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The base flow of an axisymmetric generic space launchermodel is investigated experimentally bymeans of particle

image velocimetry and dynamic pressure measurements at a Mach number of 0.76 and a Reynolds number of

1.5 × 106, based on the main body diameter. The flow separation at the end of the main body forms a highly dynamic

recirculation regionwith strongpressure fluctuations on the reattaching surface. The time-averaged reattachment on

the rear sting is at 1.05main body diameters downstream of the step. This work investigates the application of passive

flow control devices for their potential of reducing the loads on the space launcher’s nozzle. It is shown that

rectangular or circular grooves at the end of the main body force enhanced mixing in the separated shear layer,

leading to a reduction of the reattachment length of 55%. Additionally, the fluctuations of the reattachment are

significantly reduced, which results in lower-pressure fluctuations and thus reduced dynamic loads.

Nomenclature

Cp = pressure coefficient
D = main body diameter, m
f = frequency, Hz
H12 = boundary-layer shape factor
h = step height, m
p = pressure, bar
p0 = stagnation pressure, bar
p∞ = freestream pressure, bar
PSD = power spectral density, Hz−1

TKE = turbulent kinetic energy, m2 ⋅ s−2
u, v, w = velocity components, m ⋅ s−1
u∞ = freestream velocity, m ⋅ s−1
�u = mean streamwise velocity, m ⋅ s−1
u 02, v 02, w 02 = velocity fluctuations, m2 ⋅ s−2
uτ = friction velocity, m ⋅ s−1
x, y, z = spatial coordinates, m
xr = mean reattachment length, m
δω = vorticity thickness, m
δ1 = displacement thickness, m
δ2 = momentum thickness, m
δ99 = boundary-layer thickness, m
μ = dynamic viscosity, Pa ⋅ s
ρ∞ = freestream density, kg ⋅m−3

τw = wall shear stress, N ⋅m−2

I. Introduction

F LOW separation is frequently found in aerospace technology
and increases the complexity of the involved flowfield. In the

case of a backward-facing step (BFS), the separation location is fixed
at the trailing edge of the step, but the reattachment process is
characterized by strong dynamics. In the early separated shear layer,
eddies are generated due to Kelvin–Helmholtz instabilities. They
become larger as they move downstream, causing the shear layer to
broaden with increasing distance from the step. Additionally, the
eddies become fully three-dimensional [1], and because of turbulent
mixing, high-momentum fluid is transported toward the downstream
surface, causing the shear layer to reattach again. For transonicMach
numbers, the vortex shedding does not happen at a fixed frequency
but is usually related to a rather broad peak [2–11].
For a two-dimensional backward-facing step, the mean reattach-

ment length is typically between xr � 5h and 7h, with h being the
step height, for the case of a fully turbulent incoming flow state at the
point of separation and a Reynolds number range of Reh �
3000–300;000 [12,13]. For an axisymmetric BFS, the mean
reattachment length is reduced to values between 1.0D and 1.1D
(corresponding to 3.3h and 3.6h) for experiments at a Reynolds
number range of ReD � �1.1–1.5� × 106 [4,14,15]. The reattach-
ment location fluctuates in space and time due to the dynamics of
turbulent structures. For a two-dimensional BFS flow, the
instantaneous impingement location of the shear layer moves up-
and downstream by as much as�3h [1,16]. Weiss and Deck [17] as
well as Schrijer et al. [18] showed that the instantaneous reattachment
location also strongly varies for an axisymmetric model. As a result,
the reattaching surface is subject to strong pressure fluctuations that
might interfere with structural modes leading to so-called buffeting.
One famous example of a BFS in aerospace technology is the base

geometry of the European space launcher Ariane 5; see Fig. 1. At the
end of the cylindrical main body, a BFS configuration can be
observed in the transition to themain engine’s nozzle. The length and
diameter of the nozzle are such that the separated shear layer
reattaches close to the end of the nozzle, causing high dynamic loads
[6–8,19–23]. A reduction of the pressure fluctuations is desirable to
increase the safety margins. This would possibly enable to use a
longer and larger nozzle to improve the overall performance.
Different passive flow control devices were tested in the past to

reduce the structural loads [8,24,25]. One approach is to delay
separation and consequently move the reattachment location toward
the exhaust plume. This can be achieved by adding a skirt at the end of
the main body [8,24]. Another approach is to shorten the
reattachment length, which potentially reduces the fluctuations at the
end of the nozzle. Hannemann et al. [8] used a so-called scoop on an
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Ariane 5 model to deflect the flow at the rear end inward. This
significantly reduces pressure fluctuations on the nozzle but also
increases aerodynamic drag. Schrijer et al. [25] tested chevron-type
flow control devices (skirts with toothed trailing edge) to enhance
mixing in the shear layer. Although the chevron devices are of three-
dimensional nature, the majority of the chevron configurations were
found to result in a statistically axisymmetric flowfield. The addition
of the devices to a clean base increases the velocity fluctuations
slightly, and larger backflow velocities are measured. Chevron-type
flow control devices have also been studied for jet flows in [26] and
for afterbody flows in [27]. More recently, it was shown that
convoluted trailing edges, by means of circular or squared lobes, are
able to reduce the reattachment length as well as the loads due towall
pressure fluctuations significantly in the case of a planar backward-
facing step [15,28,29]. Although these lobes efficiently enhance
mixing, their protruding peaks increase the aerodynamic drag. Based
on these findings in [29], passive flow control devices that only
contain the valleys are investigated on an axisymmetric model in
this work.

II. Experimental Setup

The experiments were performed in the transonic–supersonic
wind tunnel (TST-27) of theHigh-SpeedAerodynamics Laboratories
at Delft University of Technology. The TST-27 facility is a
blowdown-type wind tunnel with a 28-cm-wide and 27-cm-high test
section. Details about this facility can be found in [25]. For the
present experiments, the wind tunnel is operated at a nominal Mach
number of 0.7,which approaches 0.76 on themain body of themodel.
With a total pressure of p0 � 2.00 bar, a Reynolds number based on
the main body diameter D � 50 mm of ReD � 1.5 × 106 was
achieved.
The generic space launcher model consists of a cylindrical main

body with a gently curved nose and a rear sting, which is used to
mount the model in the test section. The diameters of the main body
and the sting are 50 and 20 mm, respectively, leading to a step height
of 15mmat the end of themain body. Themodel size is a compromise
between blockage and sufficient size for instrumentation. A smaller
model would be advantageous to reduce blockage effects but does
not allow the placement of sensors, which are important for the

assessment of the loads. Figure 2 shows a sketch of the model
together with the field of view (FOV 1) for flowfield measurements
on the plane of symmetry. In the figure, the crosses on the top side of
the sting mark the locations of dynamic pressure sensors. At the rear
end of the main body, exchangeable rings were used to mount the
different flow control devices. Besides the clean case with a sharp
trailing edge, a ring with rectangular grooves and one with circular
grooves were investigated. A total number of 13 grooves with a
depth of 0.06D, a width of 0.12D, and an inclination of 18 deg
were distributed over the circumference. By selecting an odd number
of grooves, the triggering of certain circumferential modes is
suppressed. The flow control rings can be rotated to have the dynamic
pressure sensors and the particle image velocimetry (PIV)
measurement plane downstream of a groove or downstream of a
location between the grooves. The former measurement plane is in
the following referred to as the valley and the latter as the peak.
Figure 3 illustrates the three exchangeable rings.
Stereoscopic PIV was used to capture the wake flow in two

orthogonal planes. The plane of symmetry (FOV 1) captures the
evolution the separated shear layer as well as the dynamics of the
recirculation bubble. A second field of view (FOV 2) investigated a
spanwise plane at x∕D � 0.6 to characterize the circumferential
variations of the shear layer. For the PIVmeasurements in FOV 1 and
FOV 2, two LaVision Imager LX 2MP cameras with a sensor size of
1628 × 1236 pixels were used together with 60 mm focal length
lenses in a stereoscopic configuration to capture all three velocity
components in the separated region. For FOV1, an additional camera
with a 105 mm lens resolved the incoming boundary layer on the
model main body. The flow was seeded with di-ethyl-hexyl-sebacat
dropletswith amean diameter of 1 μm [30]. The size of the tracers is a
compromise between visibility and the ability to follow the flow. The
response time of these droplets is about 2 μs [31], which is
considered to be sufficient for investigations at the selectedMach and
Reynolds number. The tracers were illuminated with a ∼1 mm-thick
light sheet generated by a 400 mJ double-pulse laser (Quanta-Ray by
Spectra Physics).
With this PIV setup, a mean particle image diameter of about 2.0

pixels was achieved. After image preprocessing, including
background subtraction and particle image intensity normalization,
a background noise level with a standard deviation of ∼5 counts was
estimated from the autocorrelation function with the method
presented in [32]. This noise level leads to a loss of correlation due to
image noise of Fσ ≈ 0.85 and to a signal-to-noise ratio of SNR ≈ 2.0
based on the findings in [32], which is considered to bewell suited for
PIVevaluation. Up to 500 PIV double stereo images were recorded at
statistically independent time steps with a recording frequency of
10 Hz. The time separation between the double images was set to
2.0 μs for FOV 1 to ensure a maximum particle image shift of less

Fig. 1 European space launcher Ariane 5 during lift-off (image
provided by the European Space Agency).

Fig. 2 Sketch of the wind-tunnel model with field of view 1 for the PIV
measurements. Numerical values are given in millimeters.

Fig. 3 Exchangeable trailing edge rings of the model: clean case (left),
rectangular grooves (middle), and circular grooves (right).
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than 12 pixels. This shift allows precise flowfield measurements
without strong bias errors due to curved streamlines [33]. For the
spanwise plane, where the main flow direction is the out-of-plane
direction, the time separation was reduced to 0.75 μs to ensure a
sufficiently small amount of loss of pairs for reliable velocity
estimation, according to [34,35]. For the data evaluation, iterative
window correlation including image deformation and Gaussian
window weighting was applied. The final interrogation-window size
was set to 24 × 24 or 64 × 64 pixel with an overlap of 50% for FOV 1
and FOV 2, respectively. The resulting vector grid spacing is about
500 μm (or 1% of the main body diameter) for FOV 1 and two times
larger for FOV 2. In a postprocessing step, vectors that differ bymore
than two times the standard deviation of their neighbors from the
median of the neighbors (for each component) were considered to be
outliers [36] and were therefore rejected before computing mean
fields and turbulence levels. The incoming boundary layer was
evaluated by means of single-pixel ensemble correlation, which
results in an improved spatial resolution, as discussed in [37–40]. The
resulting vector grid spacing is about 16 μm ≈ 0.0003D for this
evaluation approach.
To evaluate the dynamic loads of the reattaching shear layer, PIV

was complemented with pressure measurements on the sting at four
locations (one, two, three, and four step heights, x∕D � 0.3, 0.6, 0.9,
and 1.2) downstream of the step, by means of dynamic pressure
transducers (Endevco 8507C, range: 1 bar). The pressure sensors
were flush-mounted, and the signals were read out at 50 kHz.

III. Results and Discussion

A. Incoming Boundary Layer

For the presented BFS flow, the incoming boundary layer is
characterized on themain body at a location one step height upstream
of the step (x∕D � −0.3). Figure 4 illustrates the mean streamwise
velocity profile at that location �u�z� normalized by the freestream
velocity u∞ � 237 m ⋅ s−1. The boundary-layer thickness is
δ99∕D � 0.06� 0.0015. The first reliable measurement point of
the profile in Fig. 4 is located 65 μm above thewall, which is assumed
to be on the edge of the buffer layer. Extrapolating thevelocity toward
the wall with a linear profile allows to estimate the (incompressible)
displacement and momentum thickness. The displacement thickness
at x∕D � −0.3 is

δ1
D

� 1

D

Z
∞

D∕2

�
1 −

�u�z�
u∞

�
dz ≈ 0.0087 (1)

and the momentum thickness is

δ2
D

� 1

D

Z
∞

D∕2

�u�z�
u∞

�
1 −

�u�z�
u∞

�
dz ≈ 0.0066 (2)

Thus, the Reynolds number based on the momentum thickness
and the shape factor are Reδ2 ≈ 9900 and H12 � δ1∕δ2 ≈ 1.32,
respectively. Consequently, it can be concluded that the boundary

layer at the end of the main body is fully turbulent for the analyzed
Mach and Reynolds number combination, according to [41].
According to Bradshaw and Wong [12], this incoming boundary

layer is subject to an overwhelming perturbation because the ratio
between step height and boundary-layer thickness is h∕δ ≈ 5. Thus,
the strength and thickness in the initial shear layer at the point of
separation are mainly determined by the high velocity gradient in the
near-wall region of the incoming boundary layer.
From the last data points, the near wall gradient was determined to

be ∂u∕∂zjz→D∕2 > 2.1 ⋅ 106 s−1. Hence, the wall shear stress was
estimated to

τw � lim
z→D∕2

μ ⋅ ∂ �u∕∂z > 32 Nm−2 (3)

the friction velocity is

uτ �
��������������
τw∕ρ∞

p
> 4.0 m s−1 (4)

and the skin friction coefficient is

Cf � τw
1∕2ρ∞ ⋅ u2∞

> 5.8 ⋅ 10−4 (5)

where the viscosity and the density are μ � 1.55 × 10−5 Pa ⋅ s and
ρ∞ � 1.96 kg ⋅m−3, respectively.

B. Plane of Symmetry

For the clean case, the time-averaged velocity distribution forms a
large separation bubble downstream of the step, as illustrated in the
top row of Fig. 5. The mean reattachment length is 3.5 step heights or
1.05 main body diameters, which is in agreement with other
experiments [4,14,42] and numerical simulations [7,11,43] at similar
flow conditions. The flow topology totally changes for the controlled
cases with rectangular and circular grooves, as shown in the middle
and bottom rows of Fig. 5, respectively. The corrugated shape of the
trailing edge forces the generation of streamwise aligned vortices,
which enhance mixing in the separated shear layer. As a result, the
mean reattachment length reduces to 0.48D for both geometries for a
location downstream of a peak of the flow control rings. Behind the
grooves, reattachment occurs even earlier (0.41D for circular grooves
and 0.47D for rectangular grooves), which is in agreement with the
findings in [29]. The strongly spiralized streamlines in the separated
regions of the controlled cases are clear evidence of the three-
dimensionality of the time-averaged flowfield.
Because of the mixing within the separated shear layer, the

gradient ∂z �u decreases rapidly. From themeanvelocity distribution in
Fig. 5, the development of the maximum gradient was extracted and
is illustrated in Fig. 6 in the top row. In the first part of the separated
region, the shear-layer gradient is similar for all cases. But in the
region 0.25 ≤ x∕D ≤ 0.6, the shear layer gradients for the controlled
cases are up to 30% higher than for the clean case, whereas farther
downstream, the controlled cases show smaller values. It is important
to note that the maximum gradient within the separated shear layer is
used for this analysis rather than that near the wall of the sting in the
newly developing boundary layer.
From the shear-layer gradient and the difference between

maximum and minimummean velocity at fixed streamwise location,
the vorticity thickness is computed as follows:

δω�x� �
umax�x� − umin�x�

max�∂z �u��x�
(6)

The development of the vorticity thickness is given in the bottom
row of Fig. 6 and follows an approximately reciprocal trend to that of
the maximum velocity gradient. For the clean case and for both
controlled cases, the vorticity thickness grows approximately linearly
in the first half of the separated region with a similar growth rate. For
the controlled cases, the growth rate decreases in the region 0.25 ≤
x∕D ≤ 0.45 and increases again farther downstream. For the clean

Fig. 4 Incoming mean streamwise velocity profile measured at
x∕h � −0.3. The velocity was normalized with the freestream velocity
u∞ � 237 m ⋅ s−1.
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case, the development is similar but delayed. At x∕D ≈ 0.7, the curves
cross each other, and the vorticity thickness of the controlled cases
becomes larger than that for the clean case. Downstream of
x∕D � 0.9, the rectangular grooves (RGs) result in even larger
vorticity thickness than the circular grooves (CGs). The faster growing
vorticity thickness in the bottom row of Fig. 6 goes hand in hand with
the faster decreasing shear-layer gradient shown from the top row of
the figure and confirms the enhanced mixing for the controlled cases.

Regarding the instantaneous dynamics, the separated shear layer is
subject to strong velocity fluctuations induced by shear-layer vortices
and shear-layer fluctuations, as discussed in Sec. I. The velocity
fluctuations of the clean case model, shown in the top row of Fig. 7,
are characterized by high values in a broad region around the
reattachment location (0.6 ≤ x∕D ≤ 1.2), as expected. The spatial
distributions for all three normal stress components are similar in
shape. However, it is interesting to note that the fluctuations in the
circumferential direction v 02 are much stronger than those in the
radial direction w 02. This indicates an early breakdown of the shear-
layer vortices and the generation of fully three-dimensional
structures.
Also for the controlled cases, the spatial distributions of the stress

components in the second-to-bottom row of Fig. 7 show the largest
fluctuations in a region around the mean reattachment. However,
because of the fact that reattachment occurs much earlier for the
controlled cases, the stress levels downstream of x∕h ≈ 0.6 are
significantly reduced compared to the clean case. Within the
separated region as well as in the early shear layer, the fluctuation of
the streamwise velocity component u 02 is even stronger than that for
the clean case model. On the one hand, the fluctuations of the
circumferential velocity component v 02 behind the peak do not show
as high values as for the clean case. And on the other hand, the
fluctuations of the radial componentw 02 are significantly higher than
for the uncontrolled case. Thus, the rectangular and circular grooves
significantly change the wake flow topology. The enhanced mixing
causes the region of high fluctuation to be compressed in the
longitudinal direction.

C. Spanwise Plane

To analyze the effect of the flow control devices in the azimuthal
direction, a spanwise plane at x∕D � 0.6 was investigated. At this
streamwise location, the clean case is characterized by strong
reversed flow, whereas for the controlled cases, the shear layer is
already reattached. Note that, for the controlled cases, the vertical
axis (y � 0) would intersect the control element at a peak of the
geometry (compare Fig. 3). The mean velocity distribution in the left
column of Fig. 8 shows reversed flow only for the clean case model,
whereas in the two controlled cases, the flow is already reattached. In

Fig. 5 Mean streamwise velocity distributionwith streamlines for the clean case (top), rectangular grooves (middle), and circular grooves (bottom). The
mean reattachment location is indicated by the black triangle.

Fig. 6 Development of the maximum shear-layer gradient max�∂z �u�
(top) and the vorticity thickness δω (bottom) along the streamwise
direction.
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Fig. 7 Velocity fluctuations on the plane of symmetry for the clean case (top row), rectangular grooves (second and third row), and circular grooves
(fourth and bottom row).

Fig. 8 Mean streamwise velocity distribution (left column) and turbulent kinetic energy (TKE, right column) for the different configurations in a
spanwise plane at x∕D � 0.6.
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contrast to the clean case, which results in an axisymmetric mean
flowfield, the grooves in the trailing edge lead to a three-dimensional,
circumferentially periodic shape of the separated shear layer. It is
interesting to note that the strongest variations of the velocity in the
circumferential direction appear in the outer shear layer, whereas
close to the rear sting, the distribution becomes more uniform. The
right column in Fig. 8 shows the distribution of the turbulent kinetic
energy (TKE):

TKE � 1∕2
�
u 02 � v 02 � w 02

�
(7)

Also, the TKE distribution is characterized by strong changes
within the shear layer for the controlled cases. The induced
streamwise aligned vortices are obviously very stable. Behind the
peaks, the velocity fluctuations are significantly stronger than
downstream of the grooves at x∕h � 2. However, for the controlled
cases, the maximum values of TKE are already in the same order as
for the clean case. Farther downstream, TKE decreases for the
controlled cases but still increases for the clean case, as can be seen
from the fluctuation in Fig. 7.

D. Pressure Measurements

Whether or not the reduced reattachment length is beneficial for
the loads on the rear sting, or the nozzle in the case of a space
launcher, is evaluated by means of dynamic pressure measurements.
The mean pressure coefficient Cp is defined as

Cp � p − p∞

1∕2ρ∞ ⋅ u2∞
(8)

where the freestream density and velocity are ρ∞ � 1.96 kg ⋅m−3

and u∞ � 237 m ⋅ s−1, respectively. The static pressure p was
averaged over 10 s, and the reference pressure p∞ was measured on
the side of the main body, three step heights upstream of the step.
Figure 9 shows themean pressure coefficientCp;mean and its standard
deviation Cp;rms for the four points on the rear sting. The Cp;mean

values for the clean case nicely match results from the literature
[6,43], which show the maximum just downstream of the mean
reattachment location. For the two controlled cases, the Cp;mean

values are increased, and the maximum is shifted upstream, as
expected due to the earlier reattachment. It is interesting to note that,
for both controlled cases, almost no difference between the location
behind the peaks and behind the grooves was found for all four
measurement points. Thus, the strong variations in the shear layer do
not lead to appreciable differences in the pressure coefficients at the
surface. It is not directly evident whether the overall base drag would
also be reduced by the flow control devices because the pressure on
the base surface was not measured. However, measurements very
close to the base of a two-dimensional BFS using similar flow control
devices indicate a slight base drag reduction for the controlled
cases [29].
From the bottom row in Fig. 9, it can be seen that the pressure

fluctuations increase with larger distance from the step for the clean
case. This is also in accordance with the sources referred to

Fig. 9 Mean pressure coefficient (top) and pressure fluctuations
(bottom) on the model’s sting. For the controlled cases, results are shown
behind the peaks and the valleys.

Fig. 10 Premultiplied power spectral density (PSD) of the pressure
coefficient at x∕D � 0.3 : : : 1.2 (top to bottom) for the clean case and the
controlled cases (behind the peaks and the valleys).
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previously, where the maximum fluctuation levels are found around
the reattachment location. However, for the controlled cases, the
highest fluctuations occur at x∕D � 0.3, which is even upstream of
reattachment. Furthermore, for x∕D ≥ 0.6, the pressure fluctuations
of both controlled cases become smaller than those of the clean case
and are reduced by as much as 35% for x∕D � 1.2.
The reduction of the dynamic pressure fluctuations at the location

of the sensors happens over a large range of frequencies, as can be
seen from the premultiplied power spectral density (PSD) in Fig. 10
for the four locations x∕D � 0.3 : : : 1.2. The spectra were computed
from 500,000 data points with an acquisition rate of 50 kHz with
the method of Welch [44] using a window length of 5000 data points
and a Hamming window function. At x∕D � 0.3, the pressure
fluctuations for the controlled cases are significantly stronger for all
frequencies. All spectra show a strong peak at f ⋅D∕u∞ � 0.088,
which is known to be a characteristic frequency of the TST-27 wind
tunnel. Besides that, a broad excitation in the range of f ⋅D∕u∞ �
0.3 to 1 can be observed. For x∕D � 0.6, the pressure fluctuations of
the clean case are already higher than of the controlled cases for
frequencies below f ⋅D∕u∞ � 0.8. And for x∕D � 0.9 and
x∕D � 1.2, the clean case shows higher values over the full range.
Comparing the two groove geometries, it can be seen that the spectra
are rather similar over the whole range of frequencies. The
rectangular grooves result in 10% higher fluctuations at x∕D � 0.6
and 5% lower ones at x∕D � 1.2, consistent with the stress
distributions in Fig. 7. Regarding the two locations, peak and valley,
no significant difference can be observed in the spectra. It is important
to note that no additional peaks are introduced by the flow control
devices, which could lead to additional excitation of structural
modes.Based on the overall damping of the pressure fluctuations, it is
concluded that the tested geometries are potentially well suited to
reduce the overall loads in realistic launcher configurations, such as
on themain engine’s nozzle of anAriane 5-like space launcher during
the transonic flight stage.

IV. Conclusions

It was shown that rectangular or circular grooves at the trailing
edge of a space launcher model are well suited to enhance mixing in
the separated shear layer. Although higher fluctuations are
introduced in the near-base region, farther downstream the pressure
fluctuations and velocity fluctuations are significantly reduced. The
increased fluctuations close to the step are not very crucial because
themomentum arm is relatively short. On the other hand, the reduced
fluctuations at the longer momentum arm decrease the overall loads
on the reattaching surface. Because of the limited number of pressure
sensors in the model, it remains somewhat uncertain whether the
overall dynamic loads could be reduced by the applied modifications
[45]. However, the presented results indicate that the tested flow
control devices could potentially be used to reduce mechanical loads
on a space launcher’s main engines nozzle during transonic flight.
The size, spacing, and shape of the grooves turned out to be rather

efficient in controlling the reattaching shear layer such that it reduces
the loads on the sting. It was shown that no azimuthal varying forces
or specific frequencies are introduced. However, the tested flow
control devices are not optimized for a realistic space launcher. To
find a perfect solution, the real launcher geometry with solid-state
boosters should be considered. Future work should also focus on the
effect at differentMach numbers, to decidewhether such flow control
devices should be kept during atmospheric ascent or dropped after the
transonic phase. Nevertheless, the findings clearly show the potential
of passive flow control devices to improve the reliability and the
performance of future space launchers.
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