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ABSTRACT

The shock-boundary layer interaction in transonic flows is
known to cause strong unsteady flow effects that negatively affect
the performance and operability of blade and cascade designs.
Despite decades of research on the subject, little is still known
about the physical mechanisms that drive the different oscillation
frequencies observed with different designs. In the conclusion
of this three-part series, the experimental and numerical data
obtained with the Transonic Cascade TEAMAero are analyzed
together in detail in order to test the main theories of continu-
ous shock oscillation. This analysis exposes a main mechanism
of shock oscillation, where pressure waves generated inside the
passage of the cascade propagate upstream and interact strongly
with the main shock when the latter is also in the passage. The
interaction of these features causes a breakdown of the flow that
is shown to propagate upstream, inevitably causing strong varia-
tions in the inflow angle and therefore on the operating conditions
of the cascade. The high frequency content of these pressure
waves is also shown to be responsible for weaker high-frequency
variations of the shock movement throughout the cycle. Parallels
are also drawn with previous experimental campaigns in order
to search for a global understanding of the different observations
made. Although various parts of the described interaction are
not fully understood yet, and the dataset of experimental mea-
surements compiled is still rather small, a good basis is provided
on which to further study the underlying mechanisms of unsteady
flows in transonic cascades.

Keywords: Compressors, SBLI, Unsteady, Experimental,
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NOMENCLATURE
Acronyms
ADP

DGSEM discontinuous Galerkin spectral element method

aerodynamic design point

*Corresponding author: edwin.munozlopez@dlr.de

HSS high-speed Schlieren

MP measurement plane

LES large eddy simulation

ODP off-design point

PIV particle image velocimetry

PSD power spectral density

SBLI shock-boundary layer interaction

SPOD spectral proper orthogonal decomposition
TCTA Transonic Cascade TEAMAero

TGK Transonic Cascade Wind Tunnel

Latin letters

AVDR axial velocity density ratio = p,V; sin 85/ p V] sin 8
DH de Haller number

c blade chord (mm)

te convective time units = cul‘1 (s)

099 boundary layer height (mm)

FT flow turning = 8 — B2 (°)

M Mach number

Pow power (W)

P pressure (Pa)

t cascade pitch (mm)

T temperature (K)

Rx(/)x/ cross-correlation coefficient

St Strouhal number

u,v velocity components along x, y (m/s)
\%4 velocity (m/s)

X shock position (mm)

Greek letters
B flow or geometry angle (°)
&mn.¢

streamwise, wall-normal, spanwise coordinates
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Superscripts and subscripts
1 inlet value
2 outlet value

1. INTRODUCTION

The flow through a transonic compressor blade row is highly
and naturally unsteady. This behavior is known to cause several
detrimental effects on the performance and reliability of compres-
sor machines [1, 2]. However, it is also a feature that is common
among supersonic flows due to the ubiquitous presence of com-
plex shock-boundary layer interactions (SBLI), documented as
early as the 1940’s [3, 4]. The detailed study of these interac-
tions has led to evidence that points to very different hypotheses
attempting to explain the nature of the sustained oscillations in
different applications [5-8]. Some of these explanations point
to mechanisms of propagation of disturbances in different direc-
tions: downstream from the incoming flow, and upstream from
the flow interactions downstream of the shock [9]. Other explana-
tions focus on the interaction of the shock with its own separation
bubble at the shock foot [10].

The most common explanation for continuous shock oscil-
lation in applications of aerodynamic profiles seems to be the
trailing edge feedback mechanism originally proposed by Lee
for supercritical airfoils [6, 11]. This mechanism relates the
shock motion to the interaction between turbulent structures that
propagate downstream of the shock with the trailing edge of the
geometry. The interaction of these vortical structures would then
result in pressure waves that propagate upstream in a continu-
ous, self-sustaining manner. Evidence of said mechanism has
been found in both experimental [12], and numerical studies of
different fidelity levels [7, 13].

Within the context of axial compressor flows, Priebe also
shows in [14] evidence of the same type of trailing edge feedback
with high-fidelity simulations at different operating conditions of
a compressor cascade. Similar conclusions were also obtained
with lower fidelity numerical methods (URANS) in [15], where
a full-annulus domain is shown to capture the propagation of said
disturbances from the trailing edge in both axial and circumfer-
ential directions. However, the flow through a row of compressor
blades is highly complex due to the physical constraints imposed
by the geometry and the interactions that occur between itself,
the (ideally) periodic shock structure, the turbulent flow after the
shock, and the inevitably instationary flow conditions at the outlet
of the blade row. These factors provide many possible sources of
unsteadiness, so that a deeper understanding of the mechanisms
at play is required to be able to model, predict, and mitigate such
behavior in future designs.

The DLR has continuously contributed to this research effort
experimentally by applying advanced measurement techniques on
different transonic compressor cascades at the Transonic Cascade
Wind Tunnel (TGK) in Cologne, a unique facility of its kind, in-
service at the DLR since the 1970’s [16, 17]. More recently,
using high-speed Schlieren (HSS) to capture the flow over the
TFAST cascade, it was shown that tripping a laminar boundary
layer to turbulent before the shock suppressed the high-frequency
tones previously present in the spectra of the shock oscillation
[1]. With the LHT cascade, it was observed instead that these

high-frequency tones were amplified when the cascade operated
near stall. Applying high-speed particle image velocimetry (PIV)
on this cascade, it was also observed that disturbances on the
flow velocity components propagated from a point downstream
of the shock, but upstream of the trailing edge [18, 19]. This in
particular contrast with Lee’s theory of trailing edge feedback.

The latest work packages focus on the Transonic Cascade
TEAMAero (TCTA). For this cascade, three passages were first
measured simultaneously with HSS to reveal interactions between
adjacent passages and a broad main frequency band of oscillation
between 500 and 550 Hz, modulated again by a strong high-
frequency tone at 1140 Hz [20]. A further study on this cascade
with High-Resolution PIV and proper orthogonal decomposition
analyses showed the different spatial modes of oscillation of the
flow in the passage [21]. At the same time, the DLR has made
considerable improvements to its CFD solver for turbomachinery
applications, TRACE, in order to perform efficient high-fidelity
large eddy simulation (LES) of cascade configurations to com-
pare with experiments [22-24]. This solver has already provided
new insights into the flow of the LHT cascade, although it was
determined that longer simulation times are required to allow a
better comparison with the experimental data [25, 26].

This article is then not only the culmination of this three-part
contribution, over which the experimental and numerical results
have been presented separately in detail, but also the culmination
of a multi-year effort to bridge the gap between experiments and
numerics. This was necessary in order to achieve the best possi-
ble understanding of the unsteady SBLI flow through the TCTA.
For this purpose, a new experimental campaign was performed
with this cascade using HSS and HSPIV techniques at different
regions of interest. In addition to this, high-fidelity LES simu-
lations were performed of the same configuration and operating
conditions, albeit with a smaller periodic domain in both pitch
and blade span. The main unique feature of this simulation lies
in the long simulation time computed, over 100 convective time
units (). The extensive amount of numerical data gathered al-
lows a relevant and accurate comparison with the experimental
results. The following sections present the design of the TCTA
used for this study, describe the experimental and numerical meth-
ods employed, discuss the results in detail, and summarize the
conclusions drawn from this interdisciplinary effort.

2. THE TRANSONIC CASCADE TEAMAERO

The TCTA is a transonic compressor cascade designed by
means of multi-objective optimization with the DLR’s in-house
numerical software including the optimization suite, AutoOpti,
and the CFD solver, TRACE. The latter was configured with the
RANS k — w turbulence and y — Re# transition models to solve
the flow through the different design candidates. A detailed re-
count of the numerical validation and optimization process can
be found in [27], while the final design definition and the assem-
bly manufactured for the TGK facility are shown in Fig. 1. The
main properties of this design are summarized in Tab. 1, along
with those of the similar cascade designs discussed in the previ-
ous section, which will become relevant in later sections. The
operating conditions reported are measured at the measurement
plane (MP) 1, as shown in Fig. 1. Finally, the performance and
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FIGURE 1: THE TRANSONIC CASCADE TEAMAERO: DESIGN DEF-
INITION (LEFT) AND MANUFACTURED ASSEMBLY (RIGHT)

working range of the final TCTA design were validated experi-
mentally with steady measurement techniques [28].

However, the main purpose of the new design is to study the
unsteady SBLI that occurs within the passages of the cascade.
This line of work was started via HSS measurements of the shock
movement in the three adjacent middle passages at the cascade’s
aerodynamic design point (ADP) [20]. This work package re-
vealed that this movement is rather similar across the passages,
with a broad main frequency band of oscillation between 500 and
550 Hz that is modulated with a strong frequency tone at 1140
Hz. The passages were also revealed to have a certain level of
interaction with each other. For instance, the shock movement in
the second and third passages correlated strongly with each other
at a lag that approximately corresponds to the distance between
their bow shocks and the mean flow velocity.

Further analyses were performed on this cascade via 2D-2
component and high-resolution PIV measurements of the flow
in the middle passage of the cascade [21]. These measurements
allowed the modal analysis of the velocity components, revealing
a main mode of oscillation similar to a "bubble breathing" mode.
This is due to the highly instationary nature of the size of the
laminar separation bubble under the shock throughout the cycle.
The wall-normal velocity modes also show evidence of oscillation
due to lambda-type structures that form in front of the shock.
Although these results could not link the modes of oscillations
with the different frequencies reported, they served as a starting
point and inspiration for the continued analysis of the flow in this
cascade. This time, however, with time-resolved measurements
and analyses that take into account this time coherence, such as
the spectral proper orthogonal decomposition (SPOD).

Some of the main questions that remain to be resolved are
the following: What is the origin of the different frequencies of
oscillation observed in the shock spectra? What factors are re-
sponsible for the specific frequency bands and tones measured

TABLE 1: CASCADE DESIGN PROPERTIES AND OPERATING CON-
DITIONS.

TCTA LHT TFAST

Blade chord, ¢ (mm) 100 70 100
Pitch, t (mm) 65 49.5 60
Stagger angle, B (°) 135.8 1399 1344
Inflow angle, 81 (°) 1457 1513 145.5
Inflow Mach, M 1.21 1.05 1.21
Outflow Mach, M, 0.64 0.57 0.77
de Haller number, DH 0.582 0.577 0.683
Temperature, T (K) 2359 2450 2354
Reynolds number (10%) 1.35 1.13 1.38
AVDR 1.05 1.00 1.21
d99 at x/c = 0.3 (mm) 0.444 0.34 -
Mean shock position, X /c 0.526 0.390 0.519

Appr. vel. pre-shock, V; (m/s) 395 375 400
Appr. vel. post-shock, Vs (m/s) 280 255 300

in different operating conditions? And what aerodynamic mech-
anisms can possibly allow these different types of oscillations?
The focus of the current work package is then to bring together
time-resolved experimental and numerical methods in order to
obtain a more complete picture of the flow inside this cascade
and start addressing these questions.

3. EXPERIMENTAL METHODS

The main experimental results considered for this compari-
son stem from the high-speed PIV (HSPIV) measurements per-
formed and described in detail in Part 1 of this submission. For
extensive details on the acquisition of this data, the reader is re-
ferred to said manuscript, although a brief recount of the most
important details are given here for completion. As previously
discussed, shock movement in the TCTA occurs at frequencies in
the order of 10? to 103 Hz. The HSPIV acquisition rate was then
configured to 40-46 kHz, corresponding to sampling frequencies
of the flow of 20-23 kHz. This was done with a high-speed cam-
era (Phantom v2640) equipped with a macro lens (Nikon, Nikkor
Micro £200/4) at a magnification of 19.6 um/pixel.

Due to the high frame acquisition rates required, the camera
is set to image sizes of 1792x200 pixels for the highest sampling
of 23 kHz, and 1792x328 pixels for the lowest one at 20 kHz. Par-
ticle illumination is provided by a high-repetition double-pulse
laser system providing up to 10 W of power at pulse separations
between 1 — 1.2 us. This provides sufficient particle image in-
tensity for a light sheet height of 4 mm and thickness of 0.2 mm.
The regions of interest sampled with HSPIV are shown in red in
Fig. 1. These regions capture the flow over the suction surface
near the leading edge and under the shock foot, and along the
pressure side of the adjacent blade near the trailing edge.

Given that the light sheet is small, what was meant to be
a synchronous recording with a second Phantom v1840 camera
is performed to reliably capture the position of the shock with
shadowgraph images of a wider field of view in the cascade
passage. This camera is equipped with a Nikkor Micro 200/5.6
lens and configured to an image size of 511x511 pixels with a
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FIGURE 2: CROSS-CORRELATED SEQUENCE OF HSPIV IMAGES
(LEFT) AND SHADOWGRAPHS (RIGHT) OF THE FLOW NEAR THE
BLADE DURING FORWARD SHOCK MOVEMENT. BLADE SURFACE
IS INDICATED WITH A RED LINE.

magnification of 45 um/pixel. The region captured with the HSS
setup is illuminated by a high-power red LED, providing short
duration pulses for the desired frame rates. Since the cameras
are capturing overlapping areas, the image capturing paths of the
laser pulses and LED are separated via a dichroic mirror.

These cameras are set up as master and slave in order to syn-
chronize their operation. However, issues with the trigger mech-
anism prevented the cameras from obtaining the synchronous
images intended. Instead, the images lag each other by about
two seconds and correspond to non-overlapping time windows.
Nevertheless, the analyses performed in this manuscript with the
different sets of data stand well on their own. Additionally, cross-
correlations of the shock movement from the different recordings
help align some sequences of similar shock movement for visu-
alization as it was originally intended, as shown in Fig. 2.

To process these recordings, the movement of the blade is
also estimated based on a correlation algorithm using the intensity
distribution in each sample region with several template images
of reference blade positions. Further pre-processing is performed
with the images in order to enhance the particle image contrasts
to allow validation rates of at least 95% per burst at interrogation
windows of 64x16 pixels. Higher validation rates are possible
with larger window sizes, but the narrower one is preferred to
enhance visibility of the structures in the separation bubble and
reduce window overlap with the blade edge.

4. NUMERICAL METHODS

The numerical methods have also been described in detail
in Part 2 of this series. However, they are briefly described here
as well for completion. The simulation results that are presented
in this manuscript were calculated with TRACE’s discontinuous
Galerkin spectral element method (DGSEM) solver. An extensive
and detailed implementation of the method is found in [22-24].

The flow over the TCTA cascade is simulated at the
ADP operating condition with M;=1.21, Re; = 1.35%10° and
B1=145.7°, measured at the MP1 as in the experiments. For this

FIGURE 3: COARSE COMPUTATIONAL GRID OF THE TCTA SHOW-
ING ONLY ELEMENTS WITHOUT INTERIOR NODES. SOME PROBE
LINES SAMPLED IN THE DOMAIN ARE MARKED.

LES simulation, an implicit (no-model) approach is chosen for
the modelling of subgrid stresses, such that dissipation is added
implicitly via the numerical dissipation of the Riemann solver.
Furthermore, the entropy-conserving split-form variant is applied
together with the corresponding Riemann solver to cancel numer-
ical errors arising from the non-linearity of the advective fluxes.
Spurious oscillations across shock fronts in the high-order accu-
rate LES are avoided by applying a finite volume subcell shock
capturing method. A feature-based dilatation-vorticity sensor is
used to identify the elements that require such blending.

The domain consists of inlet and outlet boundaries located
1.0 chord length upstream and 1.5 chord lengths downstream of
the leading and trailing edges, respectively. The inflow and out-
flow boundary conditions used are the 1D non-reflecting bound-
ary conditions from [29], with the total pressure, total tempera-
ture, and flow angle specified at the inlet and static pressure at the
outlet. Periodic boundary conditions are set along the spanwise
and pitchwise directions. The computational grid itself is gen-
erated with the Gmsh package and contains 108,564 hexahedral
elements in the x-y plane with a structured refinement around the
shock location to avoid spurious flow structures. The mesh is
extruded by 10% chord length along the spanwise direction and
a polynomial order of N =3 is used in all elements, yielding a 4™
order accurate spatial discretization. The equations are advanced
in time with an explicit 3" order Runge-Kutta scheme.

Excluding the leading and trailing edges, the maximum non-
dimensional cell sizes are A& =35, Ant, =2 and AZF, =25.
The values are normalized by the polynomial order N to aid the
comparability to finite volume simulations, and they are compa-
rable to other high-Reynolds number compressor studies [24, 30].
This was the most refined grid studied with a span size that seemed
to be wide enough to avoid with some margin the non-isotropic
turbulence at the midspan of the cascade originating from the
periodic boundary conditions. The span of 10% of the chord
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FIGURE 4: PSD OF THE SHOCK MOVEMENT IN THE PASSAGE OF
THE TCTA FROM EXPERIMENTS AND LES.

length with this domain corresponds to 6% of the cascade span as
installed in the TGK. The entire domain was sampled throughout
the simulation with a coarser regular grid and multiple 1D line
probes. A coarse version of the domain and the mesh are shown
in Fig. 3, along with some of the relevant probe lines sampled.

5. RESULTS AND DISCUSSION

From the experiments, there were a total of 14 measurement
runs with 8 bursts, each of them capturing over 10,000 shadow-
graphs and 20,000 PIV images. With a sample frequency between
20 and 23 kHz for the different runs, this amounts to more than 56
seconds of footage in the different regions of interest. The LES
results on the other hand have been sampled in detail with a num-
ber of 1D, 2D, and 3D probes over different parts of the domain.
However, despite the long simulation time computed, they still
consist of "only" about 30 milliseconds of footage. A meaningful
analysis of all the data then requires careful consideration to draw
on the strengths of each dataset.

The first results presented in Fig. 4 are the frequency-
weighted power spectral densities (PSD) of the shock motion
for both datasets. The spectrum of the experiments is the average
of all the recordings made. It peaks broadly over a 50 Hz band
around 500 Hz and then narrowly at a tone of 1133 Hz, similar
to previous experimental campaigns. The LES on the other hand
shows a more tonal spectrum, starting with the main frequency of
the shock at 614 Hz and repeating over its harmonics. Two lines
are shown for the LES, one spectrum is obtained from a "perfect"
tracking of the shock position at the blade midspan using a mid-
passage probe line and applying a modified Ducros sensor as in
[31]. The second one is obtained with an imperfect tracking of
the shock via a density gradient sensor and a probe line closer
to the blade surface. The latter is meant to imitate the type of
shock tracking allowed by the integrated shadowgraph images.
This signal is more noisy with a broader peak for the main shock
movement and a strongly highlighted tone at 1228 Hz.

This simple comparison helps guide the remaining analyses.
This manuscript is indeed not trying to prove that the LES and
experimental results are one and the same. They require different
interpretations due to their inherent differences. The flow in
the LES simulations with perfectly periodic domain is rather 2-

30000 Pressure (Pa) 70000
s o

mm)

y—coordinate (

25 50 75 25 50
x—coordinate (mm) x—coordinate (mm)

FIGURE 5: MEAN MACH NUMBER AND PRESSURE FIELDS OF THE
TCTA THROUGH THE SIMULATION.

dimensional. Regardless of the span validation study in Part 2, the
shock front is observed to move uniformly across the span. On the
other hand, the flow in the experiments is 3-dimensional in nature.
It is affected by the suction slots in the passage, the aperiodicity
from the inevitable shock reflections in the test section, and by
the vibrations of the blade itself that occur near 400 Hz and were
discussed in Part 1. These key differences alone may explain the
shift of the frequency peaks of nearly 100 Hz, or the increased
amplitude of the oscillation by about 10% of the chord length
in the LES. And yet, in spite of these differences, the results
are remarkably close to each other. What this manuscript is
then actually trying to prove is that these results exhibit the same
mechanism of shock oscillation, which will be elucidated in the
following sections.

The remaining sections start by presenting one full cycle
of oscillation by leaning on the detail of the LES results. A
thorough comparison with the experimental measurements is then
performed in order to establish the validity of the LES results with
respect to the experiments. Further analyses are then shown to
narrow down and present the perceived mechanism of oscillation
of the TCTA. The final section brings these results together
with those of previous experimental campaigns to investigate the
transferability of this new knowledge to other configurations.

5.1 The Shock Oscillation Cycle of the TCTA

The main cycle of oscillation in the LES results occurs at a
frequency of 615 Hz, as shown in Fig. 4. In order to visualize this
cycle, the mean pressure and Mach number fields of the flow are
first presented in Fig. 5, along with four equi-temporal snapshots
of this cycle in Fig. 6. The latter show the Mach number and
the pressure variation with respect to the mean field previously
shown (P’ = P — P). A more detailed sequence of this cycle is
also presented in Part 2 of this series.

In Fig. 6, the shock starts at its most upstream position. One
of the main features of the flow is already identified, which is
the presence of an oblique shock propagating upstream from the
main shock. These oblique shocks are periodically observed in
the flow throughout the simulation. They create not only a visible
slip line and a variation of the shock strength across the passage,
but they also inevitably increase the incidence of the incoming
flow. Another important feature identified is the downstream
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FIGURE 6: MACH AND PRESSURE VARIATION CONTOURS OF ONE CYCLE OF SHOCK OSCILLATION OBSERVED IN THE HIGH-FIDELITY

SIMULATIONS OF THE TRANSONIC CASCADE TEAMAERO.

convection of a block of recirculating flow from the previous
cycle. The interaction of this separated flow with the trailing edge
has already produced two strong vortices. More importantly,
its previous interaction with the flow in the passage seems to
have generated a pressure wave that is propagating upstream.
This shocklet-type feature may well have been generated by the
blockage caused by the downstream propagation of the separated
flow, which is an uneven and transient effect by nature.

Moving on to the second frame, the number of shocklets
has increased in the wake of the downstream convection of the
separated flow. The main shock on the other hand is now moving
into the passage, and it already seems to interact with one of the
shocklets. The latter are then clearly moving at a faster speed than
the main shock. The separation in the passage is at a minimum,
and the vortex shedding at the trailing edge is decreasing. Note
that even though the shock is moving into the passage, that is,
its topology is becoming more oblique and the incidence of the
incoming flow is therefore decreasing, the pressure at the outlet
of the cascade seems to be increasing instead. The shocklets
themselves also seem to be transmitting this increased pressure,
albeit somewhat unevenly along the passage.

In the third frame, the shocklets have already coalesced and
interacted strongly with the main shock. The separated flow at
the trailing edge is at a minimum and the vortex shedding has
completely stopped. However, the separation bubble under the
shock has grown considerably due to the strong oblique shock
propagating upstream at high speed. This oblique shock causes
the pressure and incidence of the flow to rapidly increase again.
The increased bubble size itself causes a series of secondary
shocks in the passage. The cascade seems choke momentarily,
increasing the pressure behind the shock and causing the flow

p— Inlet-Pressure

| === Inlet-FlowAnglelncidence

Normalized Amplitude

=0.67 __ Gutlet-pressure
--~- Outlet-FlowAnglelncidence
-0.8 i T y N y y
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FIGURE 7: AVERAGED QUANTITIES AT THE INLET AND OUTLET
OF THE CASCADE OVER ONE CYCLE OF OSCILLATION.

under the shock foot to break down. In the final snapshot, the
breakdown has occurred and a block of separated flow convects
downstream. The main shock is again normal and already almost
where it started, that is, the upstream movement occurs remark-
ably faster than the rest of the cycle. The vortex shedding has
already restarted, which seems to be a key factor for the decreased
pressure at the cascade outlet that sets up the next cycle.

The dynamic between the inlet and the outlet of the cascade
is particularly interesting throughout the cycle. This given that
the back-pressure is shown to be low when the shock is at its most
upstream position and high when the shock is in the passage, when
the opposite is expected. This can be observed in Fig. 7, where
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the pressure and the flow incidence were averaged and Favre-
averaged, respectively, over two cycles of oscillation. The cycle
shown in Fig. 6 is marked accordingly with red dotted lines. Note
that cascade inlet and outlet refers to the lines joining the leading
and trailing edges of adjacent blades in Fig. 3, and that the signals
have been normalized with their maximum amplitudes. The
pressure signals are shown to oscillate at opposite phase with each
other. The highest outlet pressure also seems to coincide with the
lowest flow incidence, contrary to what would be expected if two
stationary operating points were being analyzed.

A simple correlation of these signals (not shown) confirms
also that the maximum correlation peak is found at 0.567 ms and
subsequent peaks are found with a frequency of 627 Hz. This
means that on average, the signal at the outlet is indeed follow-
ing the inlet with an average equivalent speed of propagation
of about 176 m/s. This already hints to at least two different
mechanisms that might be at play in this cycle: one responsible
for the generation and upstream propagation of the shocklets and
oblique shocks at higher frequencies, and another downstream
mechanism at lower frequencies that seems unable to negotiate
the conditions between the inlet and the outlet.

These mechanisms can be visualized with a space-time dia-
gram of the density gradient vector projected on the blade chord
axis from the midpassage probe, as shown in Fig. 8. In this figure,
the main shock is tracked with a green line, while the red lines
highlight the oblique shocks and shocklets in the passage. These
shocklets seem to be generated after the flow breakdown occurs
and even seem to shortly convect downstream with the separated
flow before rapidly propagating upstream. These pressure waves
cannot propagate directly past the main shock, but it seems that
the pressure information is transmitted through the boundary layer
periodically in the form of the oblique shocks. Sometimes this
occurs with a lag across the main shock and sometimes almost
without lag, as shown in the figure detail.

The oscillating red line near 20% is the lip shock, which

seems to be at its most downstream position (lowest inflow angle)
precisely when the strongest upstream propagating oblique shocks
of the adjacent lower blade reach the leading edge of its upper
neighbor. This movement then in turn seems to be linked with
the movement of the bow shock, which is seen periodically at 0%
chord. Note in this figure that the upstream propagation of the
shocklets doesn’t seem to start at a preferred location, for instance
at the trailing edge. Instead, their upstream propagation seems
to linked to the complex interaction of the separated flow in the
passage as it convects downstream. This upstream propagation
then seems to start close to the trailing edge, but not necessarily
there, many times before, but sometimes even after it.

In this section, we have now gathered some of the footprints
left by the mechanisms of oscillation. However, further analysis
is required in order to quantify these features and associate them
to the frequencies observed in the oscillation spectra.

5.2 Validating High-Fidelity Simulations with Experiments

The cycle of oscillation described in the previous section is
validated by both qualitative and quantitative means. We start by
presenting a sequence of two cross-correlated HSS and HSPIV
recordings that capture two separate, but very similar flow break-
down events, as shown in Fig. 9. In these sequences, the main
shock moves deep inside the passage, and it seems to interact
with the different shocklets moving upstream. As this interaction
unfolds, the separation bubble under the shock foot grows con-
siderably, the shocklets branch out or fade away, and a number
of oblique shocks are shown to propagate upstream. The PIV
frames show this same process occurring with a lot of similari-
ties between the recordings, which can be expected to occur as
the process is cyclical and recurrent in nature.

Just like in the LES then, the experiments show a significant
interaction between the main shock and these recurring upstream
moving shocklets. Their nature, however, makes them difficult
to quantify into a continuous position signal, as is usually done
with the main shock. This given that the strength and visibility of
the shocklets is inconsistent, and the image is focused to primar-
ily capture the main shock. Nevertheless, a manual analysis of
eight discrete sequences where the shocklets were clearly visible
allowed the tracking of their position over usually 4 to 8 different
frames. The tracking was performed via the gradient of the image
along pixel rows. The position signal can then be evaluated into
a shock or shocklet velocity based on the movement of the shock
along that pixel row and the magnification of the camera.

This analysis revealed that the shocklets are moving with
speeds between 20 and 50 m/s. This is noticeably faster than
the main shock, which is oscillating with speeds up to 10 m/s.
A similar analysis was done with five sequences of the oblique
shocks, this time more easily captured along the pixel rows of the
HSPIV frames, and also revealed speeds of upstream propagation
between 30 and 50 m/s. This is on par with what was observed
and quantified in the LES results, where this analysis can be done
more consistently than in the experiments.

Further quantitative comparisons are shown in Fig. 10. This
figure compares the frequency-weighted PSD contours from the
experiments (top) with those from the LES (bottom). On the left,
a row of pixels from the middle of the shadowgraph images is
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FIGURE 9: CROSS-CORRELATED HIGH-SPEED SHADOWGRAPH AND PIV SEQUENCES OF THE SHOCKLET INTERACTION AND FLOW

BREAKDOWN IN THE PASSAGE OF THE TCTA.
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FIGURE 10: FREQUENCY-WEIGHTED POWER SPECTRAL DEN-
SITIES FROM THE EXPERIMENTAL (TOP) AND LES (BOTTOM)
RESULTS: LEFT CORRESPONDS TO SHADOWGRAPH IMAGE IN-
TENSITY (EXP.) AND DENSITY GRADIENT (LES), RIGHT CORRE-
SPONDS TO THE VELOCITY MAGNITUDE (EXP. AND LES).

analyzed for the experiments, while the density gradient magni-
tude from a similar line is used for the LES. The contours are
normalized by the power of the signal at each location. On the
right, the velocity magnitude signal is analyzed from a row of
pixels near the suction surface from the HSPIV along with a sim-
ilar probe line for the LES. In all plots, the min., max., and mean
positions of the shock are marked in red dashed lines. The results
at first glance seem considerably different due to the tonal nature
of the oscillations in the LES and the more noisy signals from
the experiments. In addition to this, the experiments are strongly
marked downstream of the shock by the 1.13 kHz tone previously
identified, and by its first harmonic near 2.2 kHz upstream of the
shock. The LES on the other hand, is more strongly marked at
higher frequencies by the third harmonic near 1.8 kHz.

Lag (ms)
L
IQODQII;J

0.4

FIGURE 11: TWO-POINT CROSS-CORRELATION CONTOURS
ALONG HORIZONTAL ROWS OF THE SHADOWGRAPH (LEFT),
AND DENSITY GRADIENT FROM SIMULATIONS (RIGHT).

Nevertheless, the results do agree in some key details. With
all plots, it can be observed that the higher frequencies are clearly
present downstream of the shock, but they are reinforced upstream
of the shock and the energy is shifted to even higher tones. In
the density gradient PSDs, the presence of the higher tones must
then refer to the shocklets and their propagation as oblique shocks
upstream of the shock. The main shock frequency band is also
clearly present downstream. As was previously observed, the
shocklets do interact strongly with the main shock when it is at
its most downstream position. These observations are supported
by the velocity magnitude PSDs, where a similar energy shift
to higher frequencies can also be observed. Finally, the region
inside the shock is equally difficult to interpret throughout. The
appearance and disappearance of different frequencies observed
might be due to the fact that the shock is oscillating and also
acts as the source and sink of the structures occurring at different
frequencies. The contour in this area might also hint at non-linear
interactions between these features, which could also explain the
apparent shift to higher frequencies in both set of results.

Finally, a wave propagation analysis is shown in Fig. 11,
where the two-point cross-correlation coefficient function (R X, x)
is applied along pixel rows of the shadowgraph and a similar probe
line in the LES, as defined below and also applied in [15, 18]:

K X (DX (1 +T)

Ry (1) = =20 )
X x’
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Where 7 represents the lag between the zero-mean signals
and o is their standard deviation. The reference signal is arbitrary
and is marked in the figure with a black dashed line. The signals
are bypass filtered between the high-frequency bands of interest:
1100-1200 Hz for the experiments and 1700-1900 Hz for the
LES. The figure shows that the slope of the correlation both
in the experiments and in the LES is negative before and after
the shock. This indicates an upstream flow of information that
occurs at a speed determined by the slope of the linear squared
fit of the correlation peaks, shown with a solid black line. The
slopes measured indicate speeds of 28.3 m/s for the experiments
and 26.2 m/s for the LES before and after the shock.

The region enclosed by the limits of the shock is again dif-
ficult to interpret. There’s some evidence of both upstream and
downstream propagation, and regions where the correlation con-
tour is flat, which indicates simultaneous oscillation at the given
frequency bands. It is worth noting here that a similar analysis
of the density gradient filtered between 450-650 Hz (not shown)
revealed mainly downstream propagation of information before
and after the shock for experiments and LES. There are two
types of analyses that could further clarify the interactions in the
region of the main shock: PSD and cross-correlations in a frame
of reference that follows the main shock, and non-linear spectral
analyses, for instance with a bispectrum of relevant frequencies at
the mean shock position. These analyses were not readily avail-
able, but this section has already shown that similar mechanisms
of oscillation are occurring based on the evidence gathered.

5.3 Searching the Origin of the Shock Oscillation

In this section, the LES results are analyzed further in order to
narrow down on the origin of the interactions and oscillations that
were compared in the previous sections. For this purpose, cross-
correlations are performed over different probe lines of interest.
This part of the analysis is focused on the pressure, given that
from what has been observed, it is expected that its periodic
fluctuations are the ones that give rise to the similar fluctuations
of the streamlines and the oscillation itself.

Starting with Fig. 12, where the cross-correlation contour
over the midpassage probe line is shown with the pressure signal
at the top and the flow angle incidence at the bottom. The signals
on the left side are bypass filtered between 500-700 Hz and on the
right between 1100-1300 Hz. The pressure at these two frequency
bands shows that most of the propagation occurring along the
probe line is downstream. However, at higher frequencies, some
upstream propagation occurs mostly after, but also before the
shock at 34.8 m/s. A quick check through the data points confirms
that this is approximately equal to the speed of sound subtracted by
the mean flow velocity after the shock. The flow angle incidence
also shows some upstream propagation, but only upstream of
the shock. This supports earlier observations that in the sonic
regime, the only mechanism of upstream propagation is through
the oblique shocks that inevitably affect the inflow angle. Another
point to note is how the pressure signal seems to change direction
around 75% chord. This is a location that recurrently showed
changes in propagation speed or direction.

However, one part that is not clear is at 500-700 Hz, where
the pressure prior to the shock shows mostly downstream prop-

Lag (ms)

Lag (ms)

FIGURE 12: TWO-POINT CROSS-CORRELATION ALONG MIDPAS-
SAGE OF THE PRESSURE (TOP) AND FLOW INCIDENCE (BOT-
TOM). BYPASS FILTER APPLIED BETWEEN 500-700 HZ (LEFT) AND
1100-1300 HZ (RIGHT). REFERENCE POSITION MARKED WITH
BLACK DASHED LINE.

agation, the incidence of the flow seems to have some upstream
propagation in this same area. This upstream propagation could
be attributed to the extending branches of the strong oblique shock
that drives the main shock forward at this frequency, but may not
cause a much higher increase in pressure than already done by
the entire movement of the shock structure. Again, an analysis in
a reference frame following the shock movement might be able to
clarify these details. Higher frequency bands are not shown, but
most of them seem to share similar interpretations as the 1100-
1300 Hz band. Lastly, some of the decorrelations prior to 20%
occur due to the probe line crossing the bow and lip shocks.

A similar analysis is shown in Fig. 13 for a line probe with
a constant delta from the blade surface of 0.8 times the dg9 prior
to the shock. This figure is organized the same way as Fig. 12,
but is filtered between 1700-1900 Hz instead of 1100-1300 Hz.
These graphs show that most of the pressure propagation after the
shock is downstream. This was unexpected and rules out that the
pressure waves observed in the passage also propagate somewhat
in the blocks of separated flow convecting downstream. The flow
incidence on the other hand is much more noisy after the shock,
but prior to it, it clearly shows that the propagating pressure is
accompanied by a flow angle variation. The 1100-1300 Hz band
is not shown this time given that the signal doesn’t have these
clear trends. This is supported by the PSDs previously shown, as
the interaction of the shock one way or another seems to shift the
power in the spectra to those higher tones.

With the context provided from the previous analyses, the
SPOD of the pressure field is now shown in Fig. 14. The
SPOD evaluation followed the implementation of the algorithm
by Schmidt et al. [32, 33] in the python package from [34]. The
dataset of 2016 snapshots is divided into 7 blocks, overlapping
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FIGURE 13: TWO-POINT CROSS-CORRELATION ALONG 0.8599 OF
THE PRESSURE (TOP) AND FLOW INCIDENCE (BOTTOM). BYPASS
FILTER APPLIED BETWEEN 500-700 HZ (LEFT) AND 1700-1900 HZ
(RIGHT). REFERENCE POSITION MARKED WITH BLACK DASHED
LINE.

by 50%. The Hamming window is used for the evaluation of the
Fourier transform over each block, resulting in frequency bins of
approximately 200 Hz. This helps leverage the amount of data
available to obtain the most accurate solution, while maintaining
the tonal information shown in Fig. 4.

The data is then analyzed one frequency at a time, first by
constructing the snapshot matrix, Q. This matrix has a shape
M x N referring to the total number of degrees of freedom and
realizations, respectively. Finally, the covariance matrix, C, is
calculated and used to solve the eigenvalue problem as follows:

2
3)

Where the superscript H refers to the Hermitian, W =
is the so-called variance norm weighting for a regular grid of
sampled values, and ® contains the eigenvectors of interest. The
analysis shown in Fig. 14 focuses on the first modes, as they were
observed to dominate the other ones considerably. The results are
read in conjunction with the SPOD of the velocity components
performed in parts 1 and 2, and shown again in this manuscript
under Appendix A. For further details on the implementations of
this technique, the reader is referred to the respective manuscripts
and to the original material previously cited.

The results show an extension of what has been discussed
thus far in this manuscript, even if modal analyses tend to become
rather abstract and difficult to interpret at higher frequencies.
Starting with the 600 Hz contour, the contour strongly marks the
region where the shock is moving. This region is almost extended
downstream in the area marked by the periodical flow separation
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FIGURE 14: FIRST SPOD MODE OF THE PRESSURE FIELD FOR
THE TCTA AT 600, 1200, AND 1800 HZ (TOP TO BOTTOM).

due to the breakdown in the passage. It is also worth noting
that the area around the trailing edge at these frequencies is in
opposite phase. This supports the discussion from Sec. 5.1 on
the effect of the vortex shedding at the trailing edge. We think
the way and lag at which this interaction occurs is a key factor on
the frequency of the main shock movement, but not necessarily
the driving force behind it.

To look for this origin, the mode contour at 1200 Hz is pre-
sented, which strongly highlights an area around 70% to 90%
chord length. This would match the region with evidence of
upstream propagation of the pressure signal from previous dis-
cussions. This area extends across the passage and, along with
the third frequency mode contour, seems to indicate that the pres-
sure is fluctuating at these higher frequencies across the passage
in a banded pattern due to the shocklets. We think this is a
distinguishing feature of this mechanism of oscillation.

Lee’s feedback mechanism points to the interactions of the
flow with the trailing edge geometry as the origin of the distur-
bances that propagate upstream towards the shock and provoke its
oscillation. However, it would be expected that such a mechanism
would propagate radially from an area resembling a point source.
Instead, the evidence suggests that the disturbances originate up-
stream of the trailing edge. Even though they don’t necessarily
propagate along the suction surface, the separated flow is after all
highly turbulent and convecting downstream, they do propagate
in the passage to interact strongly with the shock. This would be
consistent with previous experimental HSPIV results of the LHT
cascade, where disturbances were also reported to propagate from
a point prior to the trailing edge. This is not to say that the trailing
edge is not an important feature of the flow through the cascade.
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On the contrary, it seems to affect the frequency at which the
entire oscillation plays out and is also observed to change the
mode contour and concentrate a lot of energy. However, this
mechanism seems to be a reaction to the complex interaction of
the features converging in the passage when the shock is present.

Finally, the third frequency contour again presents the
strongest indication of the oblique shocks occurring upstream
of the shock. Interestingly, this is also the mode that concentrates
the most energy at the trailing edge. Even if its transmission along
the blade surface doesn’t seem to show up in the cross-correlation
plot of Fig. 13, it seems to be propagating nevertheless across
the passage and to have more success upstream of the shock.

5.4 The Mechanisms of Shock Oscillation

In this section, we attempt to summarize the different obser-
vations and conclusions drawn from the previous analyses into a
discrete number of aerodynamic mechanisms that visualize the
current understanding of the oscillation in the passage of the
TCTA. These mechanisms are then compared with what has
been previously observed in earlier experiments in order to find
points of commonality or divergence.

The flow in the cascade seems to be dominated by at least two
main aerodynamic mechanisms, as illustrated in Fig. 15, which
will be continuously referenced throughout this section. Within
these mechanisms, there are a number of interactions or features
that are not understood yet, but do not undermine the observations
made so far. The first one is a mechanism of upstream propagation
of pressure information in the passage of the cascade that occurs
at high frequencies and continuously throughout the cycle. The
origin of these disturbances seems to occur within a region inside
the passage and before the trailing edge of the profile. This
behavior is probably influenced by the properties of the turbulent
flow downstream of the shock and how it interacts with the rest
of the flow in the passage and the geometry itself. This given
that it seems to develop into planar waves of upstream pressure
variations that were observed both in LES and experiments.

When these shocklets propagate upstream and reach the main
shock, as shown at the bottom of Fig. 15, the pressure variations
stop propagating due to the sonic flow upstream. However, the
fluctuations do propagate through the subsonic part of the bound-
ary layer and mostly at high-frequency tones. This transmission
is not well understood and could hint either to non-linear inter-
actions with the main shock or a physical mechanism of trans-
mission along the shock as the shocklet arrives. What occurs
upstream of the shock on the other hand is a lot more clear. The
laminar boundary layer is weak and regular, allowing an easy
propagation of these disturbances and causing it to separate and
generate oblique shocks. These periodic high frequency weak
oblique shocks (1) are able to transmit these pressure fluctuations
further upstream, but they also inevitably produce small changes
in the flow angle and cause small high-frequency oscillations of
the shock position itself, as described by Hergt et al. in [19].

When these shocklets coincide with the main shock in the
passage, they seem to trigger a major collapse of the flow due to
decreased inflow angle, the oblique topology of the main shock,
and the system of secondary shocks generated. The latter being
exacerbated by the high-speed flow maintained in the passage
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FIGURE 15: SCHEMATIC OF MAIN MECHANISMS OF SHOCK OS-
CILLATION RESPONSIBLE FOR UPSTREAM (TOP) AND DOWN-
STREAM (BOTTOM) SHOCK MOVEMENT.

and the coalescing shocklets. This seems to point to at least a
momentary, but violent choking of the cascade, which creates
a strong pressure build-up and culminates in a strong oblique
shock propagating upstream at high speed (2). This oblique shock
increases the flow angle immediately upstream of the main shock,
which rapidly recovers a normal shock topology as it moves out
of the passage. The oblique shock then also reaches the leading
edge of the adjacent blade and directly influences the inflow angle
and therefore the operating point of the entire periodic domain.

This leads to a second mechanism of downstream propaga-
tion that may be more directly responsible for the actual frequency
of oscillation of the main shock. Given that there is a lag between
the events in this cycle, the sudden increase in inflow angle is
not accompanied by a stable pressure increase at the cascade out-
let. Instead, the separated flow convecting downstream maintains
regions of high-speed flow due to the blockage created in the pas-
sage (3). It also contains a lot of vortical structures that strongly
interact with the trailing edge and create a temporary vortex shed-
ding that also decreases the back-pressure (4). The ingredients
are then present for the shock to overshoot its upstream movement
and compensate by moving into the passage again.

5.4.1 Parallels with previous experiments. Based on the
previous discussion, it can be assumed that such mechanisms
could only be present in cascade designs with sufficiently low
stagger angle and Mach number. This so that the shock impinges
at a location that allows considerable interactions of the wake
with the throat and the rest of the passage. This is reminiscent
of the author’s recent experience with the TCTA in off-design
point (ODP) conditions [20], but also of the LHT cascade [18, 19],
and the TFAST cascade also tested at the TGK [1, 35]. Only
HSS and snapshot PIV data are available for the latter, but the
operating conditions are relevant and provide a good comparison,
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FIGURE 16: FREQUENCY-WEIGHTED PSD OF SHOCK OSCILLA-
TION FOR DIFFERENT EXPERIMENTS AT THE DLR’S TGK.

as measurements were also made with a turbulent boundary layer.

One last figure is then presented where the PSD of the shock
motion recorded in these experiments is recalled, but this time re-
casted in a frequency-weighted spectra form, as shown in Fig. 16.
This form helps identify, as was done for the TCTA, that the main
movement of the shock is occurring at the lower broad frequency
bands peaking at 510, 180, 207, and 360 Hz for the TCTA-ADP,
TCTA-ODP, LHT, and TFAST cascades, respectively. Most of
the time, this main oscillation is modulated by high frequency
tones. The only exception is the spectra of the TFAST cascade
with tripped boundary layer. This is an interesting behavior that
was also observed with high-fidelity numerical methods [14].

This behavior is also consistent with the mechanisms de-
scribed in this section. Indeed, we have provided a physical
reasoning for the tones observed in the spectra from the up-
stream propagation of periodic pressure fluctuations that turn
into oblique shockwaves in the laminar flow region upstream of
the shock. A turbulent boundary layer upstream of the shock
would not only be much more robust to this separation, but would
also transmit these weaker high-frequency pressure variations in
amore noisy and uneven pattern. This would naturally prevent an
extended separation of the upstream boundary layer and therefore
of the high-frequency modulation of the shock position.

Another interesting observation is how the TFAST and TCTA
cascades at ODP and ADP have almost identical high-frequency
tones. Even though this might suggest at first that there is some
effect of the wind tunnel coming into play or helping amplify this
specific frequency, it must be noted that the two cascade designs
have the same chord size and comparable pitches and stagger
angles. The tone on the other hand is strongly shifted for the
LHT cascade, which differs a lot more in terms of these features.
This might suggest that the higher frequencies could be heavily
influenced by the geometrical features and design of the cascade
itself, and less so of the profile.

As a final comparison, Tab. 2 is presented, where the knowl-
edge gathered is used to search for the best set of dimensional
factors that may collapse either the low-frequency bands or the
high-frequency tones in Fig. 16. For this purpose, the informa-
tion compiled in Tab. 1 is used to come up with what the authors
hope will be a growing compilation of data with the purpose of
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TABLE 2: DIMENSIONAL ANALYSIS OF SHOCK OSCILLATION
FREQUENCIES.

TCTA-ADP TCTA-ODP  LHT  TFAST
| Steons 0137 0.0561 0.0441  0.0970
&| Sts,  0.00058 - 0.00019 -

| Sty 0.202 0.111 0.0607  0.230
2| Sty 0.277 0.116 0.0703  0.287
= | St3 0.352 0.209 0.108  0.495
| Steons 0307 0.339 0.358  0.306
S| St 0.0013 - 0.0015 -

s 0.450 0.669 0492 0.726
| St 0.618 0.701 0.571  0.906
T St 0.786 1.26 0.872  1.56

searching the main factors influencing the frequencies observed.
The velocity of the flow before and after the shock has been es-
timated from the averaged PIV velocity fields available from the
different tests. This was done by averaging the velocity along
rows and columns in the area before (or after) the shock, away
from the boundary layer, and within the field of view available.

The frequencies are first compared in terms of the classical
definitions of the Strouhal number (St), based on the convective
units (Stcony = f - ¢/V1), and on the boundary layer size and
velocity prior to the shock (St5,, = f-99/V* 1. The formulations
1 to 3 are some of the ones attempted based on the factors observed
to be playing a role at the different frequencies studied. The first
two are St| = f-cl/(VSSgund—Vﬁ) and St = f-t/(VSfund—Vsz).
Here, c; is the distance between the mean shock position and the
trailing edge in the chord axis, or also the area where disturbances
in the passage might occur. Furthermore, Vgglm is an estimate
of the average speed of sound after the shock.

The third formulation is inspired by the acoustic feedback-
type mechanism formulations presented by Rossiter et al. in [36]
and also applied in [14]:

d

C2 C2

St3=f- +
: f 0-8‘/52 v.\‘uund - V52

“4)

Where c; is the distance between the mean shock position
and the 80% chord point along the chord axis, which seemed to
be the point of origin of the disturbances. The term 0.8V*? on
the other hand estimates the convection speed of the large eddies
after the shock. In general, and after trying different combinations
observed in the literature as well, we found no special combination
that would collapse this dataset. The high frequency tones are the
ones that lie the closest to each other, the objective then lies on
finding the factor that links the LHT cascade with the rest of the
dataset. Using the geometrical features of the cascade for instance
seem to help collapse the TCTA and the LHT data, but doesn’t
work as well with the TFAST cascade. The lower frequency
bands seem to be even harder to compare than the tones.

In Part 2 of this series, it was noted that the laminar separation
bubble length taken from the averaged velocity field of the LES
provided a Strouhal number in the same order of magnitude as
the 0.03 number reported for canonical oblique shock SBLIs
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[10, 37]. However, this comparison is difficult to make with the
experimental data given that the PIV measurements are rarely
able to properly capture the full extent of the boundary layer
separation. This is especially the case for the higher Mach number
cases, where the flow exhibits several periods of open separation
behind the shock. A rough estimate of the separation length could
be provided in future analyses based on the contours of the PIV
windows available, but it would carry considerable uncertainty.

Nevertheless, this is just a beginning towards understanding
these measurements as a whole. Some of the missing data could
be estimated in the future. However, the objective is rather to
focus future projects, or possibly influence other researchers,
towards gathering data on these features that seem to be playing
arole in the oscillation of the shock.

5.4.2 From inertial to rotating frames of reference. The
ability to identify and classify the mechanisms described has been
facilitated in this study by the use of a 2D geometry in an inertial
reference frame. However, real applications would involve 3D de-
signs and operating conditions that are inevitably affected by the
forces generated in non-inertial frames of reference and the sec-
ondary flow effects near the blade tip. Even though it is not trivial
to extrapolate the mechanisms presented, it can be generally as-
sumed that if the given blade section has similar geometrical and
inflow properties as the one studied in this manuscript, then a
similar type of shock oscillation spectra could be possible. Most
probably, however, with increasingly shifted peaks of oscillation
depending on the severity of the additional effects.

This assumption is based on the experience gathered here by
comparing experimental and LES results. Forinstance, observing
how the spectrum is spread into and more broadband oscillation
with a lower frequency peak due to the finite stiffness of the blade
and the effects of the 3D shock front. These effects would be
intensified when, for example, the separated boundary layer flow
no longer convects mostly downstream to interact the passage and
the trailing edge, but also radially. Another expected difference
would be a lower severity of the shock oscillation with respect
to the one observed in the linear cascade case. This is based on
the LES results showing a more severe shock oscillation than the
experiments. The effect was understood to be probably caused
by the perfectly periodic and generally 2D shock front obtained
in the LES when compared to the flow in the test section.

A better understanding of the differences would inevitably
require a methodical study transitioning from inertial to non-
inertial frame of reference with a known baseline geometry. Nev-
ertheless, the mechanisms explained are general enough to have
possible applicability to more realistic operating conditions, even
if they would inevitably become more complex and distorted than
the ones presented in this manuscript.

6. CONCLUSIONS AND PERSPECTIVES

The comparison of experimental and numerical data is never
a trivial task, especially when dealing with such complex phe-
nomena such as the SBLI inside of a transonic compressor cas-
cade. Nevertheless, in this 3-part series we have brought to-
gether state-of-the-art numerical and experimental techniques to
not only bring new knowledge in their respective fields, but also
to gain an improved understanding on where they differ and why.
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This process enhanced the conclusions made at each step with
respect to those that would have been gathered if performed sep-
arately as isolated work packages.

After describing the experimental methods that allowed the
detailed analysis of the SBLI in Part 1, and performing a thorough
comparison of numerical methods that allowed the same analy-
sis numerically in Part 2, this manuscript has brought their main
results together for deeper analysis. By doing this, some possi-
ble answers were provided to the complex questions posed at the
beginning regarding the high-frequency tones and low-frequency
band of the shock oscillation observed within the TCTA cascade:
Both frequencies are linked to the generation and propagation
of disturbances upstream of the trailing edge driven by the in-
teraction of separated flow structures with the flow in the pas-
sage; these disturbances propagate acoustically in the subsonic
regime and continue in the sonic regime in the form of oblique
shocks that also inevitably affect the operating point of the cas-
cade; lastly, the high-frequency tones are related to mechanisms
of upstream propagation of these disturbances facilitated by the
laminar boundary layer, while the main shock movement is re-
lated to periodic interactions between these features culminating
in stronger fluctuations of the operating point.

This manuscript not only explained the current understand-
ing of these mechanisms, but also highlighted the different aspects
that are simply not understood yet. This includes, for example,
the transmission of the shocklets into higher frequency fluctua-
tions upstream of the shock. By identifying and separating these
unknowns, we hope to prepare them for further analysis and dis-
cussion in future studies. As more high-quality experimental and
numerical data is gathered, the need grows to categorize them
and to search a global understanding that joins them together into
an eventual global theory of SBLI in compressor cascades. This
effort will require the contribution of numerous disciplines and
stakeholders, as well as the further integration of experimental
and numerical methods in the search for answers.
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APPENDIX A. SPOD OF VELOCITY COMPONENTS

The velocity components were analyzed in parts 1 and 2 of

this series via SPOD analyses and are included here under Fig. 17
and Fig. 18, respectively. The figures are added as a complement
to the analyses in the results section of this manuscript.
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