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Abstract

Wake flows have been extensively investigated in the past mainly with the objective to reduce drag. The failure of Ariane 5
Flight 157 though revealed that the understanding has not been sufficient, which triggered a new series of base-flow investi-
gations. Most of them scrutinized the dynamics of the flow at one specific point along the flight path either in the subsonic,
transonic, or supersonic range. However, no coherent image of the flow topology development in terms of a parametric study
is available so far. The current work addresses the question of a near-wake scaling of a generic space launcher configuration.
This question is tackled experimentally by means of particle image velocimetry measurements in the vertical test section
Cologne in the range of Mach 0.5, 0.6, 0.7, 0.8, and 0.9 for Reynolds numbers between Rep, = 0.8 X 10% and 1.7 x 10°.
Results show the mean, the turbulence intensity, and the Reynolds shear stress distribution in the wake in comparison with
the literature. In addition, data to the incoming boundary layer are provided and to the evolving shear layer. In that regime,
the results indicate that the velocity and Reynolds stresses might be independent from the Mach and Reynolds number if
scaled with the reattachment length. If this hypothesis holds true, it might be useful for the validation of numerical codes
and for the initial determination of the flow field of space launchers in the design phase.
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Osborn (1976). The failure of Ariane 5 Flight 157 in 2002
though revealed that the understanding has not been suf-
ficient, which triggered a new series of base-flow investiga-
tions. The flow regime of interest is transonic, since this
is where the launcher is exposed to strong unsteady loads.
Schwane (2015) reports pressure fluctuations with increas-
ing amplitude for the first 37 s of the Ariane 5 Flight A501.
David and Radulovic (2005) present pressure measurements
taken during flight, which show that the strongest and most
distinct frequency of Ariane 5 loads on the main engine
occur for Mach 0.8. Measured loads on the actuator and
accelerometers placed on the nozzle support the finding that
the transonic flow regime is challenging with respect to the
dynamics of the wake. Lately, a lot of attention has been
put on revealing the governing instability mechanisms and
the modes of the excitations (e.g., Weiss et al. 2009; Meliga
et al. 2010; Schrijer et al. 2014; Statnikov et al. 2016; Stat-
nikov 2016).

Most investigations focus on that critical, but narrow
Mach number range along the trajectory at about 0.7-0.8. A
broader view in terms of flow regime has been provided by
Scharnowski et al. (2016) and Nadge and Govardhan (2014)
who both conducted PIV measurements in the subsonic
range for a two-dimensional backward-facing configuration.
Scharnowski et al. (2016) extended the investigated range
to the supersonic flow regime and combined the backward-
facing step with a planar jet as representation of the exhaust
jet of a launch system. The current study presents the PIV
results of the flow field around a generic two-stage axisym-
metric backward-facing step configuration, or, in other
words, a space launcher configuration without a jet, exposed
to an ambient flow ranging from Mach 0.5 to 0.9. The results
are analyzed with respect to the mean-flow quantities and
the Reynolds shear stresses. Furthermore, since the nature,
scale, and intensity of the turbulence structure in the shear
layer, after separation, is dependent upon the shear-layer ini-
tial conditions (Adams and Johnston 1988), and since the
global dynamics (Deck and Thorigny 2007) of the recircula-
tion region is influenced by this subsequent evolving shear
layer, data are given for both and compared to results in the
literature. Comparisons to literature are also drawn for the
features of the recirculation region. The comparisons for the
latter are mainly based on the study by Weiss et al. (2009),
the configuration of which is very much comparable to the
current one.

The following aspects are addressed in this study and can
be declared as objectives: First, the applicability of the verti-
cal test section Cologne (VMK) for base-flow experiments
is targeted by verifying the results with literature. This is
of importance, since it provides a foundation for the future
base-flow experiments with hydrogen/oxygen combustion
while taking advantage of the newly built hot plume testing
facility of VMK (Saile et al. 2015). The second goal is to
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capture and analyze data concerning the flow topology and
the Reynolds stresses in the subsonic flow regime for numer-
ical validation. The results also serve as background for the
interpretation of the base pressure measurements, which
have been captured during this measurement campaign, but
are not presented in the frame here. Questions like what is
the influence of an open or closed recirculation region on the
pressure spectrum can then be discussed. Finally, differences
to the other base-flow studies are targeted.

One of the open questions is the dependence on the
Reynolds and Mach number of the velocity and Reynolds
stress field in the near wake of the axisymmetric generic
launcher (with no jet). Regarding similarity and scaling
laws of axisymmetric wake flows, Uberoi and Freymuth
(1970) stated that, in the near wake, the nature of turbulence
depends on the shape of the corresponding body. Uberoi
and Freymuth (1970) further elaborates that, farther down-
stream, the wake becomes dynamically self-similar. For the
near-wake flow, Roshko and Lau (1965) investigated the
reattachment process of backward-facing steps by means of
pressure measurements. They introduced a scaling based on
the reattachment length and the normalized pressure, which
resulted in a collapse of the reattachment pressure-rise curve
independently of the state of the boundary layer, meaning
that it is valid for incoming laminar, transitional, and turbu-
lent boundary layers. Westphal et al. (1984) confirmed this
observation with the restriction to ’thin’ boundary layers,
which Adams and Johnston (1988) refined further pointing
out that the reattachment point is independent of the ratio of
boundary layer thickness o if the ratio to the step height % is
smaller than 0.4. Besides for the spatial scaling, the reattach-
ment length is also being used in the literature in a temporal
sense for the non-dimensionalization of occurring frequen-
cies. It was suggested by Mabey (1972) as scaling length for
pressure fluctuations in separated flows. Merz et al. (1978)
discovered that the centerline velocity distribution of a blunt
body’s axisymmetric near-wake exhibits a similar form
throughout the subsonic range (0.11 < Ma < 0.94). More
recently, Nadge and Govardhan (2014) showed, for the flow
over a backward-facing step and large Reynolds numbers
(Re;, > 36,000), that the separation region is nearly inde-
pendent of Reynolds number. By means of PIV measure-
ments, similarity was found with respect to normalized mean
velocity field and the normalized turbulent stresses. Note
that no clear division was made in the literature research
above between axisymmetric and planar backward-facing
step configuration, which is justified due to comparable
effects and similarities. The similarity between the two with
respect to some flow properties has been addressed or used
for comparisons before, for instance, by Deck and Thorigny
(2007) and Statnikov et al. (2017).

The following section (Sect. 2) describes the methods,
meaning the measurement environment including the wind
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tunnel, the model, the measurement techniques, and the
evaluation methods. The results and discussion Sect. 3
addresses the boundary layer flow (Sect. 3.1), the wake flow
(Sect. 3.2), and the evolution of the shear layer (Sect. 3.3).
Comparisons to the literature data are presented in each sec-
tion at the end. Finally, the study summarizes the conclu-
sions and provides an outlook in Sect. 4.

2 Methods

The experiments are executed in the vertical test section
Cologne (VMK). As shown in Fig. 1, VMK is a blow-down
type wind tunnel featuring a vertical free test section for tests
in the subsonic to supersonic range starting from Mach 0.5
up to 3.2. The current experiments were conducted with a
subsonic 340 mm nozzle.

The wind tunnel model integrated in the subsonic wind
tunnel nozzle is shown as a sketch in Fig. 2. The main com-
ponents of this configuration are two co-axially aligned
cylinders on top of each other. The first has a diameter of
D = 66.7 mm and the second d = 26.8 mm. The smaller cyl-
inder features a length of L = 80 mm. This cylinder is actu-
ally a conical nozzle, which was closed with a plug at posi-
tion ‘c’ for the study at hand. The geometry mimics the main
generic components of the Ariane 5 base with respect to its
scaling (d/D ~ 0.4, L/D ~ 1.2). Furthermore, the base plate
is 10.4 mm downstream from the wind tunnel nozzle exit.

Upstream of the wind-tunnel nozzle exit, the wind-tunnel
nozzle (1) is equipped with support arms (2) and (3), which
have two tasks: First, they keep the wind-tunnel model in
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Fig. 1 Schematic sketch of the VMK facility. The location of the
wind tunnel model is encircled (in red) and the details of which are
given in Fig. 2
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Fig.2 Sketch of the wind-tunnel model with the wind-tunnel noz-
zle (blue), cold jet supply system (green), and the chamber (red).
The location in the frame of the facility is given in Fig. 1. The graph
further contains the field of views, which are used for the base and
boundary-layer flow investigations. They are denoted as FOV1 and
FOV2, respectively

place, and second, one or several supports can be used as
access point for the harnessing of the sensors. The support
arms converge in a central mounting (4) on top of which is
the combustion or reservoir chamber (5). The injector (6) and
the nozzle (7) are exchangeable to realize various injection
conditions and nozzle exit conditions, respectively. The wind-
tunnel nozzle is equipped with two levels of straighteners (8)
downstream of the support arms to minimize perturbations.

The inflow conditions are listed in Tables 1 and 2. In
detail, Table 1 contains the exit Mach number Ma, exit
velocity U, and exit Reynolds number Rep, based on the
diameter of the main cylinder D. Table 2 provides further
parameters to which are successively referred in the cor-
responding sections. The exit Mach number was calculated
under the assumption of an isentropic expansion by means
of the reservoir and ambient pressure; the velocity is directly

Table 1 Free-stream conditions for the FOV1 evaluation

Run ID Mac Uc (ms™!) Rer,

V170 0.48 158.4 0.8 x 10°
V171 0.59 192.7 1.0 x 109
V174 0.69 225.2 1.2x 109
Vied 0.79 256.8 1.4 % 10°
V165 0.90 285.8 1.7 x 10°
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Table 2 Free-stream conditions

‘ RunID Mae Ug(ms™!) Im<  Rep 6*/h 6/h H S99/ w* (ms™h M
and parameters with respect Uc
to the inflow boundary layer Vil4 061 1959 35 1.1x10° 0027 0021 131 032+£0014 8.0 ~0.12
at x/D = —0.15 of the FOV2 .
evaluation Vile 071 227.0 30 13x10° 0030 0020 154 029+0011 9.1 ~0.03
VI17 081 2538 28 15x10° 0025 0016 159 023+0012 102 ~0.02
VII9 091 287.6 24 17x106 0027 0016 1.67 025+0012 11.4 0.01

The boundary-layer thickness is additionally provided with the bounds for the 95% confidence interval
determined by means of a Monte Carlo simulation

taken from the PIV results. The boundary-layer velocity
profile is extracted at a location directly downstream of the
wind-tunnel nozzle exit (x/D = —0.15), which is the loca-
tion the least affected from upstream effects of the base-
flow dynamics. Due to corrupt results just upstream of the
base for the investigation of the wake flow, the ambient flow
(Table 1) had to be determined farther downstream from the
base. The ambient flow is averaged over an area between
0.15<x/D<0.2and 0.7 <r/D < 0.8.

For the PIV measurements, a classical 2D-2C setup was
chosen. For the laser sheet generation, the laser system Ultra
CFR Nd:YAG by Big Sky Laser, now Quantel Ltd., was
used. Each laser pulse has an energy of 190 mJ at a wave-
length of 532 nm. The sheet thickness was in the range of
0.5 mm. Perpendicular to the laser sheet, a PCO1600 cam-
era system by PCO AG was set up at a distance of about
180—200 mm for the acquisition of the particle images. The
LabSmith timing unit by LC880 controls the trigger pulses
for both components with an accuracy of 100 ps. Dependent
on the focus of the experiments, the camera was equipped
with either of two different lenses by Carl Zeiss AG to
resolve two different fields of views (FOV). The Distagon
T*2/35 ZF was used for a global view of the wake featur-
ing a FOV (labeled FOV1) of about 134 x 100 mm?. The
aperture number was set to 16. The Makro-Planar 2/100 ZF
was applied for boundary-layer measurements with an aper-
ture number setting of 11. In hindsight, the aperture setting
turned out to be too large. As a result of the large depth
of field, the raw images for the FOV1 setting captured the
background of the nozzle, which obviously affected the cor-
relation-based evaluation. Thus, the data of incoming flow
region are erroneous for the FOV1. The corresponding range
is exemplarily marked with excl. (for excluded) in Figs. 5, 10
and 13. The setting provided a FOV of 30.9 x 23 mm?, which
is equivalent to an increase of the resolution by a factor of
4.3. The latter is labeled FOV2. Both FOVs are depicted in
Fig. 2, which also show the coordinate system originating
in the symmetry axis on the base. Titanium dioxide of the
type K1002 from Kronos International, Inc. is used as seed-
ing material.

The analysis of the dual-frame/single-exposure images
was executed with PIVview V3.60 by PIVTEC GmbH. For
the image sampling, various interrogation window sizes have
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been tested in a sensitivity study. For both FOVs, the multi-
grid interrogation method with grid refinement was applied,
the Whittaker reconstruction (Raffel et al. 2013) was used
for the sub-pixel peak fit, and on the final pass, a B-spline
interpolation scheme of 3rd order was applied to cover the
aspect of adaptive image deformation. The data were not
interpolated.

For the wake-flow investigations (FOV1, Run ID: V170,
V171, V174, V164, V165), 345 images were available per
run. A sensitivity study led to an interrogation window size
of 32 X 16 px (2.68 x 1.34 mm?) with an overlap of 4 X 4 px.
Note that the free-stream particle displacement for the runs
with FOV1 was about 8 px.

For the boundary-layer flow (FOV2, Run ID: V114,
V116, V117, V119), a total number of 694 images were
captured per run. The interrogation window size was chosen
by taking the signal-to-noise ratio into account, which led
t032 x 16 px (0.62 x 0.31 mm?) with an overlap of 4 X 4 px.
The free-stream displacement for FOV?2 is about 8 px for run
ID V114 and about 10 px for the rest. For this magnifica-
tion, the movement between the camera and the wind-tunnel
model was actually notable and has been corrected. If it is
assumed that the camera is standing still, it can be inter-
preted as a measure for the wind-tunnel model oscillation.
The results show that the oscillations are small, meaning that
the standard deviation of the lateral motion is in the range
between 70 and 110 pm.

One objective of the close-up (FOV?2) data is the analysis
of the incoming boundary-layer properties. For that reason,
the profile up to 98% of the edge velocity u, is used for a fit-
ting (Berg 1977) to the law of the wake (e.g., White 1991;
Schetz and Bowersox 2011). The law of the wall includ-
ing the wake (law of the wake) for incompressible turbu-
lent boundary-layer flows is given in Eq. 1. Clauser’s values
(Clauser 1956) are used for x and B, which are, in this case,
equal to 0.41 and 4.9, respectively. The velocity u and the
distance to the wall Ar are normalized to the dimensionless
distance to the wall * and the dimensionless velocity u*
by means of the shear stress velocity u* and the kinematic
viscosity v, as shown in Eq. 2. The boundary-layer thickness
is given by d¢q, and for the description of the wake, a sine
square ansatz with Coles’ wake parameter IT is used (see,
e.g., Schetz and Bowersox 2011). Furthermore, boundary
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layer characterizing parameters are provided for comparison:
Eqgs. 3 and 4 describe the displacement thickness §* and the
momentum thickness 6. The shape factor H is defined as the
ratio between the two, and thus, it is H = 6* /6.

1 21T w Ar
P a—In(rt) + B+ “—sin*[ = — ),
u p n(r™) = sin 2 50y (1)
*
wt=——; = Aru”. @)
u v

" 599 u
) =/ <1——>dAr, 3)
0 UC
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9:/ <1—i>idAr. 4
0 UC UC

The in-succession evolving shear layer is characterized by
the vorticity thickness. The vorticity thickness 6, is defined
in Eq. 5 (Brown and Roshko 1974). For FOV2, the minimum
velocity u,,;,, cannot be determined because it is not in the
field of view. Then, it is assumed that u,;, is 34% of the
maximum velocity u,,,, which is the average percentage of
the minimum velocity derived from the FOV1 experiments.

_ Umax = Upin

%0 = max(du/dr)’ ®)

An uncertainty analysis has been conducted which is
based on an approach suggested by Lazar et al. (2010).
The analysis takes into account the equipment-related
uncertainty, the uncertainty due to the particle lag, and the
sampling uncertainty. The equipment-related uncertainty
includes calibration and timing error. The approach for the
calculation of the sampling uncertainty is extracted from
Benedict and Gould (1996). The total uncertainty for FOV1
is largest for the Mach 0.9-case and amounts to +3.4 with
respect to the incoming flow velocity U.. For FOV2, the
uncertainty is in the range of < +3.3%. For the turbulent
quantities, only the 95% confidence interval of the sampling
uncertainty according to Benedict and Gould (1996) is pro-
vided as shading in the corresponding graphs. The confi-
dence interval for boundary-layer thickness in Table 2 has
been determined by means of a Monte Carlo simulation
imposing the previously determined velocity uncertainty
levels. The velocity uncertainty levels are equally used for
the determination of the vorticity-thickness uncertainty in
Sect. 3.3, which also incorporates an extrapolation of the
higher resolved velocity gradient results from field of view
FOV?2 to the results of FOI1. Furthermore, the results have
been checked for peak-locking, which, in consequence,
was ruled out, and with respect to the signal-to-noise ratio.

The latter has been assessed for the cross correlation of the
interrogation windows and for two-point correlations of the
velocity field in the region where turbulence is homogene-
ous, meaning in the streamwise direction of the boundary
layer.

3 Results and discussion
3.1 Inflow conditions and upstream boundary layer

The upstream boundary layer plays a key role in the devel-
opment of the subsequent wake flow and is, consequently,
described in the following. Figure 3 shows the mean-flow
results in inner scaling as least-square fit to the law of the
wake (Eq. 1) for Mach ~ 0.6 to ~ 0.9. For comparison, the
law of the wall and the law of the wake for a two-dimen-
sional flat plate without pressure gradient are additionally
plotted. The graph points at two outcomes: first, the fit to
the logarithmic part of the law of the wall appears to be
sound indicating that the boundary layer is presumably tur-
bulent. Second, the boundary-layer profile does not exhibit
the typical wake above the log layer. This can usually be
found in environments with a favorable pressure gradient.
Such a favorable pressure gradient environment is present
upstream and downstream from the base region: Upstream
due to the conditions imposed by the wind tunnel nozzle and
downstream due to the low-pressure environment after the
flow separation from the base (Deprés et al. 2004).

Figure 4 shows the radial profiles of the streamwise
turbulence intensity for the different Mach numbers
along with the findings by Klebanoff (1955). Outside
of the boundary layer (4r/yy > 0.5), the turbulence is

40 T T T
——Ma=0.6 (V114), u*=8.03 ms™', I1=-0.12
3511 ——Ma=0.7 (V116), u*=9.08 ms™!, 11=-0.03 ]
30t Ma=0.8 (V117), u*=10.2 ms™', I1=-0.02 J
——Ma=0.9 (V119), u*=11.38 ms™', 11=0.01 5
251
— Law of the wake for a flat plate -
20t
=}
151 T 1
/,/t: Logarithmic overlap
10 1
5 “— Viscous sublayer 1
0 . . .
10° 10’ 102 10° 10

[

Fig.3 Boundary-layer profiles of the investigated inflow Mach
numbers fitted to the law of the wall with wake. The law of the
wake for the flat plate is based on IT = 0.51, u* = 11.38 ms~!, and
099 = 4.9 mm
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Fig.4 Turbulence intensity profiles of the boundary layer

dominated by the inflow conditions imposed by the test
environment. When approaching the wall (4r/6yy < 0.5),
one can discover a transition close to the trend of Kle-
banoff (1955). Between 0.1 < Ar/8q < 0.5, the largest
mean deviation is found for the Mach 0.8-case, which
amounts to A(u’u’)gs/UC = 0.0061. Very close to the wall
at about Ar/8y < 0.1, the velocity fluctuations increase
due to random noise.

These findings are quantified in Table 2. It lists Coles
wake parameter IT for the corresponding test runs at
x/D = —0.15. The least-square fitting procedure finds
values close to zero, which most likely reflects the strong
negative (favorable) pressure gradient. Furthermore, the
table contains the second fitting parameter, namely the
shear stress velocity u*.

Obviously, the fitting required a preceding determi-
nation of the mean velocity profile. Inherent data like
the edge velocity U,, which is equivalent to the free-
stream velocity U., the boundary-layer thickness 6,
the displacement thickness 6*, and the momentum loss
thickness 8, have been extracted, and are presented in
the same table as ratio to the height 4. The last param-
eter in the table reflects the incoming axial turbulence
intensity (u'u’)%° /U from the VMK test environment in
the streamwise direction as it can also be extracted from
Fig. 4 outside of the boundary layer.

The high level of incoming velocity fluctuations rises
the question of its impact on the base flow. This will be
addressed in Sect. 3.2.4 where a comparison to the litera-
ture is given. First, though, the study focuses on the base
flow as evolving in the current environment.
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Fig.5 Contour plots with streamlines of the mean-flow field for
Ma = 0.48, 0.59, 0.69, 0.79, 0.9

3.2 Wake-flow and Mach number dependence

The wake flow and its dependence to the Mach number is
assessed in the following. In the frame of that, the flow field
is scaled by means of the reattachment length as first sug-
gested by Roshko and Lau (1965) with the objective to scru-
tinize the current configuration for flow similarity.

3.2.1 Mean velocity distribution
A contour plot of the dimensionless mean flow with the

corresponding streamlines is shown for all the investigated
Mach numbers in Fig. 5. The characteristic flow features of
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an axisymmetric backward-facing step flow like flow separa-
tion from the shoulder, reattachment on the dummy nozzle,
and the enclosed recirculation vortex between the base and
the dummy nozzle are clearly visible. Up to Mach 0.7, the
streamlines indicate that the flow reattaches on average on
the nozzle dummy. For Mach 0.8, the reattachment appears
ambiguous. It seems like the recirculation region in the base
of the main body and farther downstream in the wake of the
dummy nozzle are connected. The merging of the two wake
regions becomes more obvious for Mach 0.9. Along with
the reattachment location, the location of the vortex center
moves equally farther downstream for higher Mach numbers.
Furthermore, the wake-flow downstream of the dummy
nozzle is asymmetric possibly indicating a slight misalign-
ment or angle of attack of the wind tunnel model with respect
to the ambient flow. Efforts with respect to its adjustment
were undertaken, but this degree misalignment was finally
accepted due to the strong sensitivity. The asymmetry is more
pronounced for the lower Mach number range and straightens
out for the larger Mach number. A strong sensitivity to an
angle of attack has been noticed in the past in the low sub-
sonic regime in the investigation by Wolf (2013). There, it was
shown that a misalignment with an angle of attack as small
as 0.35° leaves a notable impact on the flow field symmetry.
Characteristic elements of the wake flow, specifically the
location of reattachment and center of the main vortex, are
listed in Table 3. These results agree well the findings by
L& (2005). For an upstream supported model with the same
geometrical proportions, L& (2005) found the following reat-
tachment lengths: L.,/D = 1.07, 1.09, 1.126, and 1.143 at
Mach 0.5, 0.6, 0.7, and 0.77, respectively. For a very long
cylindrical rear body and an ambient flow at Mach 0.8,
Deprés et al. (2004) report a relative reattachment length
of 1.3. Reattachment lengths of further axisymmetric back-
ward-facing step configurations are given in Table 4. A good

Table3 Location of vortex center, reattachment, and the ratio
between both

Run ID Mach Recirc. Reattach.  Ratio (x,./L,)
number region center length
(Mac) (/D 1ye/D) (L;/D)

V170 048 [0.51, 0.35] 1.06 0.48

V171  0.59 [0.61, 0.35] 1.11 0.545

V174 0.69 [0.64, 0.35] 1.17 0.55

vie4  0.79 [0.70, 0.35] 1.18 0.596

V165  0.90 [0.75,0.36] 1.36* 0.548

The vortex center and fictive reattachment length is denoted by the
subscript “vc” and the superscript “*”, respectively. The italic value
for the x,./L, denotes that it is built with the fictive reattachment
length L./D = 1.36

L, denotes the reattachment length and x,, denotes the axial position
of the vortex center

agreement is also found for the unperturbed case of Weiss
and Deck (2013) where a value of 1.14 is given for Mach
0.7. In general, the current reattachment lengths are well in
the range of the data presented in Table 4.

Furthermore, over the course of the paper at hand, an
attempt is made to scale the near-wake flow with the reat-
tachment length. Obviously, this is only feasible if the mean
reattachment location can actually be found on the solid wall
of the nozzle dummy. This is not the case for the Mach 0.9-
case. For this case, a fictive reattachment length is approxi-
mated based on the ratio between the axial position of the
vortex center and the reattachment length found for the pre-
vious cases. As baseline, the ratio of the Mach 0.6- and 0.7-
case is used, which appears to unambiguously reattach on
the solid dummy nozzle.

Now, the contour plot can be scaled with respect to the
reattachment length. Figure 6 shows normalized iso-contour
lines of the velocity scaled with the base diameter. This graph
depicts again the observation fro m above: The larger the
Mach number, the more elongated is the recirculation bubble
and the farther downstream are the center of the bubble and
the reattachment location. If the velocity field is now scaled
in the streamwise direction with the reattachment length as
given in Table 3, the iso-contour velocity lines nearly coincide
(Fig. 7). It appears like the current near-wake flow exhibits
self-similar characteristics in the range above the solid noz-
zle wall (r/D > 0.2) for a reattachment length-based scaling.

A discrepancy can be noted in the wake of the dummy
nozzle for which the current scaling approach does not
apply. This presumably poses a 'new’ situation with a blunt
axisymmetric body. For blunt axisymmetric bodies, Merz
et al. (1978) found similarity with respect to the centerline
velocity distributions for subsonic Mach numbers. However,
the second wake is out of the scope of the current work and
not pursued further here.

The hypothesis regarding the scaling with the reat-
tachment length is further scrutinized by comparing the
streamwise and counter-streamwise velocity profiles at
one position inside the recirculation bubble (Fig. 8) and
one position downstream from the reattachment (Fig. 9).
Another objective of the profiles is to provide quantitative
data for comparisons.

It shows that the profiles of the various Mach num-
ber concur with moderate deviations. For instance, if
the Mach 0.8-case is taken as reference, one finds the
largest difference to one of the other profiles for the
Mach 0.9-case for both locations. On average, it amounts
to |4u|/U- £0.024 and to |Av|/U. £0.01 between
0.25 < r/D < 0.75 for that case. Note that the lower radial
distance of about /D = 0.25 was chosen to accommodate
for the differences due to the reattachment process (solid/
fluidic). Moreover, it appears that the ’fictive’ reattach-
ment scaling as done for the overshooting Mach 0.9-case
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Table 4 Overview to commonalities and differences of comparable studies

Reference Scharnowski Scharnowski Schrijer van Gent Weiss Weiss and ~ Weiss and Curr. study  Curr. study 2
etal. (2015) etal. (2015) etal (2014) etal. (2017) andDeck  Deck (2013; Deck (2013; 1
(2013) P) U)
Mach num- 0.7 0.7 0.7 0.76 0.7 0.7 0.7 0.7 0.8
ber Ma
Reynolds 1.0 1.0 1.3 1.5 1.2 1.2 1.2 1.4 1.7
number
Repy x 1076
Method. Exp./PIV CFD/LES Exp./PIV Exp./PIV Exp/LDV  CFD/ZDES CFD/ZDES Exp./PIV Exp./PIV
approach
Environment Closed TS  Free-stream Closed TS Closed TS Open TS Open TS Free-stream  Open TS Open TS
Forebody Yes Yes Yes Yes No No No No No
Base geom.
L/D © ®© 2.54 2.54 1.2 1.2 1.2 1.2 1.2
d/D 0.4 04 0.33 0.33 0.4 04 04 0.4 0.4
Nozzle Sting Sting DN DN DN DN DN DN DN
simulation
Support Sting + strut None Strut Strut Upst. Upstr. Upstr. Upstr. Upstr.
method
Inflow turbu-
lence
<u'u'>0 n.a. est. low n.a est. low < 0.03 ~0 <0.015atr/ 0.030 0.028
Ve D=1
State of BL  Turb. Turb. Trip./turb. Trip./turb. Est. turb. Turb. Turb. Turb. Turb.
BL thick.
899/ D 0.120 0.100 0.042 0.06 n.a n.a na 0.086 0.067
Ratio BL to
step height
bog/h 0.39 0.33 0.13 0.18 n.a na na 0.29 0.23
Wake param.
n Est.~0.51 Est.~0.51 Est.~0.51 Est.~0.51 Est.~0 Est. ~ 0 Est.~0.51 Fit:~0 Fit: ~ 0
Reattach.
length
L./D 1.06 1.30 1.0 1.1 n.a 1.0 ~Pos.91.14 1.17 1.18
Max. turb
int.
(M) n.a. n.a. >0.22 >0.23 0.23 0.21 0.17 0.18 0.19
Ue  /max <0.24 < 0.24
Max. Rey.
shear stress
_ (ﬂ) > 0.03 > 0.03 > 0.026 n.a. 0.024 0.021 0.014 0.014 0.015
Ue/ max

TS test section; BL boundary layer; n.a. not applicable or not available; est. estimated based on interpretation or educated guess; fit fitted to law
of the wake; upstr. upstream; DN dummy nozzle; (U/P) un-/perturbed

is appropriate. In summary, there seem to be evidences
for the argument of a reattachment length-scaled, mean

self-similar base-flow topology. The question now is if

the same observations can be made for the fluctuations.
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3.2.2 Velocity fluctuation distribution

Axial turbulence intensity An overview to the fluctuation
distribution is given first before addressing the presumable
the reattachment length scaling of the flow field. The nor-
malized turbulence intensity in the streamwise direction is
given as contour plots in Fig. 10 for the investigated Mach
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Fig.9 Normalized mean velocity profiles in the streamwise and
radial directions for the location x/L, = 1.1

numbers. Two distinct areas with increased normalized
turbulence intensity can be observed, which merge farther
downstream. The first finger-like patch can be found in
the shear layer and the second extends upstream from the
main vortex center in the recirculation bubble. The merg-
ing location downstream from the recirculation center is in
the vicinity where the normalized turbulence intensity is
maximal. Higher Mach numbers exhibit larger normalized
turbulence intensity levels. For instance, the maximal mag-
nitude increases from about 0.14 to about 0.18 from Mach
0.5 t0 0.9, respectively. Furthermore, the radial extension of
increased turbulence covers a larger range in the radial direc-
tion for the two larger Mach numbers 0.8 and 0.9.

In the study by Scharnowski (2013), the distribution is
described as two plateaus with a distinct valley between
shear layer and the primary recirculation region. By ana-
lyzing of 350,000 vortices, Scharnowski (2013) concluded
that a decreased likelihood for the occurrence of vortices
in between the two regions is responsible for this valley.
In addition, the vortices were categorized by their swirl
strength into weak and strong swirls, which led to the find-
ing that clockwise rotating vortices with (relatively) weaker
swirl strength cause the second finger/the excited area in the
recirculation bubble.

Radial slices of the normalized turbulence intensity are
shown in Figs. 11 and 12 again to scrutinize the reattach-
ment length-scaling concept and to provide data for com-
parison. Inside the recirculation bubble (x/L, = 0.37), this
concept appears to apply: the turbulence intensity profiles
inside the recirculation region (r/D < 0.5) are similar within
the sampling uncertainty for all Mach number.

This only partially holds true for the location downstream
from the reattachment location. While the results still appear
to be comparable between Mach 0.5 and 0.6, a deviation
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Fig. 10 Contour plots of the normalized turbulence intensity field for
Ma =048, 0.59, 0.69, 0.79, and 0.9. The center of the main vortex
and the reattachment location are plotted as cross X and as triangle
WV, respectively

from that trend seems to become notable starting from Mach
0.7, which seems to be manifested further for and above
Mach 0.8. This appears to correlate with the observation for
reattachment process of the shear layer (see Fig. 5): Below
Mach 0.6, the shear layer very likely impinges exclusively
or predominantly on the solid nozzle wall. A hybrid state
is evidenced for Mach 0.7 and 0.8 where the shear layer
impinges intermittently on the solid nozzle wall and on the
flow farther downstream. Remember that, for both of these
Mach numbers, the mean reattachment location is found to
be close to the edge (Table 3). Finally, for Mach 0.9, the
shear layer appears to overshoot the dummy nozzle and a
mutual interaction between the separated shear layers can
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Fig. 11 Normalized turbulence intensity profiles for the location
x/L. =0.37
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Fig. 12 Normalized turbulence intensity profiles for the location
x/L. = 1.1

take place, which is usually classified as fluidic reattach-
ment (Deprés et al. 2004). These differences regarding the
shear layer reattachment process might explain for deviating
profiles farther downstream.

Reynolds shear stress The normalized Reynolds shear
stress distribution is captured in Fig. 13. It resembles
strongly the previously described turbulence intensity dis-
tribution with respect to regions of excitation. The finger-
like patterns presumably describing the areas of increased
turbulence are similarly found in the shear layer and inside
the recirculation bubble, and again, the magnitude of the
Reynolds shear stress increases with increasing Mach num-
ber. For Mach 0.5, the maximum is in the range of about
0.7% and increases to about 1.6% for Mach 0.9.
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Fig. 13 Contour plots of the normalized Reynolds shear stress field
for Ma = 0.48, 0.59, 0.69, 0.79, 0.9. The center of the main vortex
and the reattachment location are plotted as cross X and as triangle
YV, respectively

The distribution here indicates comparable self-similar
traits as indicated by the turbulence intensity distribution.
To provide a visual impression for that, an iso-contourline
distribution is provided in the following as done for the mean
velocity (see Fig. 7). For comparison, the distribution is given
as base diameter and reattachment length-based scaling in
Figs. 14 and 15, respectively. Due to higher level of noise,
the results are more ambiguous in comparison to the mean-
flow distribution. Nevertheless, the iso-lines reflecting the
dynamics in the recirculation region seem to feature a compa-
rable trend (see ellipse). In the second (nozzle dummy) wake
though, at about x/L, > 0.9, the iso-contour lines capture the
dynamics of the second and independent wake.
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Fig. 14 Iso-contour plot lines of the normalized Reynolds shear stress
field scaled with the base diameter D
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Fig. 15 Iso-contour plot lines of the normalized Reynolds shear stress
field scaled with the reattachment length L,
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Fig. 16 Normalized Reynolds shear stress profiles for the location
x/L. =0.37

Correspondingly, the shear stress profiles shown in
Figs. 16 and 17 appear to exhibit the similar elements. Inside
the recirculation bubble (x/L. = 0.37), the profiles indicate
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Fig. 177 Normalized Reynolds shear stress profiles for the location
x/L.=1.1

self-similar traits. All Mach numbers exhibit a very compa-
rable trend, e.g., with respect to the magnitude and location
of the extrema. This characteristic appears to dissolve farther
downstream. Above, it was suggested that this is due to the
nature of shear-layer reattachment, meaning solid, hybrid,
or fluidic.

3.2.3 Comment to reattachment length scaling

The question regarding similarity effects in the near-wake
flow was elaborated in the introduction above. In short,
similarity was found by the other researchers before for the
near-wake flow in a wide-flow range if a scaling with the
reattachment length (Roshko and Lau 1965; Mabey 1972) is
applied. For instance, the pressure-rise curve downstream of
a backward-facing step exhibits a self-similar trend as long
as the boundary layer is thin (Adams and Johnston 1988).
Furthermore, similarity or Reynolds independence of the
velocity and Reynolds stress field was found before in the
previous wake-flow studies (Merz et al. 1978; Nadge and
Govardhan 2014).

The current results seem to be in line with these observa-
tions. The incoming boundary-layer thickness can be con-
sidered as thin (6¢9/h < 0.4, Table 2), and thus, the inflow
conditions comply with the restriction for similarity (Adams
and Johnston 1988). The results, to be more specific the
mean and turbulent flow quantities, indicate such self-similar
characteristics with respect to the flow distribution as found
in the literature. This seems to apply over the Reynolds and
Mach number range under investigation. Thus, viscosity or
compressibility effects might play a small role for the cases
at hand.
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Fig. 18 Streamwise mean-flow velocity profiles in the wake for Mach
0.7

3.2.4 Detailed comparisons with literature

Section 3.1 raised the question of what is the impact of the
relatively high incoming turbulence level imposed by the
ambient flow of VMK. To approach that question, com-
parisons to the literature are drawn. Weiss and Deck (2013)
investigated a configuration very similar to the current one
for an ambient flow at Mach 0.7. In principle, all aspects of
the flow are similar except for the incoming turbulence. In
this (mostly) numerical study, it is in the range of 0.5%, and
thus, very small in comparison to the current experiment.
Consequently, the effect on the turbulent quantities in the
wake flow can be assessed. This is done by comparing radial
slices of the mean and turbulent fluctuations for one exem-
plary axial position in the recirculation bubble (x/D = 0.43,
x/L, = 0.369).

As introduced, the experimental data are based on Laser
Doppler Velocimetry (LDV) measurements by Girard et al.
(2009). The corresponding numerical simulations by means
of Zonal Detached Eddy Simulation (ZDES) consider two
different conditions: a perturbed (P) and unperturbed (U)
case. The perturbed case describes the situation as given in
the wind-tunnel environment with a wind-tunnel nozzle and
the unperturbed case reflects flight-like conditions. In other
words, the impact of the test environment on the measure-
ment results is assessed for an upstream supported wind-
tunnel model in an open test section.

Figures 18, 19 and 20 depict the mean velocity, the tur-
bulent intensity, and the Reynolds shear stress. Due to the
spatial resolution of the thin shear layer (at r/D ~ 0.46),
the Reynolds shear stress at that axial location is certainly
insufficiently resolved (remember that the comparison of the
wake is the objective here; spatially higher resolved data
were acquired by means of the FOV2). However, despite
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Fig. 19 Axial turbulence intensity profiles in the wake for Mach 0.7
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Fig.20 Streamwise Reynolds shear stress profiles in the wake for
Mach 0.7

the differences between current experiment and reference
simulation regarding the upstream turbulence, all the other
quantities actually agree very well with the unperturbed case
(U) by Weiss and Deck (2013). In detail, the mean differ-
ence between the current results to the unperturbed results
by Weiss and Deck (2013) amounts to |4u/Ug| = 0.046,
| Aty /Uc| = 0.011, and |A('v')/UZ| = 0.002 between
0.2 < r/D < 0.5. The statement regarding the good agree-
ment can be made for the exemplary slices at hand, but also
for further slices, which have been used for the in-house
validation of the current data set. Two conclusions might
be drawn from that, which are presented in the following:
the first regarding the influence of the incoming turbulence
and the second regarding the perturbation introduced by the
wind-tunnel facility.

VMK provides under the present conditions an inflow
with a relatively high level of inflow turbulence between

3.5% and 2.4% for Mach 0.5 and 0.9 (Table 2), respectively.
Nevertheless, the comparison shows a good agreement. It
appears that the turbulent processes in the shear layer and
wake might not be significantly influenced by the incoming
turbulence level and/or indicates to have only a minor influ-
ence on the dynamics of the wake flow. A possible explana-
tion might be that the time and length scales of the incoming
turbulence and the wake-flow turbulence differ notably, and
thus, could be independent from each other.

Weiss and Deck (2013) found crucial differences due
to the influence of the test section (P). The difference
was attributed to the observation that a strong interaction
between the inner and outer mixing layer takes place. The
inner mixing layer here denotes the shear layer from the
model, while the outer is given by the shear layer evolving
from the trailing edge of the wind tunnel nozzle. The idea
is that pressure waves emanate from the pairing process of
the two shear layers, which cause a dampening of the spec-
tral content. For the current study, nothing can be stated
about the spectral content as the measurements have a low
acquisition frequency. However, the footprint of the inter-
acting shear layers has been noticed in the corresponding
study (Weiss and Deck 2013) in the Reynolds stress results
(Figs. 19, 20). The current results tend to be closer to the
unperturbed case. This obviously does not exclude an influ-
ence of VMK, but its impact seems to be lesser. One reason
might be that the diameter ratio between wind tunnel nozzle
and model is 2.86 in Weiss and Deck (2013), while the cur-
rent setup features a ratio of 5.1. In terms of the area ratio, it
is 8.2 (Weiss and Deck 2013) vs. 26.0 (VMK config.).

Above, a good agreement (Figs. 18, 19, 20) was found
with the unperturbed or free-flight results by Weiss and Deck
(2013). An overview to results extracted from further read-
ings are listed in Table 4. In general, all of those studies
investigate an axisymmetric backward-facing step configu-
ration of an Ariane 5-like geometry in the transonic flow
regime without jet. Differences exist regarding the methodo-
logical approach, meaning CFD or experiment, geometrical
variations, the model support method, etc. The conditions
in Weiss and Deck (2013), however, resemble most closely
the conditions at hand; most notably with respect to the base
geometry and the upstream support.

Despite the similarities regarding the setup, the overview
reveals a wide range of results regarding the maximum mag-
nitude of turbulent quantities. The Reynolds shear stress
for instance does not feature a significant difference to the
unperturbed (U)/free-flight numerical results by Weiss and
Deck (2013). However, a factor of about 1.5 can be found for
the experimental and for the perturbed numerical results by
the same study, which corresponds to the findings by Schri-
jer et al. (2014). A factor of 2 or larger is found in Schar-
nowski et al. (2015) for both CFD and experiments. The
same proportions can be found for the turbulent intensity if
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the power of the signal, meaning the squared magnitude, is
considered.

Sub-grid filtering of small velocity quantities does not
seem to responsible for the deviation. Scharnowski (2013)
determines the Reynolds stresses by means of ensemble- and
window-correlation-based evaluation schemes. The spatially
higher resolved ensemble correlation features larger Reyn-
olds stress level, but the deviation is of order of 5% maxi-
mally. Note that the spatial resolution of the current setup
(FOV1) is slightly higher than the one used by Scharnowski
(2013) for the window-correlation-based scheme.

Table 4 lists further potential influences for the deviation.
Above, the impact of the inflow turbulence was hypothe-
sized as negligible. That essentially leaves us with the con-
ditions of the incoming boundary layer and the conditions
imposed by the test environment. The incoming boundary
layer mainly determines the evolution of the shear layer and
its nature of impingement, meaning fluidic or on a solid
wall. van Gent et al. (2017) investigated these differences
by varying the nozzle length. In fact, it was found that a
reattachment on a solid wall leads to a smaller level of tur-
bulent quantities. In terms of the turbulent kinetic energy,
the deviation can amount to a factor of about 1.3.

Regarding the test environment: as discussed above,
Weiss and Deck (2013) investigated, by means of CFD,
the influence of the ’open test section’ wind tunnel for an
upstream supported wind-tunnel model and compared the
results to a free-stream configuration. It was shown that
perturbations arise from interaction of the shear layer from
the wind-tunnel nozzle and the wind tunnel model. Thus,
the impact of the test conditions on the results was quanti-
fied and the sources for perturbations identified. The cur-
rent results appear to be consistent with these observations.
Furthermore, an influence is also expected from the other
support systems. An overview to examples in the litera-
ture is given in Table4. It is very unlikely that a strut in the
vicinity of the base does not have an influence on the wake
flow. Upstream traveling waves must also be induced for a
sting—strut combination. Furthermore, a configuration fea-
turing a sting is not equivalent to a configuration with a
finite dummy nozzle. In summary, for both complementary
“support system’ cases, the influence of the support system
and test environment remains unclear/unspecified, meaning
that the study by Weiss and Deck (2013) contributes sub-
stantially to the assessment of perturbations for the upstream
supported case.

3.3 Shear-layer evolution
The incoming boundary layer experiences a flow separation
at the shoulder of the base. This is the starting point for the

development of the mixing layer with turbulent structures
that grow in size and intensity in the streamwise direction.
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Since the dynamics of the shear layer significantly influences
the wake dynamics the evolution of which is often cited in
the literature. For this reason and to support the reattachment
scaling approach, the shear-layer evolution is shown next.
Typically, the evolution is characterized by means of the
vorticity thickness ¢, as given in Eq. 5. Comparisons with
the literature are drawn in Sect. 3.3.2.

3.3.1 Vorticity thickness

The vorticity-thickness evolution for a shear layer with reat-
tachment on a solid wall can usually be divided into three
segments: the first segment is described by an initial expo-
nential growth in the region where the shear layer develops
up to about x/L, ~ 0.3 (Deck and Thorigny 2007; Simon
et al. 2007). In succession, a second segment with linear
spreading rate is to be expected that reaches a plateau (third
segment) at about x/L, ~ 0.6-0.7 if approaching obstruct-
ing elements such as a solid wall or a jet. In some studies,
the initial exponential growth region is more pronounced
(Deck and Thorigny 2007; Simon et al. 2007) than in others
where they are barely notable (Statnikov 2016; Statnikov
et al. 2016; Brown and Roshko 1974).

Figure 21 shows the vorticity-thickness evolution in the
streamwise direction for the investigated Mach numbers and
for both field of views. Note that the determination of the
vorticity thickness is restricted to a range above the surface
of the dummy nozzle (r/D > 0.2). The results appear to
support the reattachment length scaling concept, since the
trends closely align for all Mach numbers. Close to the sepa-
ration at about x/L, ~ 0, the measurement results for FOV2
are favored due to the higher spatial resolution. There, as in
the previous citations (Statnikov 2016; Statnikov et al. 2016;
Brown and Roshko 1974), the vorticity-thickness evolution
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Ma=0.48 (V170), FOV1 Ma=0.61 (V114), FOV2
141+ Ma=0.59 (V171), FOV1 Ma=0.71 (V116), FOV2||
Ma=0.69 (V174), FOV1 Ma=0.81 (V117), FOV2
121 + Ma=0.79 (V164), FOV1| | - Ma=0.91(V119), FOV2
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N ol
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3 A
® el ds Jdx ~ 0.2 j;,;ﬁ;’évf |
7| FOV2 + — FOV1 e
0.4} > .
0.2f P 1
0 L ‘ ‘ ‘ ‘
0 02 0.4 0.6 0.8 1 1.2

xIL, ]

Fig.21 Streamwise vorticity thickness evolution for the investigated
Mach numbers
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does not show a notable exponential growth; it appears lin-
ear instead.

Keep in mind though that the shear layer closest to the
base (x/L, = 0.05) is only resolved with five independent
grid points (FOV2). Thus, due to the relatively strong veloc-
ity gradient changes over the shear layer, the determination
of the maximum velocity gradient du/dy as part of the equa-
tion for the vorticity thickness (Eq. 5) might suffer of sub-
grid filtering effects. This explains the offset of the vorticity
thickness between FOV2 and FOV1. At x/L, = 0.2, FOV2
resolves the shear layer with about 15 independent grid
points, while only five independent grid points are available
for FOV1. As a result, the velocity gradient is underesti-
mated, and is, consequently, incorporated as part the error
bar bounds for the Mach 0.8-case (V164) as background
shading.

A linear trend is notable farther downstream (at
x/L, > 0.3) where the spreading rate 6,/ is calculated to
be in the range of 0.2, which is comparable with Schrijer
et al. (2014) (see Sect. 3.3.2). A decrease of the vorticity-
thickness growth appears to occur at x/L. > 0.6, but the
curve is far from developing a plateau. Instead, the current
vorticity-thickness evolution features an amplified growth
for x/L. > 0.9. This might be associated with to the finite
length of the dummy nozzle: Downstream from the dummy
nozzle end, the shear layer appears to have space to keep on
growing in both directions, inwards and outwards.

3.3.2 Detailed comparisons with literature

The shear-layer evolution of the current results (Mach 0.7
and 0.8) is related in Fig. 22 to the findings in the literature
(Statnikov 2016; Schrijer et al. 2014; Deck and Thorigny
2007). Close to the separation, the results show a good
agreement with Deck and Thorigny (2007). A deviation
can be noted in the area where the shear-layer growth is
not influenced by the effects of the reattachment process.
Deck and Thorigny (2007) report a growth rate of 0.38 for
an axisymmetric configuration. Statnikov (2016) finds 0.27
for the axisymmetric backward-facing step configuration
with sting. The spreading rate at hand is comparable to the
results by Schrijer et al. (2014), which is the most similar
configuration in terms of the base geometry: both feature a
dummy nozzle. The overall vorticity-thickness evolution is
also similar if the error bars are taken into account. Never-
theless, it is at a different level, which might be a result of
different incoming boundary-layer thicknesses. Above, the
absence of a plateau as shown in the numerical literature
results was associated with the spatial limitation of the flow
obstructing element. Note that Brown and Roshko (1974)
revealed a spreading rate of 0.181 for generic splitter plate
experiments with uniform density and zero velocity on the
low speed side. In summary, a large range of spreading rates

1.4

T
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Fig.22 Streamwise vorticity-thickness evolution in comparison with
results from the literature. Abbreviations/explanations: zDES zonal
detached eddy simulation; zZRANS zonal Reynolds Averaged Navier—
Stokes simulation; LES large eddy simulation; BF'S backward-facing
step; ax./planar axisymmetric/planar configuration

are found in the literature. The difference might be explica-
ble with the nature of reattachment: solid/obstructed by the
jet, hybrid, or free. The spreading rate at hand resembles
most closely the findings by Schrijer et al. (2014).

4 Conclusion and outlook

A generic space launcher was investigated experimentally
in the vertical test section Cologne by means of PIV for
subsonic Mach numbers ranging from about 0.5 to 0.9 for
Reynolds numbers between 0.8 x 10° and 1.7 x 10°. The
investigations focused on the question if a reattachment
length-based scaling reveals the self-similar base-flow fea-
tures. This was assessed by analyzing the mean and the tur-
bulent flow fields. Furthermore, data to the incoming bound-
ary layer and to evolving shear layer were provided. All data
sets have been compared to the literature.

It was found that the results for the boundary layer, shear
layer, and wake flow agree well with findings described in
the literature (Klebanoff 1955; Schrijer et al. 2014; Weiss
and Deck 2013). Deviations to the other sources (Schrijer
et al. 2014; Scharnowski et al. 2015) regarding the turbu-
lent velocity distribution might be explained by the nature
of the shear-layer reattachment, meaning solid, hybrid, or
fluidic (van Gent et al. 2017). Furthermore, upstream effects
induced by pairing of shear layers or the interaction with
the support system might contribute to the differences, but
are speculative without further information. Again, focus-
ing on the research question, evidences for the validity of
such a reattachment length-based scaling seem to be present.
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Overall, the mean-flow velocity distribution and the vorticity
thickness appear comparable for all Mach numbers for this
scaling approach and the same is indicated for the turbulent
velocity quantities upstream from the reattachment location.
In the vicinity of the dummy nozzle exit, differences are
notable which might be explained by the abrupt geometry
change. Finally, the results and the comparisons indicate
that the influence of the incoming turbulence on the wake
dynamics appears to be small. This observation is relevant
for further base-flow interaction experiments in the vertical
test section Cologne (VMK).

Next, the experiments with an overexpanded, cold super-
sonic exhaust jet will be analyzed. Complementary, the pres-
sure signal of the current experiments will be evaluated with
respect to its spectral content and the PIV data will be ana-
lyzed by means of proper orthogonal decomposition (POD).
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