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Abstract

Large-scale coherent structures in turbulent boundary layers (TBLs) have been of great interest in recent
years. These meandering high- and low-momentum superstructures can extend up to several boundary layer
thicknesses and contain a relatively large potion of the layer’s turbulent kinetic energy. The characterization
of these structures is important for understanding the overall dynamics of turbulent boundary layers and
for the development of flow control strategies or near-wall flow modifications. However, compared to the
extensive number of incompressible investigations much less is known about the structural characteristics
for compressible turbulent boundary layer flows. Therefore, in this investigation turbulent boundary layers
developing on a flat plate over a range of Reynolds numbers and Mach numbers are considered in order
to investigate the effect of compressibility on coherent structures. More specifically, measurements are
performed on a flat plate model in the Trisonic Wind Tunnel Munich (TWM) for 0.3 < Ma < 3.0 and a
friction Reynolds number of 2700 < Re; < 14 800 or 19 800 < Res, = p.u.0/uy < 40 800. Velocity fields
are recorded using planar particle image velocimetry methods (PIV and stereo-PIV) in three perpendicular
planes, i.e. streamwise-wall-normal (xz), spanwise-wall-normal (yz), and wall-parallel (xy). Using multi-
point statistical methods it was found that the streamwise spatial extent of coherent structures in the log-law
layer slightly increases with increasing Mach number. Furthermore, a distinct increase in the spanwise
spacing of these structures was found for the supersonic cases when compared to the subsonic and transonic
turbulent boundary layers.

1 Introduction

The coherent structures present various wall boundary flows including zero pressure gradient (ZPG) tur-
bulent boundary layers has been studied extensively in the past decades and many statistical and structural
properties of the flow are well known, as documented in the extensive review by Wallace (2012). High-
and low-momentum large-scale coherent motions residing in the log-law layer called superstructures have
been of particular focus in the last two decades, |Adrian et al.| (2000); |Ganapathisubramani et al.| (2005));
Hutchins and Marusic| (2007); [Monty et al.| (2009); Buchmann et al.| (2016)). A fascinating property of the
superstructures is their streamwise length which is on average about 68 — 88. However, instantaneously they
can extend up to 108 — 200 in the streamwise direction, making their characterization in both experiments
and simulations challenging due to the large field of view required. These structures also strongly mean-
der in the spanwise direction (Hutchins et al., 2011) and it has been shown that they can carry a relatively
large a portion of the layer’s turbulent kinetic energy, especially at large Reynolds numbers. In effect, these
large-scale structures are the main contribution to the formation of the plateau/peak in the streamwise veloc-
ity fluctuations in the log-law layer, which appears at high Reynolds numbers (Fernholz and Finley, |1996;
Monty et al.,|2009; Samie et al.,[2018]). Therefore, the investigation of these superstructures is important for
understanding the overall dynamics of turbulent boundary layers. However, compressibility effects on the
coherent structures is by far less studied, mostly due to the many technical challenges these types of flow
present.

One of the first direct comparisons of compressible and incompressible turbulent boundary layers was
done by Smits et al. (1989) using the correlated signals from a traversed hotwire for M = 0.1 and 2.9.
They concluded that the spanwise spacing of correlated streamwise features remains unchanged for the



subsonic and supersonic cases, but the streamwise length of the correlated mass flux fluctuations (pu)’
regions were twice as big for the subsonic case when compared to the supersonic case. Furthermore, a
survey done by [Smits and Dussauge| (2006) of available supersonic measurements, mostly using hot-wire
probes, concluded that for increasing Mach number and Reynolds number the streamwise length scales
decrease significantly while the spanwise scales remain unaffected by both Reynolds number and Mach
number.

In addition to point-wise probe measurements such at hot-wire anemometry, particle image velocimetry
(PIV) has been used as a tool both visualize and analyze the structural properties of supersonic boundary
layers. In the work of (Ganapathisubramani et al.| (2006), elongated streamwise coherent structures in a
turbulent boundary layer at Mach 2 at Reg = 35 000 (Re; = 5600) were visualized by using planar PIV in
streamwise-spanwise planes (wall parallel), where an underlying similarity to incompressible superstruc-
tures was observed. However, two-point correlations of velocity fluctuations revealed that the streamwise
lengths scales for a Mach 2 turbulent boundary layer were as much as 4 times larger than an incompressible
case while the spanwise spacing remains similar to the incompressible case. The increase in streamwise
length scales with Mach number is in contrast to the survey of hot-wire measurements provided in |Smits
and Dussauge| (2006), however they attribute this to a Reynolds number effect or the difference between
(pu)" and u’ correlations. Furthermore, direct numerical simulations of a Ma = 2 turbulent boundary layer at
Re; = 1120 or Res, = 3900 show that the streamwise velocity length scales do not change when compared
to the incompressible case, while the spanwise wavelengths are slightly larger for the computed supersonic
flow when compared to experimental incompressible data, |Pirozzoli and Bernardini| (2011).

Large-scale coherent motions were also identified in a Mach 3 turbulent boundary layer in a direct
numerical simulation up to Reg < 2600 by Ringuette et al.| (2008)). The alternating high and low-speed
structures were identified in the log-law layer with a average spanwise width of 0.43 based on (pu)’ and u’
correlations. They also looked at the extent of low-speed structures at a wall-normal location of z/8 = 0.2 by
extending simulated time domain to spacial distance with Taylor’s Frozen turbulence hypothesis and found
in contours of instantaneous u-velocity, low-speed structures up to 1008 in length. These results were then
compared to the incompressible turbulent boundary layer hot-wire measurements of |Hutchins and Marusic
(2007) and found the the superstructures for both incompressible and compressible were similar, despite
the order of magnitude difference in Reynolds number. While the extent of instantaneous structures could
not be truly compared because of the effective spatial domain of the hot-wire measurements was around
209, Ringuette et al.|(2008)) state that the spanwise spaing of the structures for both cases is about 0.59. In
comparison, Elsinga et al.| (2010) used tomographic-PIV to investigate structures in a turbulent boundary
layer at Mach 2 and much larger Reynolds number than in Ringuette et al.| (2008), Reg = 34 000. They
identified three-dimensional packages of elongated structures in the log-layer where the typical width of
low-speed regions varied between 0.258 and 0.4 and spanwise spacing between 0.5 to 19.

As the past experiments performed in different facilities do not lead to consistent results. The motiva-
tion for the current study is to investigate experimentally the structural topology of large scale structures
at subsonic, transonic, and supersonic Mach numbers in the same test facility by means of state-of-art PIV
techniques. The analysis consider the characteristic streamwise and spanwise scales of superstructures in
the log-law layer over a Mach number range 0.3 < Ma < 3.0.

2 Experimental Facility

The Trisonic Wind Tunnel Munich (TWM) is a blow-down type wind tunnel with a 300 mm x 675 mm
(width x height) test section. A two-throat system consisting of an adjustable Laval nozzle and an ad-
justable diffuser allows for a stable operating Mach number range from 0.2 to 3.0. The stagnation pressure
is controlled by a pressure regulation valve and is adjustable between py = 1.2bar and 5.0bar. This allows
to set the Reynolds number independently of the Mach number. The corresponding Reynolds number range
is (4—78) x 10°m~!. The stagnation pressure py and temperature Ty are recorded by two sensors in the
settling chamber. The facility has two holding tanks that can be pressurized up to 20 bar above ambient
pressure, with each tank holding a volume of 178 m? of air. This amount of air is sufficient for run times
in the order of 100 seconds for the cases discussed below. The wind tunnel’s test section is enclosed by a
plenum chamber and also has the ability to apply boundary layer suction at both the vertical and the hori-
zontal walls independently. A more detailed description of the freestream velocity and pressure fluctuations
in the TWM can be found in Scharnowski et al.| (2018)).



Table 1: Flow field properties.

Ma, 03 0.8 2.0 3.0
Do [bar] 1.5 15 2.2 4.5
to [K] 288 288 287 288
t, [K] 282 255 160 103
Pe [kg/m?] 1.74 1.34 0.614 0415

U, [Ns/m?]x107> 1.76 1.63 1.09 0.71
v, [N?/s]x107>  1.02 121 177 175

Ue [m/s] 101 256 506 610
tw [K] 289 288 283 283
Pw [kg/m?] 1.70 1.19 0.346 0.150

ty  [Ns/m?]1x107 179 179 177 1.77
Ve  [N%s]x1075  1.06 150 5.01 11.7

e Dynamic Pressure Ports
e Static Pressure Ports

Figure 1: Flat plate boundary layer model used in Trisonic Wind Tunnel Munich (TWM). Planar PIV mea-
surement planes location and orientation are indicated and labeled. Flow direction coordinates (x,y,z) cor-
respond to streamwise, spanwise and wall-normal directions respectively.

A flat plate boundary layer model was mounted in the test section of the TWM for this investigation.
A sketch of the model and coordinate system is shown in figure [I The overall length of the model in
the streamwise direction is 1.70 m, resulting in a turbulent boundary layer thickness of 13 — 20 mm at the
measurement location, 1.26 m downstream of the leading-edge. Furthermore, a resistance based temperature
sensor was installed just under the top surface, via a milled out cavity on the bottom side, in order to estimate
the wall temperature Ty,.

The freestream fluid properties in the settling chamber and the test section are outlined in table[I] The
fluid properties in the freestream are calculated using the isentropic expansion equations and are denoted
with the subscript e, e.g. the edge temperature 7,. Since the temperature of wall is known and the static
pressure at the edge is the same at the wall (p, = pw), pw can be calculated from the ideal gas law. The
viscosity at the wall and the edge is estimated from the Sutherland Modell (Smits and Dussauge, 2006]).

3 Mean Velocity Field

The mean streamwise velocity profile shown in figure 2(a)| was calculated by transforming the u velocity
component with the van-Driest transformation (Van Driest, [1951)), see equations @) and @) This transfor-
mation takes into account the temperature at the wall and the edge. For sub-hypersonic Mach numbers the
transformation is sufficiently valid (Smits and Dussauge, 2006). Then the transformed velocity is fit to the
standard logarithmic “Law-of the Wall” plus the Coles correction factor, see equation (3). The mean flow
parameters are outlined in table 2} What is important to note is the Reynolds number, namely the classical
incompressible wall-turbulent Reynolds number Re; becomes small for Ma = 2.0 and 3.0 despite having
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Figure 2: (a) Inner scaled Van-Driest transformed u;, mean velocity profile for 0.3 < Ma < 3.0. (b) Mean
density p normalized with fluid density at the wall py, profile in the wall normal (z) direction.

Table 2: Boundary layer parameters.

Ma, 0.3 0.8 2.0 3.0
do9 [mm] 245 26.9 14.0 14.1
I1 [-] 0.28 0.19 0.47 0.55
u [m/s] 341 8.42 18.3 23.8
Re [-] 7785 14888 4807 2790

Reg [-] 19679 43684 41564 60297

Res, [-] 19886 40803 26275 24916

large u;. This is because the kinematic viscosity at the wall is large and therefore a more useful Reynolds
number to compare incompressible and compressible is Res, = p,u,0/u,. The edge flow properties are cal-
culated by assuming an isentropic expansion by the Laval nozzle. Since the static pressure at the edge is the
same at the wall according to boundary layer theory and the wall temperature 7,, is measured, the density at
the wall can be calculated from the ideal gas law. The kinematic viscosity at the wall can then be calculated
via the Sutherland-Modell (Smits and Dussauge, [2006).
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4 Structural Analysis

To give an overview of the turbulent boundary layer characteristics the streamwise development of the turbu-
lent boundary layer in the streamwise-wall-normal (xz-plane) is considered in this section, see figures [3(a)]
and for an exemplary instantaneous velocity field at Ma = 0.3 and Ma = 2.0. The long streamwise
extent of the measurement plane is achieved by stitching together two overlapping fields of view from a
side-by-side camera arrangement.



u/Us
1
0.9
0.8
0.7
0.6
0.5

o 1 2 3 4 5 6 7 8 9 10 11 12 13
1‘/599

Figure 3: Instantaneous velocity field u/Uy in the xz-plane where Uy = 0.99U., at (a) Ma = 0.3 and py = 1.5
and (b) Ma =2.0 and pg =2.2.

To confirm this, the spatial spectral density was calculated for Ma = 0.3 and 2.0 and is plotted in fig-
ures [A(a)] and A(a)] In these plots the highest value contour level of the normalized pre-multiplied velocity
spectra, (Pp/pw)ky P/ u%, appears at a streamwise wave length of A, /899 /= 2.5 and 3.5 for Mach 0.3 and 2.0
respectively. While measurements closer to the wall were not possible in these experiments, this peak in the
spatial spectral plots is related to the secondary peak (Fernholz and Finley, [1996; Monty et al., [2009; [Samie
in the streamwise velocity fluctuations. Since this peak is associated with the meandering su-
perstructures in the log-law layer, it can be concluded that the superstructures are slightly more energetic for
Ma = 2.0 as compared to 0.3 in the measurements presented herein even though the friction based Reynolds
number is larger for Ma = 0.3 (Re; = 7785) than Ma = 2.0 (Re; = 4807), demonstrating that Re; is not a
good reference value for comparing compressible and incompressible boundary layers.
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Figure 4: Streamwise (1) pre-multiplied spectral density map, where wall distance z and streamwise energy
wave length A, are both scaled with 899 for (a) Ma = 0.3 and (b) Ma = 2.0 cases. Solid white contour lines

correspond to contour levels (p/p, )k ®,,/u2 = 1.1, 1.2 and 1.3.

In order to visualize and analyze the organization of coherent flow structure in the spanwise direction
at different wall normal heights, a stereo PIV measurement was performed in a cross-stream plane for all
Mach numbers. The characteristic spatial distribution of coherent features in the spanwise direction via
multi-point statistics and spatial spectral calculations are presented in the following.



To compare the spanwise spacing of coherent structures as a function of Mach number, slices of the
correlation R,,, and R,,, at /8¢9 = 0.2 for Ma = 0.3, 0.8, 2.0, and 3.0 are plotted in figures and
In this figure, the spanwise (y-direction) shift is represented as &, where &, =y, + Ay and yj is the center
of the field of view in the spanwise direction. For all Mach numbers, there is a central positive correlation
peak flanked on either side by a smaller negative correlation. However, the spacing between the negative
correlation peaks is distinctly different for Ma = 0.3 and 0.8 when compared to the supersonic cases at Ma
= 2.0 and 3.0. For the subsonic cases the spacing between the negative correlations is 0.8899 compared to
the a spacing closer to 1.28¢y for the supersonic cases.
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Figure 5: Spanwise distribution of (a) R,, and (b) R,,, for Ma = 0.3, 0.8, 2.0, and 3.0 at z/899 = 0.2. On the
horizontal axis &, = yo + Ay where y, is the center of the field of view in the spanwise direction.

This finding is confirmed at different wall normal distances in the spectrogram plot shown in figures [6(a)|
and In this plot the spectra of the streamwise velocity pre-multiplied with the spanwise wave number
as a function of spanwise wave lengths and wall normal distance for Ma = 0.3 and Ma = 2.0 are shown. Ac-
cording to these plots the most energetic spanwise wavelengths for the subsonic case are less than A, /399 and
generally remain below that value for increasing wall normal distance. Contrary to this, the most energetic
wavelengths in the log-law region of the supersonic case are slightly above A, /999, which is consistent with
the findings in figure[S(a)] This demonstrates, that the effect of Mach number is to increase the spanwise
spacing of the coherent structures.
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Figure 6: Pre-multiplied spanwise spectral density for (a) Ma = 0.3 and (b) Ma = 2.0 cases.

To confirm that long high- and low-momentum meandering superstructures exist in the log-law region
over the range of Mach numbers investigated, PIV measurements in a wall-parallel plane (xy) were per-
formed. An exemplary instantaneous field in this plane is provided in figure [7(a)] for Ma = 3.0. What is



immediately evident in these figures is the meandering streaky structures, confirming the existence of su-
perstructures in supersonic flows. Clearly, the large scale structures or superstructures are present in have a
streamwise extent of several 899 and a spanwise spacing of around 13.
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Figure 7: (a) Instantaneous streamwise velocity fluctuation fields in the xy plane for Ma = 3.0. Measurement
plane location at z/899 = 0.2. (b) Pre-multiplied spanwise direction spectral density slices for 0.3 < Ma <
3.0.

To further investigate the spacing in the spanwise direction and confirm the result from the previous
figures where it was demonstrated that the spanwise spacing of structures was larger for the supersonic
case in comparison to the subsonic case, the spectral density of the streamwise velocity fluctuations in the
spanwise direction was calculated and plotted in In this plot the location of the peak in the energy
spectra is location just below A, /899 = 1 for both subsonic cases and slightly larger than A,/d99 = 1 for
the supersonic cases. While the location of the wall-parallel measurement plane was at slightly different
z/ 899 for the subsonic and supersonic cases due to the changing boundary layer thickness, the finding that
the structure spacing is larger for supersonic as compared to subsonic is consistent with the finding in the
previous section.

5 Concluding Remarks

In this work, turbulent boundary layers developing on a flat plate over a range of 0.3 < Ma < 3.0. are
measured with planar 2D and stereo-PIV. It is important to note that the comparison of subsonic, transonic,
and supersonic turbulent boundary layers is done in the same wind tunnel facility, were the flow quality is
well documented for the range of Mach numbers considered, |Scharnowski et al.| (2018).

It was demonstrated in this work that the van Driest scaling of the mean velocity profile produced a good
collapse of profiles over the range of Mach numbers investigated. Furthermore, it was shown that the friction
based Reynolds number, which is commonly used to characterize incompressible wall bounded turbulence,
is not as useful for compressible turbulence due to the large viscosity found near the wall which leads to
relatively small friction based Reynolds numbers despite extremely large u;.

Furthermore, multi-point statistical and spatial spectral methods were used to determine the spacing and
spatial extent of large scale features in the streamwise and spanwise directions. It was shown that large-scale
coherent motions exist in supersonic boundary layers qualitatively similar to the incompressible cases found
in literature. Which is in contrast to decrease in streamwise mass flux correlation with increasing Mach
number shown in Smith and Smits| (1995).

Finally, a distinct increase in the spanwise spacing of large-scale structures in the supersonic cases as
compared to the Ma = 0.3 and 0.8 cases was demonstrated. In addition, it was also noticed that the span-
wise spacing slightly increased with increasing Mach number, albeit only around 15%, in the DNS results
of |Pirozzoli and Bernardini| (2011). However, experimental investigations, either hotwire or PIV, have not
reported a variation in the spanwise spacing with Mach number.
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