduced (equation 8) [21]. Here,
the energy conversion of the system with active flow control ∆Paf c is related to the sum of the energy conversion
of the system without active flow control ∆Pno,af c and the
added energy of the actuator jet power ∆Pjet . The energy
of the system with and without active flow control is expressed by equation 9, where the pressure coefficient cp,2
is measured downstream of the ramp. The inlet velocity u1
and the actuator jet peak velocity ujet,peak was calculated
based on the isentropic flow equation with the corresponding Mach number. The actuator jet power ∆Pjet is defined
by equation 10.

(cp,2 − cp,1 )
cp,c

2
1
· (1 −
),
ER
ER

ER = 1.87

Figure 15 presents the ramp coefficient in relation to the inlet Mach number – with and without AFC. In case of AFC,
the mass flow rate of the AFC system is set constant to
ṁaf c = 0.0055 kg/s. In addition, the trend of the velocity
ratio is shown – equation 7.

(7)
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(10)

∆Pjet = ṁjet ·

section of the ramp by means of AFC.
A quantitative prediction of the effect of AFC is presented
by the results of the static pressure measurements. It was
shown that the actuation has a positive effect regarding the
pressure rise over the ramp. At an inflow Mach number
of M a∞ = 0.4, the actuation system ensured a decisive pressure rise of ∆cp > 0.2 downstream of the ramp
at an effort of cµ ≥ 0.9%. The maximum pressure gain
for M a∞ = 0.6 was ∆cp = 0.17 with a maximum momentum coefficient of cµ = 0.78%. Taking the ramp coefficient into account, it can be manifested that an improvement of ∆η = 0.52 at M a = 0.3 and an improvement of
∆η = 0.29 at M a = 0.8 was realized. Furthermore, it was
shown that the theoretical pressure coefficient produced by
a Carnot-diffusor was reached by means of active flow control (η = 0.99). In order to consider the efficiency of the
AFC system – the Figure of Merit was calculated. The results indicated a large performance increase for small momentum coefficients up to cµ = 0.15% at both investigated
Mach numbers M a = 0.4 and M a = 0.6. A further increase of the momentum only induces a slight rise of the
Figure of Merit. At M a∞ = 0.4 a maximum of F M = 1.78
is approached by a momentum coefficient of cµ = 1.1%.
For the higher inflow Mach number of M a∞ = 0.6 a maximum of F M = 1.54 is attained by a momentum coefficient
of cµ = 0.6%.
The beneficial effect of active flow control by means of a super sonic actuator exit jet on a separated flow was shown
successfully in a compressible Mach number regime. The
pressure-induced separated flow has been forced to reattach in the mid section of the ramp and a pressure gain
along the ramp was produced due to AFC.

u2jet,peak
2

The resulting FM with respect to the momentum coefficient
is shown in figure 16 for both investigated inflow Mach
numbers. In both cases, the FM is rising intensely up
to momentum coefficients of cµ = 0.15%. Adding more
momentum into the flow by the AFC system shows minor
effects on the FM. The maximum value of the FM indicates
the most effective actuation set up within the investigated
regime. A maximum of F M = 1.78 is reached at a momentum coefficient of cµ = 1.1% (M a∞ = 0.4) and a
maximum of F M = 1.54 is attained at a momentum coefficient of cµ = 0.6% (M a∞ = 0.6).

Fig. 16: Figure of Merit dependency on the momentum
coefficient.
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NOMENCLATURE
b
cµ
cp
cp,c
cou
f
∆f
h
hbl
l
ṁ
Ma
p
∆P
R
Re
s
T
t
th
u
x, y, z

CONCLUSIONS

In the present paper, a CFD simulation of the inner flow
field of a sweeping jet actuator was performed using
OpenFoam® . The numerical calculations were verified
by dynamic pressure measurements at the actuator outlet slot. The characteristics of the actuator outlet signal
showed a high level of agreement between the experiments
and the CFD simulation. The switching frequency of the
SWJ actuator was fs ≈ 1200 Hz at a pressure ratio of
P R = 3.6. The computed density gradients of the actuators inner flow field corresponded well with the schlieren
visualizations from Hirsch et al. [9]. It was shown that the
flow was choked at the actuator exit throat. Due to the compressed air within in the actuator an underexpanded exit
jet was formed downstream of the throat, featuring a maximum deflection angle of approximately θ = 13◦ . The distribution of the Mach number indicated a peak Mach number at the actuators outlet plane of M a ≈ 1.3.
Two SWJ actuators were implemented in a half-diffusor
ramp featuring a blowing angle with respect to the surface of 30◦ . Oil flow visualization showed that the flow
separated at the actuator slots – in case of no actuation.
Downstream, an asymmetrically flow pattern was formed.
The pattern demonstrated that the flow is reattaching and
the flow separation was suppressed successfully in the mid
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momentum coefficient [%]
pressure coefficient [-]
carnot pressure coefficient [-]
courant number [-]
frequency [Hz]
frequency deviation [Hz]
height [m]
boundary layer height [m]
length [m]
mass flow rate [kg/s]
Mach number [-]
pressure [Pa]
energy conversion [kg · m2 / s3 ]
specific gas constant for air [J/(kg K)]
Reynoldsnumber [-]
length from actuator slot [m]
temperature [K]
time [s]
thickness [m]
velocity [m/s]
coordinates [m]

Symbols

β
η
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angle actuator outlet nozzle [◦ ]
efficiency of ramp [-]
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ratio of specific heat [-]
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