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Abstract
The flow around a space launcher is dominated by flow separation at the junction between the main body and engine and 
strongly influenced by the propulsive jet. The flow field is highly unsteady with strong local pressure and temperature loads. 
To conceive a means of mitigating these effects and allow for smarter launcher designs, a better understanding is necessary. 
The wake of a generic axisymmetric launcher model with and without afterexpanding propulsive jet was investigated at Mach 
2.9, a Reynolds number Re

D
= 1.3 ⋅ 106 (model diameter D), and a nozzle exit velocity of the jet simulation of Mach 2.5. I 

observed the evolution of the flow and its spectral content with velocity measurements with particle image velocimetry and 
wall-pressure recordings. Coherent structures were analyzed based on a proper orthogonal decomposition. The propulsive jet 
has two major influences. First, the turbulent intensities in the shear layer are damped, and the larger structures in the wake 
contain less turbulent kinetic energy than in the baseline case without propulsive jet. Second, the reattachment process is 
modified and the wake instability phenomena change accordingly. Without propulsive jet, large-scale separation with reat-
tachment on the nozzle fairing occurs and the low-frequency unsteadiness of the closed separation bubble/recompression-
shock system is relevant. This phenomenon only has a minor influence under the influence of the jet plume, where the flow 
is displaced away from the surface and the reattachment process is incomplete. Here, shear-layer instabilities become more 
prominent.
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List of symbols
D	� Diameter of space-launcher model main body
d	� Diameter
f	� Frequency [Hz]
M	� Mach number
MMol	� Molar mass
n	� Number of POD mode
p	� Pressure
ReD	� Reynolds number (based on D)
r	� Radius of the launcher-model main body
StD	� Strouhal number (based on D)
T	� Temperature
U	� Mean velocity component in the axial direction (x 

direction) [m/s]

V	� Mean velocity component in the radial direction (y 
direction) [m/s]

u	� Turbulence intensity of the velocity component in 
the axial direction (x direction) [m/s]

ud	� Discretization velocity [m/s]
v	� Turbulence intensity of the velocity component in 

the radial direction (y direction) [m/s]
x	� Direction along model length axis (axial direction)
y	� Radial direction on opposite site of model strut 

support
Δxmax	� Maximum streamwise particle displacement 

[pixels]
Δ�	� Temporal delay between two images [ � s]
�	� Boundary-layer thickness [mm]
�x	� PIV calibration [pixels/mm]
�n,i	� Spatial POD mode number n for axial (i = x) or 

radial (i = y) velocity fluctuation component
�	� Heat capacity ratio
�n	� Eigenspectrum of mode n
�	� Angle specifying the location over the circumfer-

ence of the model

 *	 Anne‑Marie Schreyer 
	 a.schreyer@aia.rwth‑aachen.de

1	 TU Braunschweig, 38108 Braunschweig, Germany
2	 Present Address: Chair of Fluid Mechanics and Institute 

of Aerodynamics, RWTH Aachen University, Wüllnerstrasse 
5a, 52062 Aachen, Germany

http://crossmark.crossref.org/dialog/?doi=10.1007/s12567-020-00306-8&domain=pdf


	 A.-M. Schreyer 

1 3

ℜ	� Gas constant
∑

n	� Cummulative relative energy of the first n POD 
modes

Subscript
e	� Conditions at nozzle exit (of the TSA)
max	� Maximum value
RK	� Conditions in the settling chamber of the HLB
rms	� Root-mean-square value
SC	� Conditions in the settling chamber of the TSA
SP	� Conditions in the storage tube
t	� Total (temperature or pressure)
∞	� Quantity at freestream conditions

1  Introduction

The afterbody geometry of a classical space launcher is char-
acterized by an abrupt step decrease in diameter at the junc-
tion between the main body and rocket engine, which causes 
the separation of the turbulent boundary layer on the main 
body at the shoulder of the launcher base. A large recircula-
tion region forms downstream of the step and a turbulent 
shear layer develops. This separation-dominated flow field 
is highly unstable and induces strong wall-pressure oscilla-
tions, which can excite structural vibrations detrimental to 
the launcher [1]. A better understanding of the flow field is 
thus crucial to lay the groundwork for minimizations of such 
detrimental effects and to bring us one step closer toward an 
efficient launcher design.

The conditions and topology of the wake flow vary 
enormously along the flight trajectory of the launcher. 
In part, this is due to the influence of the propulsive jet, 
which becomes more and more underexpanded with alti-
tude. The subsequent afterexpansion strongly influences 
the wake flow of the launcher. Depending on the stage in 
the flight trajectory, the dimensions of the afterbody, and 
the interaction with the jet plume, the flow may or may not 
reattach onto the outer wall of the engine nozzle, causing 
different mean and turbulent flow topologies. For this rea-
son, experimental and numerical studies covering a wide 
range of flow Mach numbers have been performed. In the 
transonic range, Deprés et al. [1], Deck and Thorigny [2], 
and Weiss et al. [3] have investigated cases both with and 
without a propulsive jet. In supersonic flow, such cases 
have been studied by Bannink et al. [4], Bourdon and Dut-
ton [5], Janssen and Dutton [6], and Stephan et al. [7, 8], 
for example. Saile et al. [9, 10] and Statnikov et al. [11] 
have studied hypersonic cases. These studies describe the 
mean flow topology and survey base-pressure fluctuations 
including dominant frequencies or observe the formation 
of turbulent structures in the wake. van Gent et al. [12] 

compare the influence of a jet plume and of nozzle length 
on the wake-flow topology in transonic and supersonic 
cases.

The large recirculation zone forming around the nozzle 
causes an increase in pressure at the main body base [11]. 
This coincides with an increased base-pressure fluctuation 
level, so that structural vibrations are excited that may be 
critical for the launcher. Simulating the flight conditions 
of space launchers at higher altitudes, the propulsive jet in 
supersonic flow is usually underexpanded at the nozzle exit, 
thereby leading to an afterexpanding jet plume that has a 
strong displacement effect on the outer flow. If, as a con-
sequence, the flow does not reattach to the nozzle fairing, 
also thermal loads can become a problem: hot gases from 
the propulsive jet may be convected upstream in the separa-
tion zone, potentially harming the structure. The chosen test 
cases, namely a supersonic wake flow of an axisymmetric 
model with and without propulsive jet, are thus critical with 
respect to structural loads and therefore of special interest.

It is crucial to identify the sources of such potentially 
detrimental base-pressure fluctuations and eventually under-
stand the governing mechanisms in the turbulent wake-flow 
field.

Recently, progress has been made in the source identifi-
cation of pressure fluctuations at specific characteristic fre-
quencies. Janssen and Dutton [6] have experimentally inves-
tigated a supersonic base flow at Mach 2.46 and described 
wall-pressure fluctuations at a dominant frequency of a 
Strouhal number of StD = 0.1 (based on main body diameter 
D), which they attributed to large turbulent structures in the 
separated region. These structures in the developing shear 
layer are altered under the influence of an afterexpanding 
jet plume [6, 11].

Deprés et al. [1] investigated several generic launcher 
configurations in transonic flow experimentally and found 
that the shedding of large-scale structures from the sepa-
ration bubble affects the wall-pressure fluctuations. The 
shedding is governed by interactions between the structures 
formed in the shear layer and the wall in the reattachment 
region. The characteristic frequency for this phenomenon 
is around StD = 0.2 and has been observed in the signal for 
both reattaching and non-reattaching flow, as well as for 
cases with and without supersonic propulsive jet. These find-
ings were later confirmed by Deck and Thorigny [2] with 
their numerical approach.

Statnikov et  al.  [11] performed a sparsity-promoting 
dynamic mode decomposition combined with statistical 
analysis on a zonal RANS/LES simulation of a generic 
launcher model at Mach 6 and identified the radial flapping 
motion of the shear layer as the source of a dominant peak 
at StD = 0.85 . The swinging motion of the shear layer was 
found to contribute to the signal with a dominant peak at 
StD = 0.6.
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With this study, I intend to contribute to the understand-
ing of the flow structure and governing mechanisms in the 
supersonic stage of the flight trajectory by providing detailed 
surveys of the mean and turbulent flow topologies in the 
wake of a generic space-launcher model. Furthermore, I 
investigate the influence of a moderately underexpanded 
propulsive jet on the wake flow in question. The chosen 
approach is to survey and discuss the turbulent velocity com-
ponents and the turbulence structure in the developing shear 
layer together with the “footprint” of the turbulent structures 
on the pressure signal on the afterbody. To achieve this, I 
measured the mean and turbulent velocity fields in the wake 
flow together with the time-resolved pressure fluctuations 
at the main body base and on the nozzle fairing. Coherent 
vortical structures throughout the flow field were identified 
with proper orthogonal decomposition (POD). By directly 
comparing these quantities for cases with and without pro-
pulsive jet, conclusions regarding the modification of the 
mechanisms governing the flow behavior under the influence 
of the jet plume can be drawn. This completes the knowl-
edge obtained from previous studies, where such quantities 
and effects were investigated separately or for different flow 
regimes.

I studied the wake of an axisymmetric generic space-
launcher model for two flow cases: a baseline case without 
propulsive jet and a jet-simulation case with a cold air jet. 
Experimental investigations were performed in the hyper-
sonic ludwieg tube Braunschweig (HLB) in supersonic con-
figuration [13] at a flow Mach number of 2.9 and a Reynolds 
number ReD = 1.3 ⋅ 106 based on model diameter D. This 
corresponds to a simulated trajectory point at 25 km altitude. 
Pressure fluctuations at the main body base were measured 
with Kulite pressure transducers, while the velocity field in 
a plane covering the development region of the shear layer 
in the wake was measured with particle image velocimetry 
(PIV).

The experimental setup is presented in Sect.  2 and 
comprises details of the experimental facility and model 
(Sect.2.1), the PIV setup (Sect. 2.2), and the investigated 
test cases (Sect.2.3). The experimental results of this study 
are presented and discussed in Sect. 3—subdivided into a 

discussion of the incoming boundary layer and its sensitivity 
to experimental conditions (Sect. 3.1), the overall flow topol-
ogy (Sect. 3.2) and the turbulence behavior (3.3).

2 � Experimental facility and setup

2.1 � Wind tunnel, jet‑simulation facility, 
and experimental model

Experimental investigations were performed in the hyper-
sonic Ludwieg tube Braunschweig (HLB) in its supersonic 
configuration (see Fig. 1). In this setup, the original Mach 
6 tunnel is modified with a tandem-nozzle configuration 
including a Mach 2.9 Laval nozzle and an additional set-
tling chamber to create a supersonic wind tunnel with effec-
tive measurement times of approximately 60 ms and a unit 
Reynolds number range of Re∕m = 1.2 ⋅ 106 − 17.6 ⋅ 106 . 
For details on this configuration of the HLB facility, see 
Wu et al. [13].

The experimental conditions for our present study were 
chosen to agree with the supersonic test case of the col-
laborative research center SFB TR40, corresponding to a 
space-launcher trajectory point at an altitude of 25 km, and 
are summarized in Table 1.

The wind-tunnel model, a generic representation of the 
Ariane 5 launcher’s main stage with the Vulcain 2 engine, 
consists of a nose cone and two cylindrical bodies repre-
senting the main body and nozzle fairing, respectively. The 
geometry and dimensions of this generic model of a space 
launcher are shown in Fig. 2. The model is installed in the 
wind tunnel with a sword-shaped strut support, fixed in a 

Fig. 1   Schematic of the hyper-
sonic Ludwieg tube Braun-
schweig (HLB) in supersonic 
configuration

Table 1   Experimental conditions: freestream Mach number M∞ , 
mean freestream velocity U∞ in the streamwise direction, Reynolds 
number ReD based on the model diameter D, pressure pSP in the stor-
age tube, and temperature TRK and pressure pRK in the settling cham-
ber

M∞ U∞ ReD pSP TRK pRK

2.9 607 m/s 1.3 ⋅ 106 20 bar ± 0.25% 285 K ± 3.5% 1.52 bar
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window opening in the upper test-chamber wall. Inlets are 
fitted into the top and bottom windows (used as a cable out-
let) to get a smooth inner surface in the test section and thus 
minimize disturbances.

To investigate the influence of a propulsive jet on the 
launcher-wake flow in the HLB facility, the jet-simulation 
facility (TSA) described by Stephan et al. [7] is integrated 
in the wind-tunnel model. This facility for the simulation of 
afterbody flows in the HLB facility works according to the 
same principle as the HLB itself, with a long heated storage 
tube that can be pressurized up to 140 bar and heated up to 
900 K outside of the wind tunnel, and a tandem nozzle con-
sisting of two nozzles and an intermediate settling chamber 
(see Fig. 3a). The second nozzle represents the nozzle of 
the launcher model and has been designed in the shape of 
an axisymmetric truncated ideal contour nozzle (TIC) with 
a mean exit Mach number of 2.5, and a nozzle exit diameter 

of de = 43 mm. The length axis of the launcher model with 
the TSA is aligned with the HLB center line.

For the present measurement campaign, cold air was used 
as working gas for the simulation of a moderately under-
expanded propulsive jet ( pe∕p∞ = 5.7 ). The jet-simulation 
parameters are summarized in Table 2. These conditions 
are neither close to simulating realistic launcher-propulsion 
conditions, nor is this the aim of this study. I intend to con-
tribute to the qualitative understanding of the influence of 
an afterexpanding propulsive jet on the wake flow, as well 
as to create a validation data set.

Particle image velocimetry (PIV) measurements were 
performed in a vertical plane on the opposite side of the 
strut ( � = 180◦ , bottom side of the launcher model) to reduce 
influences of the flow disturbances induced by the support as 
much as possible. Schlieren visualizations of the flow field 
were carried out in the same plane. Schlieren images were 
taken in a single-mirror coincident setup, using a mercury 
vapor lamp as light source. A sequence of images with an 
exposure time of 1.5 � s was recorded with a Phantom v711 
high-speed camera at a recording frequency of 22,006 fps. 
Three Kulite XCS-093 pressure sensors with a pressure 
range of 0.35 bar absolute were flush mounted into the main 

Fig. 2   Sketch of the generic space-launcher model with dimensions 
in mm

Fig. 3   Schematic of the jet-simulation facility (a) and locations of pressure sensors (b)

Table 2   Jet-simulation parameters: nozzle exit Mach number Me , 
jet total pressure pt,SC , total temperature Tt,e at nozzle exit, nozzle to 
freestream pressure ratio pe∕p∞ , and freestream to maximum velocity 
ratio (umax − u∞)∕umax with umax = [(2�)∕(� − 1)(ℜ ⋅ Tt)∕MMol]

−0.5

Me pt,SC Tt,e pe∕p∞ (umax − u∞)∕umax

2.5 4.1 bar 280 K 5.7 0.2
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body base at a radial position of r∕D = 0.42 and at different 
angles ( � = 180◦, 190◦ , and 240◦ ) to capture variations in the 
azimuthal direction. Two additional sensors were placed at 
x∕D = 0.31 and x∕D = 0.77 ( � = 180◦ ) on the nozzle fairing 
(see Fig. 3b). The measurement locations were chosen based 
on previous studies on the same model geometry [7, 9]. A 
Spectrum M2i.4652 transient recorder was used to sample 
the pressure signals. Fluctuations with frequencies below 
200 Hz and above 50 kHz (the cut-off frequency of the sen-
sors) were filtered out of the signal.

2.2 � Particle image velocimetry setup

A Litron Nano T180-15 PIV double-pulse Nd–YAG laser 
with a pulse energy of 150 mJ was used to illuminate the 
area of interest, namely the wake-flow region. The lightsheet 
had a thickness of 1 mm. The field of view (FoV) was illu-
minated from the downstream direction to minimize reflec-
tions. The laser optical setup was placed downstream of the 
vacuum tank, which is equipped with a quartz glass window.

Due to the long optical path, special care was taken in the 
process of aligning the laser sheet with the intended meas-
urement plane and location of the field of view.

Two LaVision Imager Pro X 11M cameras with 
4008 × 2672 pixels CCD chips and Tamron SP AF 180 mm 
F3.5 macro lenses were used to record the PIV images. The 
cameras were mounted on a stall built around the wind-tun-
nel test section, decoupled from the wind-tunnel vibrations.

Oil droplets of a temperature-resistant lubricant oil 
(Plantfluid) were used to seed the outer flow, yielding a 
mean droplet size just below 200 nm. The seeding droplets 
were introduced into the wind-tunnel storage tube prior to 
each wind-tunnel run. Note that the jet flow was not seeded 
in this study. The PIV system has been discussed in detail 
by Casper et al. [14].

2.3 � Investigated test cases and conditions

In the PIV measurement campaign, both the basic wake flow 
and the influence of a propulsive jet on the structure of the 
flow field were investigated.

The area of interest for both cases was the region along 
the nozzle outer surface downstream of the launcher model 
base (see Fig. 4), covering the development region of the 
shear layer along with the separation and reattachment of 
the flow on the afterbody.

The spatial resolution in the PIV recordings was cho-
sen in such a way that the turbulent quantities could be 
resolved. To keep errors due to peak locking to a mini-
mum, a sufficiently large average particle displacement 
was chosen. The conditions for the PIV measurements 
were determined by applying the model of Angele and 
Muhammad-Klingmann [15], which states that the dis-
cretization velocity ud should be ud ≤ 2 ⋅ urms to reduce the 
peak-locking error in the corresponding velocity rms fluc-
tuations urms to approximately 1%. Based on a preliminary 
numerical study, I estimated the turbulence intensity to 
approximately urms = 2 − 3%U∞.

The required conditions can be achieved by adjusting 
the temporal delay between the two frames, as well as the 
spatial resolution in the recordings, which decreases the 
size of the field of view (FoV) to a fraction of the area of 
interest. Since I still wanted to be able to observe as much 
of the near wake-flow field as possible, two cameras of 
the same type were used, and the area of interest was split 
up into two fields of view (FoVs A and B, see Fig. 4). 
Considerable care was taken to obtain the same recording 
conditions in both FoV. The resulting conditions are sum-
marized in Table 3.

Images were analyzed with LaVisions DaVis 7.2 
software, using minimum interrogation windows of 
32 × 32 pixels ( = 0.63 × 0.63 mm2 ) with 50% overlap. Only 
image pairs with at least 80% valid vectors were considered 
for further analysis.

Fig. 4   a Locations and sizes of 
the FoV in the PIV measure-
ment campaign in respect to 
the generic launcher model. b 
Definition of the local coordi-
nate system

Table 3   PIV recording conditions: calibration �x , maximum stream-
wise particle displacement Δxmax , temporal delay between two 
images Δ� , discretisation velocity ud , and resulting size of the field 
of view

�x Δxmax Δ� u
d

FoV

50 pix/mm 25 pixels 0.82 �s 24.4 m/s 80 × 53 mm2 ≡ 0.74D × 0.5D
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3 � Results and discussion

3.1 � Incoming boundary layer and PIV sensitivity 
to experimental conditions

Prior to the analysis of the flow physics, the influence of 
variations in the nominally stable experimental conditions 
and of sample size will be discussed. Due to the functional 
principle of the wind-tunnel facility, the experimental effort 
for PIV measurements is high, restricting the achievable 
sample sizes to 400 image pairs per case. It will therefore be 
assessed whether or not the statistics were sufficiently con-
verged to make reliable statements about the flow. Further-
more, during the measurement campaign, the closing flap in 
the heating tube of the facility was malfunctioning. Since the 
flap’s functionality is required for measurements at higher 
temperatures only, and wall-pressure measurements showed 
excellent repeatability, this was considered negligible. Dur-
ing the analysis of the PIV measurement data, however, it 
turned out that the flap influenced the turbulence level and 
slightly even the freestream velocity in the incoming flow. 
Two different modes of stable flow conditions were obtained 
in the incoming boundary layer on the main body depending 
on the orientation of the flap. To attribute the measurement 
data to the corresponding condition, the PIV data set was 
split up into subsets of 50 image pairs each and the normal-
ized mean streamwise velocity component U∕U∞ along with 
the rms of the normalized streamwise and radial velocity 
fluctuation components urms∕U∞ and vrms∕U∞ , respectively, 
were computed for each of the subsets (not shown here). 
According to the shape of the urms∕U∞-profiles, the subsets 
were categorized into the different modes.

One of the modes clearly represents the mean and tur-
bulent freestream conditions and boundary-layer profiles 
expected for the chosen operating conditions (see Figs. 5 
and 6) and will therefore be discussed in the following 
paragraphs. For all further data analysis presented in this 

article, only data sets belonging to this mode were taken 
into account. For this reason, as well as the fact that only 
data sets of high quality with at least 80% valid vectors were 
considered, the resulting samples of 100 image pairs for the 
baseline case and 150 image pairs for the propulsive-jet case 
are of moderate size for statistical PIV analysis. The influ-
ence of sample size on the normalized profiles of the mean 
velocity and the streamwise and radial turbulence intensi-
ties across the incoming boundary layer on the launcher 
main body is shown in Fig. 5 a–c, respectively, for the pro-
pulsive-jet case. The rms profiles are not yet smooth and a 
better convergence can be expected for larger sample sizes. 
However, for sample sizes from 60 to 150 image pairs, no 
modifications in trend or magnitude can be observed in the 
analyzed quantities. I therefore conclude that the topology 
of the flow field and the influence of a propulsive jet on the 
topology can be analyzed and discussed, at least in a qualita-
tive manner, based on this data set.

Fig. 5   Influence of sample size for the propulsive-jet case

Fig. 6   Mean and turbulent velocity profiles in the boundary layer on 
the launcher main body with sampling error bars
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For the investigated cases without and with propulsive jet, 
velocity profiles in the incoming boundary layer, extracted at 
x∕D = −0.1 on the launcher main body and normalized with 
U∞ , are shown in Fig. 6 (left). The boundary layer on the 
launcher main body ( x∕D < 0 ) was fully turbulent in both 
cases. The normalized rms profiles urms∕U∞ and vrms∕U∞ 
of the turbulent velocity components in the streamwise and 
radial directions are shown in Fig. 6 (center) and (right), 
respectively. The profile shapes are typical for turbulent 
boundary layers. The sampling uncertainty of the velocity 
variances across the boundary layer was estimated based 
on a 95% confidence interval. The corresponding error bars 
for each distance from the wall are shown in Fig. 6 (center) 
and (right).

3.2 � Mean‑flow topology

To provide an overview of the organization of the mean flow 
field, schlieren optic visualizations covering the entire area 
of interest marked in Fig. 4 are presented in the bottom and 
top images in Fig. 7 for the cases with and without propul-
sive jet, respectively. The presented images were averaged 
from 400 snapshots each. Note that the images are rotated 
compared with Figs. 2 and 4, such that the y-axis is positive 
in the upward direction.

The turbulent boundary layer on the main body sepa-
rates at the shoulder due to the step decrease in diameter in 
both cases (origin of the x–y-coordinate system marked in 
Fig. 7 (bottom)). The expansion wave developing from the 
shoulder can be observed. In the baseline case without jet 

flow (Fig. 7 (top)), the recompression shock, which indicates 
the beginning of the reattachment process of the flow on the 
outer surface of the afterbody [1], is clearly visible. This 
shock evolves since the shear layer forming downstream of 
the main body shoulder is bent toward the afterbody and 
eventually impinges on the surface, which causes another 
deflection of the flow away from the surface. The most 
prominent influence of the afterexpanding jet plume on 
the flow organization, apart from the barrel shock forming 
downstream of the nozzle exit and the jet-expansion fan, can 
be observed from the behavior of the reattachment shock. 
In the jet case (Fig. 7 (bottom)), it is located slightly far-
ther away from the nozzle surface (at y∕h = 0.69 instead 
of y∕h = 0.56 , where h is the height of the step between 
main body and afterbody) and also farther downstream (at 
x∕h = 2.69 instead of x∕h = 2.33 ) compared with the base-
line case. This visualizes the displacement effect of the jet 
plume on the outer flow (compare the two images in Fig. 7). 
Furthermore, the shock angle increases slightly from 14◦ to 
15◦ and the shock only develops fully farther away from the 
surface. This indicates that the flow does not fully reattach 
in this case, although the shear layer is still deflected toward 
the surface and a gradual but incomplete deflection away 
from the surface creates Mach waves that coalesce into a 
recompression shock farther downstream.

To take a closer look at the flow topology, the mean 
velocity fields U in the axial x-direction from PIV (normal-
ized with the mean incoming flow velocity U∞ ) are shown 
in Fig. 8 a, b for the baseline and jet cases, respectively. 
Streamtraces are superimposed (in white) onto the velocity 
contours.

Starting from the shoulder of the launcher main body 
( x∕D = 0 ), a shear layer starts to develop and a large sepa-
ration zone forms in the corner. Under the influence of the 
propulsive jet, this separated zone becomes more prominent 
and increases in size (compare Fig. 8a, b).

From the streamtraces in Fig. 8, as well as the contours of 
the normalized mean velocity V∕U∞ in the radial direction 
shown in Fig. 9, it is clearly visible that the flow is deflected 
toward the launcher afterbody, confirming the observations 
made on the schlieren images.

In the baseline case, the flow starts to reattach onto the 
outer surface of the afterbody around the streamwise loca-
tion x∕D ≈ 0.75 , as visible in Fig. 10, where the stream-
wise mean velocity profiles along the nozzle fairing 
( 0.6 ≤ x∕D ≤ 1.2 ) for both the baseline and propulsive-jet 
cases are shown to visualize the reattachment process. For 
x∕D < 0.75 , the shape of the profile with inflection points 
and displacement from the wall indicates separation. This 
inflection point moves closer to the wall toward reattach-
ment. Negative velocities close to the wall are only visible 
to a small extent in the velocity profiles from PIV, since 
the seeding close to the wall and especially in recirculation 

Fig. 7   Schlieren optic visualizations (averaged images) of the after-
body flow. Top image: baseline case, bottom image: propulsive-jet 
case
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zones is exceedingly difficult. From x∕D = 0.75 , another 
inflection point in the profile appears close to the wall, indi-
cating the start of the reattachment process. With increas-
ing downstream distance, the flow starts to relax and an 

increasing part of the profile in the wall-near region starts 
to return to the shape typical for a turbulent boundary layer. 
Due to the small length of the afterbody, the boundary layer 
does not reach equilibrium conditions. Under the influence 

Fig. 8   Contours of the normal-
ized mean velocity component 
U∕U∞ in the axial main flow 
direction from PIV measure-
ments. a Baseline case, b 
propulsive-jet case

Fig. 9   Contours of the normal-
ized mean velocity component 
V∕U∞ in the radial direction 
from PIV measurements. a 
baseline case, b propulsive-jet 
case



Flow structure in the wake of a space‑launcher model with propulsive‑jet simulation﻿	

1 3

of the propulsive jet, the first indication for reattachment is 
visible at x∕D = 0.8 . This only affects the inner region of 
the boundary layer ( ≤ 0.14� at x∕D = 1.0 ), though, and the 
displacement from the wall remains pronounced and always 
larger than in the baseline case. The reattachment process is 
not completed along the length of the nozzle fairing. From 
x∕D = 1.2 , the strong displacement by the jet plume and the 
effect of the expansion at the nozzle exit become increas-
ingly visible by a decrease in mean velocity, e.g., compared 
with the profile at x∕D = 1.0 . These observations agree with 
the strength and location of the reattachment shock in the 
schlieren visualizations shown in Fig. 7.

The displacement effect of the jet plume can also be seen 
in the U∕U∞-contours (see Fig. 8), and even more clearly 
in the V∕U∞-contours shown in Fig. 9. Also, the resulting 
deflection toward the wall is weaker in the wake under the 
influence of the jet plume (compare the sizes and magni-
tudes of the zones of negative radial velocity in Fig. 9a, b, 
respectively).

The direct influence of the jet plume can also be seen in 
the V∕U∞-contours for locations x∕D > 1.1 in form of posi-
tive velocities in the radial direction (Fig. 9).

From the normalized mean velocity fields V∕U∞ in the 
radial y-direction shown in Fig. 9, it can be verified that the 
wall-normal component was indeed zero in the incoming 
flow as expected.

3.3 � Turbulence behavior in the flow field

The turbulence behavior, especially the development of the 
shear layer starting to form at the main body shoulder, will 
be discussed based on the normalized turbulent fluctuations 
of the velocity components in the axial and radial directions, 
as well as the Reynolds shear stresses.

The contour plots of the normalized turbulent fluctua-
tion component vrms∕U∞ in the radial direction presented 
in Fig. 11 give a good overview of the location of the shear 

layer in both cases of the studied wake-flow field. The 
deflection toward the wall is clearly visible both in the base-
line case and the jet case (Fig. 11a, b, respectively). Up to 
a streamwise distance of approximately x∕D = 0.6 from 
the shoulder, the shear layer is distinctly recognizable from 
the local maximum in turbulence intensity. In the baseline 
wake, a second, much weaker, maximum farther away from 
the surface starts to develop around location x∕D = 0.7 at 
y∕D ≈ −0.11 , which indicates the formation and location of 
the reattachment shock (see Fig. 11a). In general, the extent 
of the shear layer in radial direction (i.e., the width of the 
zone of maximum turbulence intensity) is larger for the case 
without propulsive jet.

Another feature that immediately catches the eye is the 
difference in turbulent intensity between the two investigated 
cases. The overall intensity level is lower in the flow field 
influenced by the propulsive jet, and the maximum values 
are lower as in the baseline case as well. It appears that the 
propulsive jet moderates the turbulence development in the 
wake-flow field.

For a more detailed analysis, profiles of rms values of the 
fluctuating velocity components were extracted for several 
locations between 0.05 ≤ x∕D ≤ 1.2 along the afterbody. For 
both investigated cases, the respective axial components are 
shown in Fig. 12 and the radial components in Fig. 13. Both 
quantities are normalized with U∞ . In both the axial and 
radial components, a local intensity maximum in the profile 
can be observed, indicating the location of the shear layer 
(e.g., at y∕D = −0.02 at x∕D = 0.005 for urms∕U∞ ). Up to the 
reattachment region, the shear layer and thus the location of 
the maximum shifts toward the nozzle fairing with stream-
wise distance from the shoulder. Its deflection away from the 
wall after impinging on the nozzle fairing, especially in the 
propulsive-jet case, is visible in both components. Also the 
previously discussed displacement effect of the jet plume on 
the outer flow can be observed clearly when comparing the 
respective profiles for the baseline and propulsive-jet cases 

Fig. 10   Normalized mean 
streamwise velocity profiles in 
the vicinity of the reattachment 
zone
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in Figs. 12 and 13: the location of the shear layer (indicated 
by the local maximum in the turbulence intensity profile) is 
farther away from the surface under the influence of the jet 
plume for corresponding streamwise locations.

In both fluctuating velocity components, the respec-
tive maximum values are higher for the baseline case up 
to x∕D = 0.8 . At x∕D = 0.2 , for example, vrms∕U∞ reaches 
a turbulent intensity of 17.2% in the baseline case, com-
pared to 13.5% in the case influenced by the jet plume. For 
urms∕U∞ , the effect is smaller, but can still be observed (see 
Figs. 12 and 13, respectively).

In the baseline case (see Fig. 13), the maximum of the 
radial component of the turbulent velocity fluctuations 

increases continuously until a distance from the base of 
x∕D = 0.4 . This is expected for shear-layer instability. At 
the same time, the shear layer moves from the shoulder 
toward the outer surface of the nozzle fairing, then inter-
acts with the wall and the boundary layer, and is finally 
reflected. The maximum representing the shear layer starts 
to decrease and then vanishes. From a streamwise distance 
of x∕D = 0.8 onward, the distribution of the local intensity 
maximum close to the wall ( y∕D ≈ −0.25 ) approaches that 
of a disturbed turbulent boundary layer that is starting to 
relax. Equilibrium conditions cannot be reached until the 
nozzle exit due to the small length of the afterbody.

Fig. 11   Contours of the 
normalized turbulent fluctua-
tion component vrms∕U∞ in the 
radial direction from PIV 
measurements. a Baseline case, 
b propulsive-jet case

Fig. 12   Profiles of the turbulent 
fluctuations urms of the axial 
velocity component normalized 
with the mean incoming flow 
velocity U∞ along the launcher 
afterbody
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Farther away from the wall, a second intensity maximum 
develops from x∕D ≥ 0.8 and shifts away from the wall with 
increasing streamwise distance. This represents the reattach-
ment shock.

Under the influence of the jet plume (see Fig. 13), the 
increase of turbulent intensity in the developing shear layer 
seems damped (no continuous increase can be observed). 
The outer maximum corresponding to a reattachment shock 
develops only to a much weaker extent than in the baseline 
case (see locations x∕D = 1.0 and x∕D = 1.2 in Fig. 13). 
This again confirms that the reattachment process on the 
afterbody surface begins, but is not completed in this case.

The same qualitative behavior regarding the shear-layer 
location and turbulence intensities can be observed in the 
axial velocity-fluctuation profiles shown in Fig. 12, and even 
more clearly in the normalized profiles of the Reynolds shear 
stresses compared in Fig. 14.

Deprés et al. [1] have made a similar observation in a 
transonic wake flow. They have performed pressure meas-
urements on a number of different afterbody configurations 
at M = 0.85 , and found that a supersonic propulsive jet 

interacts with the recirculation region on the nozzle fairing 
and modifies the flow topology. They observed that the jet 
stabilizes the near-wake region, leading to a more axisym-
metric external flow field [1]. Deprés et al. [1] explained 
this effect with the physical presence of the propulsive jet 
in the center of the wake that obstructs the development of 
large-scale vortical structures.

To further analyze this phenomenon, I will discuss our 
observations made on surface-pressure fluctuation measure-
ments and analyze the behavior of turbulent structures in 
the flow field based on a proper orthogonal decomposition 
(POD) in Sects. 3.4 and 3.5, respectively.

3.4 � Surface‑pressure fluctuations

Some information on the dynamic wake flow behavior 
can be gained from the power spectral densities (PSD) 
of the wall-pressure fluctuations measured at the base 
of the launcher-model main body and along the nozzle 
fairing, since the pressure signal represents a footprint 
of the turbulent structures in the wake [1]. For the two 

Fig. 13   Profiles of the turbulent 
fluctuations vrms of the radial 
velocity component normalized 
with the mean incoming flow 
velocity U∞ along the launcher 
afterbody

Fig. 14   Profiles of the Reynolds 
shear stresses u′v′ normalized 
with the mean incoming flow 
velocity U2

∞
 for several locations 

along the launcher afterbody
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measurement zones, the PSD (in Pa2 ) is plotted versus 
the Strouhal number StD based on main body diameter D, 
i.e., StD = f ⋅ D∕U∞ in Fig. 15a, b, respectively, for both 
investigated cases. As mentioned previously, the pressure 
sensors were located at a radius of r∕D = 0.42 at three 
different angular positions ( � = 180◦ , 190◦ , and 240◦ ) on 
the main body base, and two locations, x∕D = 0.31 and 
x∕D = 0.77 at � = 180◦ , along the nozzle fairing (see 
Fig. 3b). The PSD was computed with Welch’s method 
based on time traces of 30 ms. For segmentation, Ham-
ming windows of 90,000 points were used at 50% overlap. 
The PSD are shown averaged from 38 readings for each 
sensor for both the baseline (bold lines) and the jet cases 
(thin lines), respectively.

The behavior of the intensity peak for StD = 0.21 that 
can be observed in the baseline case is of specific interest 
here. This peak has previously been observed in different 
configurations over a large range of Mach numbers [1, 
5, 11, 16, 17], and is generally attributed to the vortex 
shedding from the separation bubble. It is governed by 
the interaction between those turbulent structures and the 
wall in the reattachment zone [1]. The peak disappears 
in azimuthal direction (see Fig. 15a), which is related to 
helical vortex structures, as Deprés et al. [1] and Deck and 
Thorigny [2] have discussed. These coherent anti-symmet-
rical fluctuations are relevant for uneven side loads and the 
buffet problem.

In the propulsive-jet case, this peak is more broadband, 
contains less energy, and is shifted to slightly higher fre-
quencies (centered around StD = 0.26 , see Fig. 15a). The 
weaker occurrence of this peak in the propulsive-jet case 
does again back up by the finding that the flow does not 
fully reattach in this case. The increased Strouhal number 
indicates that the corresponding turbulent structures are 
slightly smaller, potentially due to the jet plume inhibit-
ing the growth of the shear-layer structures. In general, 
the energy content at low frequencies is higher than in the 
baseline case, but for StD > 0.3 the curves follow the same 

trend, namely a continuous drop in energy content. Note 
that, due to the strut support used to install the axisym-
metric model in the wind-tunnel test section, the flow field 
is not entirely axisymmetric. This leads, inter alia, to addi-
tional energy peaks at higher frequencies ( StD > 1.0 ) in the 
propulsive-jet case, which are most likely caused by strong 
jet noise disturbances that are reflected non-uniformly by 
the strut support. For a more detailed discussion of the 
PSD of the base pressure, see Schreyer et al. [18].

On the nozzle fairing, an increase of the energy content 
at higher frequencies ( StD > 0.6 ) can be observed in the 
baseline case at the measurement location x∕D = 0.31 (see 
Fig. 15b). Farther downstream ( x∕D > 0.77 ), the energy 
content increases further and an additional increase in broad-
band low-frequency content follows. This increased energy 
content corresponds to the turbulent structures in the shear 
layer that are transported toward and along the nozzle wall 
[19]. The energy content at x∕D = 0.31 still exhibits a slight 
increase around StD = 0.21 , although a distinct peak cannot 
be observed. The signal at this location within the separated 
region thus contains contributions of the interaction of the 
vortices shed from the separation bubble with the surface. At 
x∕D = 0.77 , no such contribution can be observed anymore. 
The energy content at this location is generally higher than 
in the baseline case (except for the StD = 0.21 peak) and 
much more broadband; no sharp drop in energy content can 
be observed up to StD > 3.

A distinct influence of the propulsive jet on the PSD 
of the pressure signal along the nozzle fairing cannot be 
observed.

3.5 � Vortical structures in the flow

The observed stabilizing effect of the jet plume on the wake 
flow is assumed to be related to the jet obstructing the growth 
of turbulent structures in the shear layer [1]. Coherent tur-
bulent structures in a shear layer contain large fractions of 
the turbulent kinetic energy in the flow and can therefore 
be analyzed based on a proper orthogonal decomposition 

Fig. 15   Wall pressure spectra 
averaged from 38 readings. a At 
the launcher base , b along the 
nozzle fairing
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(POD) of the velocity fields from PIV. POD is a method to 
extract coherent structures from experimental and numerical 
data (see Lumley [20] and Berkooz et al. [21]). The result-
ing spatial modes, corresponding to the spatial represen-
tation of the coherent structures, are sorted by descending 
energy content. For flows such as the shear layer I intend 
to analyze, already a small number of POD modes are able 
to capture the relevant energy content and can be used to 
reconstruct a reduced-order representation of the flow field. 
Since I applied POD to sets of non-time-resolved velocity 
fields from PIV measurements, the more suitable snapshot 
POD (see Sirovich [22]) was applied here. Based on the 
POD modes resulting from the decomposition, I will analyze 
the size and energy content of the structures in the wake flow 
and verify whether or not the propulsive jet limits the growth 
of the turbulent structures. To make the fractions of energy 
associated with the respective modes of the same order in 
the baseline and propulsive-jet cases directly comparable, 
the POD was applied to 100 snapshots for each of the cases. 
A preliminary analysis of these cases has been presented by 
Schreyer [23].

The energy content in the respective eigenmodes �n 
and the cumulative energy content 

∑

n after a number of 
n modes are shown in Fig. 16 for the axial component �n,x 
of the modes. In the eigenspectra for both the baseline and 
propulsive-jet cases (filled symbols and open symbols, 
respectively), the first mode contains approximately 10% of 
the turbulent kinetic energy. A significant fracture of the 
kinetic energy is therefore distributed over a larger number 
of higher-order modes contributing to the dynamic behavior 
of the wake flow.

The first five eigenmodes �1,x − �5,x , representing nor-
malized fluctuations of the axial velocity component, are 
shown in Fig. 17 for the baseline case (left column) and 
the propulsive-jet case (right column). The correspond-
ing modes for the radial velocity component �1,y − �6,y 
are shown in Fig. 18. The spatial representations of the 

presented most energetic modes show similarities in the 
baseline and propulsive-jet cases, including contributions 
for the separation and realignment zones, the shear layer, 
and turbulent coherent structures along the nozzle fairing 
that are of similar sizes for corresponding modes. Details, 
and especially the differences between the cases, will be 
discussed in the following.

The low-frequency shock oscillation typical for high-
speed flows with large closed separation regions (see Cle-
mens and Narayanaswamy [24]) can also be observed in 
the current flow field and a significant part of the turbulent 
kinetic energy is associated with this phenomenon in the 
baseline case. Without propulsive jet, the axial and radial 
components of the first mode have a pronounced energy con-
tent of 9.4% and 6.6%, respectively, in the separation bubble 
and the reattachment and realignment regions downstream 
(see Figs. 17a and 18a). The corresponding shock motion 
is captured by the first radial mode �1,y (Fig. 18a), where 
6.6% of the total turbulent kinetic energy are contained in 
the location of the recompression shock (for x∕D ≥ 0.6 ), 
the separation and reattachment zones. Also in modes �4,y 
and �5,y (Fig. 18g, i, respectively), significant further con-
tributions can be found. Due to the incomplete reattachment 
process, a much weaker contribution of this phenomenon 
can be observed in the propulsive-jet case. In the first radial 
mode �1,y (Fig. 18b), containing 4.2% of the energy, the 
modal contribution of the reattachment location starts far-
ther downstream and a weak contribution of the coalescing 
compression waves can be observed for x∕D > 0.8 . A fur-
ther contribution in the same location can be found in the 
fifth and sixth modes with 1.9% of the total turbulent kinetic 
energy each (see Fig. 18j, l). In the first axial mode �1,x for 
the propulsive-jet case (Fig. 17b), an energy content of 9.6% 
can be observed in the separation and realignment zones as 
well, but also the shear layer already contributes here.

A significant energy contribution is associated with the 
shear layer forming downstream of the main body shoulder. 
The axial and radial components of modes two to five par-
tially represent velocity fluctuations in the shear layer in both 
investigated cases. In the presence of the propulsive jet, this 
spatial mode extends farther downstream than in the baseline 
case (see, e.g., mode �2,x and �2,y in Figs. 17c, d and 18c, 
d). Also the associated energy content is larger, since a cor-
responding contribution can already be observed in the first, 
most energetic axial mode �1,x in the propulsive-jet case, and 
the second and third axial modes, �2,x and �3,x , respectively, 
also contain larger fractions of energy than in the baseline 
case (5.3% vs. 4.0% and 3.3% vs. 3.0%, respectively).

The largest overall contributions to the turbulent kinetic 
energy of the flow stem from a large number of modes 
associated with the increasingly small turbulent structures 
shed from the separation zone and forming in the reshap-
ing boundary layer on the nozzle fairing. In the baseline 

Fig. 16   Eigenspectra �
n
 (circle symbols) and cumulative relative 

energy 
∑

n
 (square symbols) in the first n modes. Filled symbols: 

baseline case, unfilled symbols: propulsive-jet case



	 A.-M. Schreyer 

1 3

case, modes three and higher contain 86.6% and 90.1% of 
the energy in the axial and radial components, respectively, 
and 85.1% and 92.9%, respectively, under the influence of 
the propulsive jet. In these higher-order modes, the energy 
distribution in the two studied cases differs. Modes 4–8, 
representing larger turbulent structures and modes 20–80 
contain a larger fraction of the turbulent kinetic energy in the 

baseline case than under the influence of the propulsive jet 
(see Fig. 16). The modes representing very small structures 
(modes 81–100), on the other hand, accumulate more energy 
in the propulsive-jet case.

This means that in comparison, in the propulsive-jet 
case, a larger fraction of the turbulent kinetic energy is 
contained (a) in motions of the shear layer as a whole 

Fig. 17   POD modes for streamwise velocity fluctuations u

U∞

 without (left column) and with propulsive jet (right column)
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Fig. 18   POD modes for the radial velocity-fluctuation component v

U∞

 without (left column) and with propulsive jet (right column)
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and (b) in the very small coherent turbulent structures in 
the wake. In the baseline case, on the other hand, a con-
siderable fraction of the energy is contained in the shock 
motion and low-frequency unsteadiness and the energy 
content in the turbulent structures is shifted to comparably 
larger turbulent structures. The POD analysis conducted 
here thus confirms the assumption of Deprés et al. [1] that 
the growth of turbulent structures in the shear layer is 
obstructed by the jet plume.

The observed behavior suggests that if the reattachment 
process of the flow on the afterbody is completed and the 
separation region is closed, the instability of the wake 
is associated with both the shear layer forming down-
stream of the main body shoulder and the low-frequency 
unsteadiness of the separation bubble and recompression 
shock. Since the reattachment process in the propulsive-
jet case is incomplete due to the displacement effect of 
the jet plume, the low-frequency unsteadiness plays a 
smaller role. The instability of the wake then appears to 
be mostly associated with the shear-layer instability. This 
second observation is in good agreement with the find-
ings of Statnikov et al. [11]. Studying the same launcher 
model with hypersonic inflow, they described flapping 
and swinging motions of the shear layer as the dominant 
dynamic mechanisms. In their case, the flow did not reat-
tach on the nozzle fairing at all, which is most probably 
the reason why they did not observe any contribution 
of the low-frequency unsteadiness. In the wall-pressure 
spectrum at the main body base (Fig. 15, thin black line), 
a weak local increase around StD ≈ 0.55 can be observed, 
which agrees reasonably well with the StD = 0.6 observed 
by Statnikov et al. [11] for a swinging motion of the shear 
layer. With respect to the reattachment zone, the present 
propulsive-jet case is an intermediate case: the reattach-
ment process starts (as in the baseline case), but is not 
completed, so that a stable reattached boundary layer 
is not present at all times (as in the case of Statnikov 
et al. [11]).

The observation that more energy is contained in the 
modes associated with the larger turbulent structures in 
the baseline wake, whereas the much smaller structures 
contain a larger fraction of the turbulent kinetic energy 
in the propulsive-jet case, is in good agreement with the 
observed turbulence levels (see Sect. 3.3). It supports the 
explanation of Deprés et al. [1] that the physical presence 
of the propulsive jet obstructs the growth of the structures.

The similarities between the observations in the pre-
sent supersonic case and the transonic and hypersonic 
cases studied by Deprés et al. [1] and Statnikov et al. [11], 
respectively, thus indicate that the governing mechanisms 
are merely governed by flow geometry, especially the 
separation topology, and are similar for the different flow 
regimes relevant for space-launcher trajectories.

4 � Conclusions

The wake-flow field of a generic axisymmetric space-
launcher model and the influence of an afterexpanding pro-
pulsive jet on the flow field were discussed in detail. Meas-
urements were performed in the hypersonic Ludwieg tube 
Braunschweig at a Mach number of 2.9 and a Reynolds num-
ber ReD = 1.3 ⋅ 106 based on model diameter D. The nozzle 
exit velocity of the cold air jet simulating the propulsive 
jet was at Mach 2.5. I performed velocity measurements in 
the wake flow by means of particle image velocimetry and 
wall-pressure measurements on the main body base and noz-
zle fairing. Based on these data, the evolution of the wake 
flow was observed along with its spectral content. The mean 
flow topology and turbulence behavior of the wake were 
described based on the mean and turbulent velocity fields. A 
large separated zone forms downstream of the step decrease 
in diameter at the interface between launcher main body 
and nozzle fairing. In the baseline case, the flow reattaches 
downstream onto the nozzle fairing. Under the influence of 
the jet plume, the flow is displaced away from the wall, the 
separated region increases in size and the reattachment pro-
cess is not completed. The propulsive jet appears to have 
a stabilizing effect on the wake flow: the development of 
the shear layer and the magnitude of the turbulent intensi-
ties and Reynolds shear stresses are damped, and a smaller 
fraction of the turbulent kinetic energy is associated with 
the larger coherent structures in the wake. This effect pro-
vides evidence to the previously phrased assumption that 
the physical presence of the jet in the center of the wake 
obstructs the growth of larger vortical structures in the shear 
layer. The second main influence of the afterexpanding pro-
pulsive jet is effected via its influence on the reattachment 
process. Without a propulsive jet, full reattachment occurs 
and a closed separation bubble forms. In this case, the low-
frequency unsteadiness of the separation bubble and rec-
ompression shock contributes strongly to the unsteadiness 
mechanisms of the wake, as discussed based on a POD of the 
velocity fields. This mechanism has only a minor influence 
in the propulsive-jet case, where the reattachment process 
is not completed. In this case, the shear-layer instabilities 
dominate the dynamic behavior of the wake. The PSD of the 
wall-pressure signal supports these findings. The prominent 
local intensity peak around StD = 0.21 , corresponding to the 
interaction between vortices shed from the separation bubble 
and the wall, is much weaker for the incomplete reattach-
ment in the propulsive-jet case. There, on the other hand, 
a weak local intensity maximum around StD ≈ 0.55 can 
be observed, which is typical for a swinging motion of the 
shear layer. Similar behavior has been observed in transonic 
and hypersonic wake flows. The governing mechanisms in 
launcher-wake flows thus appear to be merely governed by 
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the flow geometry, especially the properties of the separation 
region, and are similar over a large range of flow regimes.
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