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The Unsteady Shock-Boundary
Layer Interaction in a
Compressor Cascade – Part 1:
Measurements With
Time-Resolved PIV
In the first part of this 3-paper-series time-resolved PIV (TR-PIV) is performed in the
transonic cascade to elucidate the shock-boundary layer interaction process and to provide
comparative data for numerical studies and analysis in part 2 and 3. The application
of modern high-speed camera technology combined with a dual-pulse high-speed laser
system enabled TR-PIV in the cascade for image areas covering ∼ 30% of the chord and
∼ 6% of the blade pitch at sampling intervals of 0.18 convective time units (CTU) for the
acquisition of multiple time sequences with duration of ∼ 2000 CTUs. The sampling rate
is sufficient to resolve fluctuations of the separating region and accompanying movements
of the shock system. To enable correlations between density variations of the shock system
and velocity data, shadowgraphs are acquired synchronously with TR-PIV recordings at
the same sampling rate. The TR-PIV and shadowgraph measurement setups, the image
processing and the resulting spatial resolutions are described in this part. An analysis of
power spectral densities along near-wall rows in PIV data reveals the chord-wise spatial
distribution of specific peaks and bands, which are also visible in the shock buffet spectrum.
A spectral proper orthogonal decomposition (SPOD) of TR-PIV data is conducted to
enable inspection of spatio-temporal modes of velocity fluctuations at specific broad peaks
and tones in the buffet frequency range. Results indicate, that upstream of the main shock
oblique shock waves occur at higher order harmonics of the fundamental buffet frequency
and at specific high-frequency tones. The upstream propagation of disturbances beyond
the excursion range of the main shock is demonstrated for the dominant buffet frequency
as well as for the high-frequency tone and its first harmonic using cross-correlation maps.
To locate possible sources of distinct tones at the entrance of the center passage, a SPOD
of high-speed schlieren recordings is performed, capturing the shock systems in three
passages. The results show that with these high-frequency tones opposing vibrations of
bow and lip shocks occur for neighboring blades.

Keywords: shock boundary layer interaction, SBLI, transonic flow, high speed PIV, high
speed schlieren, experimental, SPOD

1 Introduction1

In the design process of transonic turbomachinery blading, the2
correct prediction of shock instabilities in terms of strength and3
position is of great importance in order to properly localize sepa-4
rations, which in turn affect both flow guiding and viscous losses,5
and thus the working range. Furthermore, it is clear that underesti-6
mation of the corresponding dynamic pressure loads and inaccurate7
prediction of the frequency range can have serious consequences8
for the structural life of the blading. In addition to mechanisms that9
can govern shock oscillations on a single airfoil, i.e. wave prop-10
agation feedback mechanism as described by Lee [1] and global11
aerodynamic mode instability as described by Crouch et al. [2], ad-12
ditional interactions occur between the blade passages, for example13
due to oscillating bow shocks emanating from the leading edges14
of the adjacent blade passage and thus influencing the inflow in-15
cidence on downstream passages. Furthermore, small fluctuations16
in mass flows between the blade passages can lead to additional17
interactions as opposing shock movements.18

For turbomachinery in particular, there is therefore a great need19
for spatially and temporally well resolved experimental data to20

1Corresponding Author.
Version 1.18, December 12, 2024

provide deeper insight and help identify the mechanisms that lead 21
to self-sustaining shock oscillations. 22

In the framework of the TEAMAero research project sources 23
of unsteadiness of the SBLI in a non-proprietary transonic cascade 24
TCTA are investigated. The TCTA is operated in the transonic cas- 25
cade wind tunnel of the DLR Institute of Propulsion Technology. 26
In the present paper of this series we report on TR-PIV performed 27
in a center passage of the cascade which enables inspection of the 28
BL state upstream of the shock boundary layer interaction (SBLI) 29
as well as spectral and coherence analysis of the SBLI in different 30
regions on suction and pressure side. Both the measurement setup 31
and the TR-PIV data base are introduced which provides compar- 32
ative data for numerical simulations and for deeper data analysis 33
as presented in part 2 and 3 of this series. Time-resolved velocity 34
data and visualizations of density fluctuations are analyzed with 35
respect to characteristic frequencies in their PSD using TR-PIV 36
and TR-Shadowgraphs with shock tracking. 37

A proper orthogonal decomposition (POD) of spatially high- 38
resolution snapshot PIV data of the TCTA covering an area of 39
shock foot and separation bubble was already published in [3]. 40
It was found that the first spatial POD mode represents veloci- 41
ties in the separation bubble that fluctuate together towards lower 42
or higher velocities, indicating that this mode represents states in 43
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Fig. 1 Test section of the cascade windtunnel and measure-
ment stations for PIV and Shadowgraphy.

which the separation zone is either very large or almost non-existent44
("breathing mode"). The second POD mode shows an opposite cor-45
relation between the velocity fluctuations of the main shock and in46
the separation region. At higher POD modes, the coherent struc-47
tures in the separation region tend to be smaller and the spatial48
modes are divided into smaller structures. In the present contribu-49
tion these findings are supplemented by a spectral POD (SPOD) of50
TR-PIV data and high-speed schlieren (HSS) recordings which en-51
ables inspection of spatio-temporal modes of velocity and density52
fluctuations at specific broad peaks and tones in the buffet fre-53
quency range. The SPOD allows coherent structures at individual54
frequencies to be visualized and ranked according to their energy55
content [4,5].56

2 Cascade geometry and operation57

The compressor cascade geometry, an experimental validation58
of the working range and of losses are described in [6], so that only59
a brief description of the cascade geometry will be be given here.60
The compressor blade cascade consists of 6 blades with a chord61
length of 𝑐 = 100 mm, a pitch of 65 mm and a span of 168 mm. Its62
non-proprietary geometry is representative of a transonic section63
from a modern compressor rotor. The in-house design process and64
CFD-based optimization was aimed at minimizing the losses at the65
design point and over the working range while maintaining repre-66
sentative aerodynamic blade loadings [7]. The cascade is operated67
in the transonic cascade wind tunnel of the DLR Institute of Tech-68
nology. At the aerodynamic design point (ADP) investigated here,69
the chord based Reynolds numbers is 1.3 × 106 corresponding to70
a inlet Mach number of 1.22. Inlet conditions such as Mach num-71
ber, static temperature and speed of sound are derived from static72
pressure measurements at the tunnel sidewalls at the entrance plane73
MP1 (see Fig. 1) by assuming adiabatic flow and using isentropic74
gas equations. During testing, the operating parameters of the wind75
tunnel are adjusted to reproduce a specific isentropic Mach num-76
ber distribution obtained from chord-wise rows of static pressure77
tapping points at mid-span on the suction side of blade no.3 and78
on the pressure side of blade no.2.79

3 Experimental methods80

3.1 Image acquisition setup. Recording PIV samples with81
both high spatial and temporal resolutions in compressor cascade82
flows under relevant operating conditions reaches the limits of cur-83
rent camera technology, which allows frame rates of maximum84
30 − 50 kHz with image sizes of 1 MPixel while state-of-the art85
double frame cameras for PIV enable image sizes up to 5 MPixel86
at double frame rates of 25 Hz. At the same time, tracking the87
fastest structures in transonic flows with adequate spatial resolu-88
tion at velocities exceeding 400 m/s would require frame rates in89
the megahertz range. For this reason, two different camera con-90
figurations were applied in successive measurement campaigns.91

Fig. 2 TR-PIV image sequence in region SBLI 2 (left) and
synchronized shadowgraphs (right), the red line indicates
the blade surface, the green region indicates the light-sheet
position (color version online).

After commissioning of the cascade conventional PIV measure- 92
ments recorded at 25 Hz sampling provided an overview of the 93
flow field by capturing particle images in a relatively large field 94
of view in the center passage [3]. Of these earlier PIV setups, 95
imaging and evaluation parameters for the high-resolution config- 96
uration (HR-PIV) covering BL lift-off, SBLI and separation are 97
also provided in Table 1. For TR-PIV, a second imaging system 98
was set up for capturing particle images in three specific narrow 99
image regions at high temporal resolution (cf. Fig. 1). An in-house 100
designed double-pulse high speed laser system is used, which can 101
provide small pulse separations in the order of 1 µs at repetition 102
rates exceeding 𝑓𝑠 = 20 kHz. Previous studies on the TCTA with 103
high speed schlieren (HSS) have shown that the frequency band of 104
fluctuations of the near normal shock position ends below 10 kHz 105
[8]. Therefore, the image acquisition rate for TR-PIV was set be- 106
tween 40 − 46 kHz corresponding to a PIV sampling frequency of 107
20−23 kHz or time intervals of 0.16−0.19 𝑡𝑐 . The laser light sheet 108
is placed at mid-span through a rigid, air-purged light-sheet probe 109
that is positioned about 4 𝑐 downstream of the TE of blade no. 4. 110
With the laser system providing 2 × 10 W on average, sufficient 111
particle image intensities can be achieved at a light sheet height of 112
4 mm and 0.2 mm thickness. 113

Dense smoke oil-based seeding provided by a smoke generator 114
(Vicount) is injected into the settling chamber upstream of the test 115
section. A centrifugal pump facilitates aerosol sizes < 1 µm. 116

TR-PIV recordings were acquired with a high-speed cam- 117
era (Phantom v2640, Vision research) equipped with a macro 118
lens (Nikon, Nikkor Micro f200/4) at a magnification of 119
19.6 µm pixel−1. The high-speed camera was operated with 120
a reduced image size between 1792 × 200 pixel (46 kHz) and 121
1792 × 328 pixel (40 kHz). Frame straddling was applied, and the 122
PIV sampling rate corresponds to half the frame rate. The three 123
regions in which TR-PIV was performed are indicated in Fig. 1, for 124
which imaging parameters are summarized in Table 1. To improve 125
statistical convergence, 8 bursts were recorded at each station at 126
0.25 Hz repetition, with each burst is containing 10 561 − 12 347 127
double images corresponding to a duration between 0.52 − 0.53 s 128
(≈ 2000 𝑡𝑐). 129

Figure 2, left shows sample particle images obtained with TR- 130
PIV in region SBLI 2. In these particle images, a lack of tracer 131
particles in the laminar BL due to inertia selection on the LE is 132
evident, as also observed in previous PIV experiments on shock- 133
laminar BL interactions [9,10]. By mixing in the particle-laden air 134
these particle images provide visualization of both the lift-off of BL 135
and the unsteady laminar-turbulent transition moving down- and 136
upstream with the passage-shock as shown in the shadowgraphs. 137
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Table 1 Schlieren (Sc), shadowgraph (Sh) and PIV imaging and evaluation parameters, PIV cross-correlation accuracy (Corr.
acc.) is provided for 0.1 pixel random peak detection accuracy.

Exp. Region 𝑓𝑠 Samples Δ𝑡 FOV PIV m PIV Size IRW Corr. acc. FOV SH/SC m SH/SC
[kHz] [𝑥103] [µs] [mm2] [µm/pixel] [mm2] [m/s] [mm2] [µm/pixel]

HR-PIV SBLI 1 0.025 15.0 0.5 33 × 28 13.0 0.31 × 0.31 2.17 - -
TR-PIV Inflow 21 8 × 11.1 1.5 35 × 6.1 19.5 1.25 × 0.62 1.30 14.2 × 14.2 27.9

1.25 × 0.12
TR-PIV SBLI 2 20 8 × 10.6 1.0 35 × 6.4 19.6 1.25 × 0.63 1.96 23.0 × 25.5 45.7

1.25 × 0.31
1.25 × 0.12

TR-PIV TE PS 23 8 × 12.3 2.0 35 × 3.9 19.7 0.47 × 0.47 0.98 13.7 × 13.7 27.7
TR-SC SC 20 2 × 9.64 - - - - - 205 × 51.2 100

To assess global shock vibrations of the upstream bow and lip138
shocks in addition to the main shock in passage 3-4, HSS record-139
ings were also analyzed, which record fluctuating density gradients140
in region SC between blades 2-5 at 20 kHz (cf. region SC in Fig. 1).141
The schlieren image data was recorded within an z-type schlieren142
setup at a frame rate of 20kHz [8]. Sample HSS sequences at the143
ADP are shown in [11].144

Due to shading of the z-path for schlieren imaging with the145
high-speed PIV camera, schlieren images could not be recorded146
simultaneously over the three central passages. Instead, in order147
to align vibrations of the main shock in passage 3-4 with veloc-148
ity fluctuations recorded in separate regions, shadowgraph imagery149
is acquired synchronous with TR-PIV recordings using a second150
high-speed camera (Phantom v1840, Vision research). Equipped151
with a Nikkor Micro f200/5.6 lens, the camera captures shadow-152
graphs in a FOV of 23 × 23 mm2 (cf. Fig. 1) at an image scale of153
45 µm pixel−1. Although the camera remains more or less at the154
same position when moving the TR-PIV camera towards other mea-155
surement stations, structural limitations (size of both HS-cameras,156
camera supports, side wall suction ports) require a larger working157
distance of the camera used for shadowgraphs, which is why the158
focal length had to be extended with the help of a teleconverter159
when TR-PIV is recorded at the remaining stations Inflow or TE160
PS. Due to the doubled focal length, the FOV then is significantly161
smaller. However, passage shock oscillations at maximum range162
(13% of 𝑐) can still be recorded. To enable both a large measuring163
field and a frame rate that equals the half frame rate in TR-PIV, the164
camera was operated with 2×2 binning. Since both cameras record165
partially overlapping image areas at SBLI 2, the observation paths166
were separated by a dichroic mirror, so that shadow images had167
to be recorded in a different spectral range than with PIV (green168
laser), as described in detail in [10]. For this reason, a high-power169
LED emitting in the red (Luminus Phlatlight CBT90-RX) was used170
for the inline illumination of the passage flow which can provide171
high-power short-duration pulses of an width of 2 µs at the required172
frame rates [12].173

Both cameras were synchronised in terms of their frame rate,174
with the PIV camera serving as the master and providing an image175
synchronisation signal for the second camera, which ran at half the176
frame rate. However, issues with the trigger mechanism prevented177
the cameras from obtaining the simultaneous images intended. In-178
stead, the recordings lag each other by two seconds and correspond179
to non-overlapping time windows. Additionally, cross-correlations180
of the shock movement and velocity gradients from the different181
recordings help align some sequences of interest for visualization,182
as it was originally intended and as shown in Fig. 2 and Fig. 14.183

3.2 PIV processing. Before the actual PIV evaluation, vibra-184
tions of camera and blade surface were compensated. Therefore,185
using a correlation-based algorithm the relative position of the186
blade surface was determined for each image in a small rectangu-187
lar sample region containing the laser flare on the blade suction side188
at mid-span. To estimate the image shift in each sample, the inten-189
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Fig. 3 PSD of blade and camera vibrations at mid-span
(Strouhal number provided in brackets), faded lines shows
unfiltered data. Vibration data is used to adjust blade posi-
tion at mid-span to a uniform image position.

sity distribution in each sample region was correlated with several 190
template images of reference blade positions where each template 191
is shifted by a defined amount in the sub-pixel range. The verti- 192
cal blade displacement at maximum cross-correlation coefficient is 193
then used to offset the image data to a coincident blade position 194
with an accuracy of < 0.2 pixel prior to further PIV processing. 195
The PSD of the wall vibrations in Fig. 3 shows a dominant peak at 196
400 Hz (Sr= 0.11) at maximum vibration amplitudes of ±150 µm, 197
which corresponds to a natural frequency of the cascade blade, as 198
determined by ping testing. 199

To process the HR-PIV recordings, image enhancement is ap- 200
plied to improve particle image contrast which increases the data 201
validation rate in the subsequent cross-correlation analysis. Here, 202
a minimum intensity image calculated from each image sequence 203
is subtracted followed by a clipping of intensities above 98% of 204
the cumulative intensity range. To further enhance particle im- 205
age contrast and to compensate for intensity variations, images are 206
high pass filtered by a Gaussian kernel of more than twice the 207
width of the largest particle images. Using a standard coarse-to- 208
fine PIV processing algorithm with a final interrogation window 209
size of 24 × 24 pixel (0.31 × 0.31 mm2 for region SBLI2) achieves 210
validation rates of 98%. The corresponding validation scheme is 211
based on normalized median filtering with a threshold of 4.0 [13]. 212

Using a similar PIV processing for TR-PIV, validation rates of at 213
least 97% per burst were feasible using the same validation scheme 214
at a final IRW of 64×32 pixel (1.25×0.62 mm2). The correspond- 215
ing final spatial resolutions in terms of interrogation window sizes 216
are provided in Table 1. If not stated otherwise, the PIV grid 217
resolution is 0.75 of the IRW size. For the modal decomposition 218
(SPOD) of region SBLI 2 the window size was reduced by a fac- 219

Journal of Turbomachinery PREPRINT FOR REVIEW / 3

Acc
ep

te
d 

Man
us

cr
ip

t N
ot

 C
op

ye
di

te
d

Journal of Turbomachinery. Received September 18, 2024;
Accepted manuscript posted December 17, 2024. doi:10.1115/1.4067467
Copyright © 2024 by ASME

D
ow

nloaded from
 http://asm

edigitalcollection.asm
e.org/turbom

achinery/article-pdf/doi/10.1115/1.4067467/7417494/turbo-24-1329.pdf by D
LR

 D
eutsches Zentrum

 F Luft-U
 R

aum
fahrt Ev user on 18 D

ecem
ber 2024



Fig. 4 Mean flow field combined of PIV in six measurement
regions between blade no. 3 and 4 at the ADP, solid rect-
angle: FOV HR-PIV SBLI 1, dashed rectangles: FOV TR-PIV
(color version online).

tor of two (16 pixel) along image columns to enhance visibility220
of structures in the separation bubble and to reduce the window221
overlap with the blade edge. This was accompanied by a reduction222
in the validation rate to at least 95% per burst. Seamless time223
traces involve the replacement of outliers based on a spatial me-224
dian filter that includes the 8 neighboring IRWs. For evaluation225
of BL thicknesses upstream of the shock-foot, the size of interro-226
gation window in blade-normal direction was further reduced to227
6 pixel (120 µm) and a vector spacing of 40 µm in order to mini-228
mize overlapping with the blade edge and to achieve high spatial229
sampling. The cross-correlation accuracy estimates provided in230
Table 1 are based on a signal peak detection accuracy of 0.1 pixel231
in the cross-correlation plane during PIV processing. All particle232
images were evaluated using commercial software (PIVview 3.9)233
and an in-house Python-based PIV package.234

4 Results and Discussion235

4.1 Overview of the velocity field in passage 3-4. Fig. 4, top,236
provides the mean isentropic Mach number at mid-span between237
two neighbouring blades no. 3 and 4 at ADP and is compiled238
from velocity magnitudes measured by PIV in six regions of the239
passage. The Mach number is based on velocity magnitude and240
the speed of sound at reference plane MP1. The leading edge of241
the upper blade causes a bow shock which on the pressure side is242
being intensified and crosses the passage impinging on the suction243
side of the blade below.244

Fig. 4, bottom, exhibits a significant rise of the rms in the axial245
component within the passage to levels up to 20% which is asso-246
ciated with increased shock vibrations in this area. From shock247
tracking in up to 15 000 HR-PIV snapshots it could be determined248
that these high fluctuations are primarily associated to variations249
of the shock position by up to 13% of chord (Δmax = 0.13 𝑐).250
High turbulence intensity is also generated near the leading edge251
by vibrations of the bow shock and in the TE wake with levels of252
approximately 14 and 8%, respectively. Aside from these fluctua-253
tions, the highest dynamics are present below the shock foot where254
the flow separates and a shear layer is being formed.255

4.2 Boundary layer condition upstream of the shock foot.256
The size and shape of the incoming BL upstream of the shock foot257
was evaluated from several particle image columns indicated in258
Fig. 5. Velocities were fitted with the Blasius profile in order to259
determine edge velocities and BL thickness as well as the integral260
quantities derived from it (cf. Table 2). Since momentum and dis-261
placement thicknesses require density weighting in compressible262

Fig. 5 Mean isentropic Mach contour near the suction side
and columns and rows from which velocity profiles were ex-
tracted (color version online).

flows, the temperature profiles were estimated based on the edge 263
Mach number assuming constant static pressure in the BL. There- 264
fore, according to [14], a coupling relation between temperature 265
and velocity was applied to estimate temperature profiles (Fig. 6) 266
under the assumption of an adiabatic wall-temperature and a recov- 267
ery factor of 0.82 (laminar BL overs a flat plate). Mean velocity 268
profiles in Fig. 6 indicate that from 𝑥𝑐/𝑐 = 0.34 the edge thickness 269
increases significantly, while negative wall-parallel velocities in the 270
near-wall region indicate the BL lifting-off and thus the beginning 271
of separation.
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Fig. 6 BL profiles measured with TR-PIV at different im-
age columns as indicated in Fig. 5, solid lines represent the
Blasius-fit, circles indicates data points included in the fit.

272

4.3 Spectral analysis. To evaluate the buffet frequencies of 273
the main passage shock within 0.10 ≤ 𝑦/𝑐 ≤ 0.17 (cf. Fig. 14, 274
top), in each shadowgraph the local minima of the image row inten- 275
sities was evaluated and averaged along the corresponding image 276
rows. Using Welch’s method, the premultiplied PSD of passage 277
shock vibrations was estimated for each of 8 bursts and then aver- 278
aged. Figure 7 confirms that the PSDs of the main shock oscilla- 279
tion increase from 0.2 kHz up to a peak near 0.5 kHz, hereinafter 280
referred to as dominant buffet frequency, 𝑓𝑏 , and then decays to 281
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Table 2 Estimates of BL parameters obtained from Blasius-
fits (cf. Fig. 6) for the ADP; δ∗c and θc include density-
weighting according to [14].

𝑥𝑐/𝑐 𝛿99 𝛿∗ 𝛿∗𝑐 𝜃 𝜃𝑐 H𝑐

[ µm] [ µm] [ µm] [ µm] [ µm] 𝛿∗𝑐/𝜃𝑐
0.05 354 124 141 48 41 3.42
0.17 395 138 159 53 46 3.46
0.30 444 156 179 60 51 3.47
0.34 465 163 187 63 54 3.46
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Fig. 7 Premultiplied PSD of vibrations of the main shock in
passage 3-4, binwidth ∆f =9.8 Hz, Strouhal number in brack-
ets.

Fig. 8 Premultiplied chordwise PSD of longitudinal and
transverse velocity fluctuations in region inflow Bl, binwidth
∆f = 10.3 Hz (color version online).

0.8 kHz. A similar distribution was already measured by [8] by282
analyzing high-speed schlieren recordings of the TCTA. The tone283
at 1.1 kHz is also confirmed, and we will come back to possi-284
ble origins of this tonal vibration in the discussion of the SPOD285
analyses.286

To further analyze which significant frequencies are transmitted287
by wall-parallel (𝑢 ∥ ) and wall-normal (𝑢⊥) velocity fluctuations288
near the suction side, PSDs of these components were evaluated289
using Welch’s method along two chord-wise particle image rows,290

which pass one far and near the suction side with wall distances of 291
4.6𝛿99 and 1.1𝛿99 at 𝑥𝑐 = 0.3𝑐, respectively (cf. row A and B in 292
Fig. 5). 293

Figure 8 again shows the pronounced peak at 1.1 kHz in the 294
transverse component upstream of the lip shock for the far-wall 295
row A, which indicates that this tone is already transmitted into 296
the passage from upstream of the LE, probably by small phase 297
locked variations of 𝑢⊥ that originate from the preceding bow 298
shock, which is discussed in more detail in section 4.5 based on a 299
SPOD of TR schlieren recordings covering 3 passages. If the PSD 300
is followed further along row A, it becomes apparent that the flow 301
is redirected via the lip shock, which leads to a PSD drop of the 302
wall-normal component in favor of the wall-parallel component for 303
the tone and thus increases the PSD of 𝑢 ∥ at 1.1 kHz (cf. Fig. 8, 304
left) , which then decreases further along the chord. Along row B 305
near the wall (cf. Fig. 8, right), strong fluctuations occur upstream 306
of the lip shock (𝑥𝑐 < 0.02 𝑐) and near the LE, which, however, 307
do not coincide with the maximum of low-frequency shock oscil- 308
lations of the passage shock at 𝑓𝑏 = 0.5 kHz and clearly decay for 309
𝑢 ∥ approximately up to 𝑥𝑐 = 0.2 𝑐. The wall-normal component in 310
row A and B shows constant broadband fluctuations along 𝑥𝑐 with 311
a maximum near 2 kHz. Also, there is a weak tonal oscillation of 312
the 𝑢⊥ component at 0.4 kHz, also constant along 𝑥𝑐 , which most 313
likely results from the natural frequency of blade oscillation which 314
was confirmed by ping-testing (cf. Fig. 3). 315

Figure 9 presents a similar evaluation of PSDs in region SBLI 316
2 supplemented by PSDs at distinct positions 𝑥𝑐 = 0.36𝑐 (entry 317
into the separation bubble) as well at two positions immediately 318
upstream and downstream of 𝑥𝑠 . 319

For the far-wall row A (cf. Fig. 9, left), the dominant buffet 320
frequency occurs immediately upstream of 𝑥𝑠 in the PSD of 𝑢 ∥ , 321
increases by a factor of about 10 at 𝑥𝑐 = 0.55 𝑐 and remains vis- 322
ible above the shear layer (cf. Fig. 5) until it exits the FOV. The 323
fluctuations of transverse components 𝑢⊥also show the dominant 324
buffet frequency upstream and downstream of 𝑥𝑠 , but these disap- 325
pear in the further course of row A when entering the shear layer 326
(cf. Fig. 5). 327

Figure 9 (right) shows that near the wall, where row B en- 328
ters the separation bubble (𝑥𝑐 = 0.36 𝑐), large fluctuations of the 329
wall-parallel component occur at the dominant buffet frequency, 330
probably due to partially shock-synchronous lifting of the laminar 331
BL (cf. Fig. 2). The frequencies of fluctuations partly correspond 332
to the dominant shock oscillation in Fig. 7, but decay in the fur- 333
ther course of row B up to the main shock. In addition, there are 334
fluctuations in a band above the third harmonic of the main buffet 335
frequency with a maximum at 1.8 kHz. In addition to the tone at 336
1.1 kHz already visible in PSDs far upstream (cf. Fig. 8), the PSD 337
of the first harmonic of that tone (≈ 2.2 kHz) is significantly larger 338
upstream than downstream of the main shock which has also been 339
confirmed by spectral analyses of shadowgraphs as described in 340
part 3 of this paper session. Inspection of Fig. 9 reveals, that the 341
PSD at the 1st harmonic of the tone is significantly higher at the 342
near-wall line B than at the far-wall line A, which could indicate 343
that these fluctuations originate from the separation bubble, which 344
was also observed during the inspection of the TR shadowgraphs 345
and will be discussed in one of the following sections 4.6. 346

4.4 Spectral Proper Orthogonal Decomposition. To deter- 347
mine which spatial structures are assigned to which frequencies 348
at the passage entry and in regions covered by TR-PIV, a spatio- 349
temporal modal decomposition was performed separately for HSS 350
and PIV recordings. In comparison to a POD, the SPOD is con- 351
ducted in frequency space, whereby an energy ranking is provided 352
[4,5]. Processing was conducted using the package [15]. 353

That the SPOD of HSS is a valid tool for analyzing SBLIs has 354
already been demonstrated in previous work by [16,17]. For the 355
cascade flow, to keep the problem size manageable on a standard 356
workstation with 16-cores and 64 GByte RAM, schlieren images 357
were downsampled by a factor of 2. Instead of decomposing a full 358
3d array of shape 𝑛𝑡 × 𝑛𝑦 × 𝑛𝑥, pixels that cover the blade and 359
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Fig. 9 Top: Premultiplied chord-wise PSD of longitudinal
and transverse velocity fluctuations in region SBLI 2 (color
version online), mean position of the passage shock is indi-
cated by the dashed line; Bottom: PSDs at positions marked
by red dotted lines.

vibrating pressure hoses where excluded and processing was done360
on the remaining pixels in form of a 2d array 𝑛𝑡 × 𝑛 pixels. Im-361
age preprocessing included centering by the mean of the sequence362
and dividing by the mean to mitigate inhomogeneities in the back-363
light. Similarly, processing of 𝑢 and 𝑣 components from PIV also364
involved centering by their mean.365

Due to RAM limitations processing of schlieren recordings is366
done separately on each sequence covering 0.482 s (1785 𝑡𝑐) which367
is grouped into 𝑁 = 8 blocks of 𝑁FFT = 2048 samples (379 𝑡𝑐).368
As a decomposition of PIV datasets with about 8 times less grid369
points is less memory demanding, the entire TR-PIV dataset of370
duration 8 × 0.528 s (8 × 1956 𝑡𝑐) is grouped into 𝑁 = 79 blocks371
the same window size 𝑁FFT. To avoid spectral leakage, each block372
is windowed by the Hamming window function and is overlapped373
with neighboring blocks by 50%.374

A Fourier transform is applied to each block at 𝑓𝑚 = 𝑚 𝑁FFT 𝑓𝑠375
discrete frequencies with a bin size of Δ 𝑓 = 𝑓𝑠/𝑁FFT = 9.8 Hz.376
The remaining processing is done at one frequency 𝑓𝑚 at a time.377
From Fourier transformations per 𝑓𝑚, the sampling matrix �̂� is378
grouped, which has a size of 𝑁 × 𝑀 , where 𝑀 corresponds to the379
degree of freedom, which is 2 × 𝑛𝑦 × 𝑛𝑥 involving two velocity380

components. From �̂� the cross-spectral density is estimated 381

�̂� =
1

𝑁 − 1
�̂��̂�𝐻 (1) 382

Finally the eigenvalue decomposition is performed on the cross- 383
spectral density tensor to obtain the SPOD modes 384

�̂�𝑊Φ̂ = Φ̂Λ̂ (2) 385

For TR-schlieren, uniform weighting is applied on the basis of 386
the variance of recorded intensity. For TR-PIV data, the weighting 387
matrix 𝑊 is based on the 2-norm for the velocity vector [𝑢, 𝑣] to 388
provide a partial estimate of the turbulent kinetic energy. As the 8 389
PIV-bursts per test point are not connected in time at the edges, the 390
merged input data was analyzed with and without overlap. As the 391
shape of examined real parts of the SPOD modes remained similar 392
but weaker without overlap, the entire data set was analyzed with 393
50% overlap, which also resulted in a smoother SPOD spectrum. 394

Fig. 10 Mode spectrum from SPOD decomposition of HSS
recordings in region SC for blocks of NFFT = 2048 samples
corresponding to 379 tc per block.

4.5 SPOD results. The energy spectrum from HSS recordings 395
shown in Fig. 10 features similarities with the spectrum of shock 396
vibrations of the main shock in passage 3-4 in Fig. 7, that are the 397
broad low frequency peak near 0.508 kHz, the tone at 1.1 kHz and 398
its first harmonic. For the schlieren images, additional peaks oc- 399
cur in the low frequency buffet range, for example at 0.293 and 400
0.566 kHz. For the low frequency peaks a large part of energy is 401
contained in the first mode as indicated by the relatively large area 402
between the curves of the first two modes at these frequencies. In- 403
spection of the shape of the first mode at 0.507 kHz (i.e. dominat 404
buffet frequency in passage 3-4) in Fig. 11 (second plot) reveals 405
that the main shocks in three passages oscillate in-phase , which is 406
also evident from the temporal course of the reconstruction of the 407
first mode [11]. This in-phase movement in neighboring passages 408
is surprising, as it was assumed, that if a higher back pressure 409
is established in one passage, neighboring passages tend to de- 410
throttle, i.e. the shock oscillates in anti-phase. This is the case for 411
anti-phase oscillation observed at 0.293 kHz (leftmost plot) and at 412
0.566 kHz (third plot) which have a similar or higher eigenvalue 413
(cf. [11]). The third plot in Fig. 11 shows that the local maximum 414
at 0.566 kHz (cf. Fig. 10) can be assigned to an oscillation that 415
is essentially restricted to the passage 2-3 and is probably related 416
to deviations from periodicity, as they inherently occur in linear 417
transonic cascades. Although care was taken in the cascade tests 418
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Fig. 11 First SPOD mode from decomposition of HSS recordings at dominant frequencies in region SC (color version
online); for a temporal reconstruction of the first mode cf. [11].

to set up the middle passage with the most periodic conditions pos-419
sible, deviations from periodicity for a passage up and downstream420
are unavoidable as the inflow passes through a different number421
of bow shocks and shock reflections before entering the passage422
[6]. This could also explain the decreasing correlation of main423
shock oscillations for 0.293, 0.508, 0.566 kHz as the blade number424
increases. Measured deviations of the inflow angel near the bow425
shocks of blade no.3 and 4 were quantified by L2F measurements426
in MP1 and amount to a maximum of 0.7% of the nominal inflow427
angle [6].428

We now come back to the dominant tonal peak at 1.1 kHz, which429
is very pronounced both in the vibrations of the main shock in pas-430
sage 3-4 and in the PSDs of 𝑢⊥ near the leading edge of blade431
no.3 in Fig. 8. Inspection of the mode reveals, that at this fre-432
quency the bow and lip shocks near the LE of blade no.2 and 3433
oscillate in anti-phase (cf. [11]). The mode shape indicates that434
a coherent disturbance spreads upwards over the area between the435
lip shock of blade no.2 and the bow shock of blade no.3 thereby436
periodically varying the inflow angel near the LE which demon-437
strate the transmission of this frequency between neighboring blade438
passages. The furthest right plot in Fig. 11 shows, although at a439
very low eigenvalue, that at the first harmonic of the tone oblique440
shock structures occurs at the foot of the main shock in the lower441
passage 2 − 3, indicating a thickening of the subjacent separation442
bubble oscillating at this frequency. Such high frequency varia-443
tions should also occur in spatio-temporal modes of the measured444
velocities, which will now be discussed.445

Figure 12 presents the modal energy spectrum of the first nine446
modes obtained from decomposition of the CSD of Fourier trans-447
forms of velocity within the FOV SBLI2 in passage 3-4. Most of448
the energy is contained in the first mode. A large area between the449
curves of the first two modes indicates a so-called low-rank behav-450
ior at certain frequencies or frequency bands, meaning that a large451
part of mode energy is represented by the first mode. There is broad452
low-rank peak near the dominant buffet frequency at 0.508 kHz as453

Fig. 12 Mode spectrum from SPOD decomposition of PIV
samples in region SBLI 2 for blocks of NFFT = 2048 samples
corresponding to 379 tc per block.

well as the tonal peaks near 0.113 kHz (also visible in Fig. 7) and 454
its first harmonic at 0.227 kHz. A small peak also occurs near the 455
third harmonic of the main buffet frequency at 0.146 kHz which 456
is not present in mode no.2. Furthermore, from mode no.7 the 457
spectrum exhibits a rather uniform distribution indicating a noise 458
floor, which confirms that the consideration of lower modes (i.e. 459
a low order model) allows an efficient noise suppression in the 460
measurements as well as error estimations (see also [5]). For these 461
relevant frequencies, the SPOD modes for 𝑢 and 𝑣 including the 462
modal energy at this frequency 𝜆 are shown in Fig. 13. An SPOD 463
evaluation over longer blocks (𝑁FFT = 4096) resulted in similar 464
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Fig. 13 First SPOD modes for dominant frequencies in velocity fluctuations in region SBLI 2 (color version online); for the
corresponding temporal reconstruction of 2d velocities cf. [11].

mode shapes at relevant frequencies, which is why we consider the465
flow within block length as statistically stationary.466

At the dominant buffet frequency (cf. Fig. 13, top row), uni-467
form velocity fluctuations occur in the separation region which468
has similarities with POD mode no.1 [3] as it indicates that ve-469
locities in the separation region fluctuate together toward lower or470
higher velocities. This can be interpreted that states at which the471
separation zone is either very large or almost nonexistent (flow is472
attached) mainly oscillate with the shock motion at the dominant473
buffet frequency. This is also evident from the higher coherence474
between transverse velocity fluctuations downstream of the shock475
in Φ𝑣 as well as from the temporal course of the reconstruction of476
2d velocities at this frequency provided in [11]. At the tone near477
1.13 kHz no major differences to the behavior at 0.5 kHz are visi-478
ble, except for much smaller variation in position of the shock foot479
(cf. [11]) and the appearance of an isolated zone of a coherent fluid480
package within the separation bubble in Φ𝑣. This isolated zone in-481
creases when inspecting the mode shape for the second harmonic482
of 𝑓𝑏 near 1.45 kHz (third row). In addition, structures become483
visible that indicate oblique shock waves in Φ𝑣. The visibility of484
oblique shock structures increases significantly in Φ𝑢 and Φ𝑣 for485
the first harmonic of the tone at 2.27 kHz which has a threefold486
higher eigenvalue 𝜆 in comparison to the fundamental frequency.487
The high impact on the separation region size is also evident from488
the reconstruction of 2d velocities at this frequency provided in489
[11]. These oblique waves occur approximately four times over490
one buffet cycle. The appearance of the oblique shock is accom-491
panied by larger coherence of Φ𝑢 in the isolated fluid package in492
the separation bubble at 2.27 kHz.493

4.6 Correlations between shock traces and and velocity.494
The spatio-temporal modal analysis in the previous sections showed495

Fig. 14 Sequential snapshots, shadowgraph (Top) and TR-
PIV (bottom), the dashed box indicates the FOV for TR-PIV.
Time separation between left and right column is 0.3 ms
(1.1tc ) (color version online).

that oblique shock systems above the separation bubble occur 496
mainly at higher frequencies compared to 𝑓𝑏 , particularly pro- 497
nounced at the tone and its first harmonics. Interestingly, such 498
events with large separations are also visible in the TR shad- 499
owgraphs, as shown in the two consecutive samples in Fig. 14: 500
when large separations occur, the higher blocking of which causes 501
shocklets to occur above the separation. These shocklets migrate 502
upstream as the laminar separation bubble grows in the vicinity of 503
the main shock (Fig. 14, right). At about the same time, oblique 504
shock waves occur in front of the passage shock which increase the 505
incidence on the main shock and thus could be part of the feedback 506
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mechanism of self sustained oscillations at frequencies higher then507
𝑓𝑏 . Such an increase in the size of the laminar separation bubble508
can also be seen in Fig. 2 in the lower two frames. Also, following509
a wave propagation feedback mechanism by [1] one should expect510
upstream traveling pressure information that originates from the511
trailing edge and that periodically pushes the main shock toward512
upstream at 𝑓𝑏 . In the following, the propagation of disturbances513
in the velocity field synchronized with the main shock motion is514
therefore investigated by cross-correlations of the time traces of515
velocity and shock position.516

Fig. 15 Cross-Correlation map xsu for the low-band from
TR-PIV in region SBLI 2 along far-wall (left) and near-wall
(right) particle image rows A,B as indicated in Fig. 5 (color
version online).

Since the main shock is not always present in the small FOV517
for TR-PIV depending on the size of the separation, high density518
gradients in the time-synchronized shadow images were tracked by519
image processing instead, as described in [8,10].520

Timetraces of the position of the main shock 𝑥𝑠 (𝑡) are cross-521
correlated with 𝑢⊥,𝑢 ∥ from near-wall and far-wall particle image522
rows A, B (cf. Fig. 5) to obtain wave propagation velocities of523
shock synchronous disturbances, similar to an analysis described524
for two-point-correlations by [18] and similar to evaluations in an525
earlier transonic cascade experiment [10,19]:526

𝑅𝑥𝑠 ,𝑢 (𝑖Δ𝑡) =
∑︁𝑘
𝑖=−𝑘 𝑥

′
𝑠 (𝑡) 𝑢′ (𝑡 + 𝑖Δ𝑡)
𝜎𝑥′𝑠 𝜎𝑢

′
, (3)527

Here, 𝑘 is the maximum lag, Δ𝑡 is the time delay between suc-528
cessive frames, 𝑥′𝑠 is the shock position and 𝑢′ is the velocity,529
both centered by their mean value, and 𝜎𝑥′𝑠 , 𝜎𝑢′𝑠 are the standard530
deviations. This approach was preferred over optional two-point531
correlations of velocity, as the latter were recorded in spatially sep-532
arated regions and would therefore also require spatially separated533
reference points in each FOV, while taking the vibration of the534
main shock 𝑥𝑠 provides a common reference. It is assumed that535
spatial tracking of the main shock excursions in the shadowgraphs536
is synonymous with tracking of large density gradients 𝑥𝑠 (𝑡) in the537
flow.538

Before cross-correlation of signals, 𝑢 ∥ , 𝑢⊥ and 𝑥𝑠 were centered539
with their mean and filtered forward-backward in the bands 0.5 ≤540
𝑓 ≤ 0.6 kHz (main buffet frequency), from 1.1 ≤ 𝑓 ≤ 1.2 kHz (the541
tone) and from 2.1 ≤ 𝑓 ≤ 2.3 kHz (first harmonic of the tone) using542
a digital 3rd-order Butterworth band pass. Cross-correlation maps543
were averaged over all 8 bursts of a run. Propagation velocities are544
obtained by a linear fit of local slopes in the fringes as indicated545

Fig. 16 Cross-Correlation map xsu in region SBLI 2 at the
tone at 1.1khz along far-wall (left) and near-wall (right) parti-
cle image rows A,B as indicated in Fig. 5 (color version on-
line).

in Fig. 15 for which the standard error is provided. Since the TR 546
PIV and shadowgraph recordings were acquired in non-overlapping 547
temporal windows but with a fixed time lag, the correlation maps 548
of repeat runs were compared and found to have consistent slopes 549
in the fringe pattern but different offsets along the lag axis. 550

For region SBLI 2 the cross-correlation maps in the low band 551
indicate upstream propagation of disturbances for the far-wall row 552
A within the min, max range of passage shock excursions Δ𝑚𝑎𝑥 553
as indicated by dashed lines in Fig. 15. This essentially reflects 554
the low-frequency shock motion and shows that, starting from the 555
foremost shock position (indicated by the dashed dotted line) , the 556
phase lag between 𝑥′𝑠 (𝑡) and 𝑢′ (𝑡) is decreasing with the chord- 557
wise position. 558

Also, from Fig. 16 an upstream propagation of disturbances 559
beyond the shock oscillation range Δ𝑚𝑎𝑥 with higher propagation 560
velocities than in the low band is evident. Although not shown 561
here, similar results were obtained for the first harmonic of the 562
tone. 563

Figure 17 confirms that this upstream movement of disturbances 564
at high frequencies continues with lower propagation velocity in 565
the region Inflow, beyond 𝑥𝑐/𝑐 = 0.34 (mean point of separation) 566
to about 𝑥𝑐/𝑐 = 0.25, but only along the near-wall sampling line 567
B. An upstream interaction up to this position is also confirmed in 568
numerical results within space-time diagrams of pressure variations 569
along the suction side which are described in the following parts 570
of this series. 571

Although not shown here, similar cross-correlation maps from 572
data obtained in the TE-PS area showed no indication for upstream 573
propagation of disturbances from the wake at relevant frequencies. 574
TR measurements near the trailing edge of blade no.3 were not 575
aquired due to structural limitations at the TGK, so that shock- 576
synchronous feedback from the TE-SS could not be verified. 577

5 Conclusions 578

Time-resolved PIV measurements are performed on the DLR 579
transonic compressor cascade TCTA at an inlet Mach number up 580
to 1.22. Using a state-of-the-art high-speed camera and a dou- 581
ble pulse high-speed laser system with output power of 2× 10 W a 582
light-sheet heights of ∼ 4 mm (6% of cascade pitch) was feasible at 583
sampling rates near 20 kHz. Multiple time sequences (bursts) each 584
with duration of ∼ 2000 𝑡𝑐 could be recorded at three measurement 585
stations in the center passage of the cascade at mid-span, while 586
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Fig. 17 Cross-Correlation map xsu in region Inflow for the
first harmonic of the tone along far-wall (left) and near-wall
(right) particle image rows A,B as indicated in Fig. 5 (color
version online).

density variations of the SBLI were acquired with an additional587
camera synchronized with the PIV sample rate. Results indicate588
that mean 2d flow fields obtained with TR-PIV are consistent with589
the mean values and axial fluctuations of the large-scale PIV mea-590
surement data previously obtained from PIV measurements in the591
TCTA (see Fig. 4). Tracing of the main passage shock and Fourier592
analyzing the shock excursions in the shadowgraphs confirms the593
PSD distributions recently analyzed from HS schlieren [8] match594
well. A Fourier analysis along sampling rows in the TR-PIV data595
provides information on the 1d chord-wise spatial distribution of596
PSD of velocity also containing specific peaks (tones) and broad597
peaks also visible in the shock buffet spectrum. To find sources of598
distinct tones at the entrance of a passage, a SPOD is performed on599
high-speed schlieren recordings from an earlier measurement cam-600
paign, which covers the unsteady shock systems in three passages.601
Results indicate that tonal peaks can be associated to vibrations602
of bow and lip shocks in the lower two passages that oscillate in603
anti-phase. It was found that the main passage shock oscillates604
in-phase and in anti-phase at different peaks in the low frequency605
band of shock buffet. Inspection of spatio-temporal modes of ve-606
locity fluctuations at specific broad peaks and tones in the buffet607
frequency range indicate that upstream of the main shock oblique608
shock waves occur at higher order harmonics of the fundamen-609
tal buffet frequency as well for specific high-frequency tones in610
the buffet spectrum. Timetraces of the main shock position 𝑥𝑠611
were cross-correlated with timetraces of axial and transverse ve-612
locities to obtain propagation velocities of disturbances at specific613
frequency ranges of shock excursions. The upstream propagation614
of disturbances beyond the excursion range of the main shock was615
observed for the dominant buffet frequency as well as for the high-616
frequency tone and its first harmonic. The upstream propagating of617
distortions at higher frequencies is consistent with the occurance618
of oblique shock waves that travel at higher speed than the main619
shock and are probably part of the feedback mechanism for self620
sustained shock oscillations in transonic cascade flows which is621
subject of part 2 and 3 of this paper series.622
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Nomenclature 636

Acronyms 637

ADP = Aerodynamic Design Point 638
BL = Boundary layer 639

PSD = Power spectral density 640
641

FOV = Field of view 642
HSS = High speed schlieren imaging 643
IRW = PIV interrogation window 644

LE,TE = Leading edge, Trailing edge 645
MP1 = Measurement plane at the cascade entry 646
PIV = Particle Image Velocimetry 647

POD = Proper Orthogonal Decomposition 648
rms = root mean square or standard deviation 649

SBLI = Shock Boundary layer Interaction 650
SPOD = Spectral POD 651
TCTA = Transonic Cascade TEAMAero 652

TR = Time-resolved 653
HR = High spatial Range 654
SC = Schlieren imaging 655

Roman letters 656

𝑀 = isentropic Mach number 657
𝑚 = Magnification [µm/pixel] 658
𝑐 = Blade chord length [mm] 659

𝑓𝑠 , 𝑓𝑏 = Sampling frequency, dominat buffet frequency [kHz] 660
𝑡𝑐 = Convective time or CTU 𝑐𝑢−1 1 [ms] 661

Δ𝑡𝑝 = PIV double pulse separation [µs] 662

𝐻 = Shape factor 𝛿∗𝜃∗−1 663
𝑢, 𝑣 = Velocity components along 𝑥, 𝑦 [m/s] 664
𝑥𝑠 = Shock position [mm] 665

Greek letters 666

𝛿99 = BL thickness at 0.99𝑢𝑒 [µm] 667
𝛿∗ = Displacement thickness [µm] 668
𝜃∗ = Momentum thickness [µm] 669
𝜈 = Kinematic viscosity [m2 s−1] 670

Dimensionless values 671

Re = Reynolds number, 𝑢1 𝑐𝜈
−1 672

Sr = Strouhal number, 𝑓 𝑡𝑐 673

Superscripts and subscripts 674

1 = Inlet value measured in MP1 675
′ = centered by the mean value 676
c = aligned with chord / compressible 677
e = Boundary-layer edge value 678
i = image coordinates 679
∥ = wall-parallel component 680
⊥ = wall-normal component 681
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