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Abstract

This study presents experimental results from high-speed interferometric measurements
on a transonic compressor blade cascade, where three of the five blades were torsionally
oscillated at various frequencies up to 150 Hz and different inter-blade phase angles. The
primary research objective is to develop and validate a non-intrusive methodology capable
of quantifying unsteady flow fields surrounding aeroelastically unstable components. The
resulting flow field images demonstrate the potential of the method. Unlike classical
interferometric methods, the proposed approach has less stringent requirements for the
optical quality of the test section windows. This advantage allows for the use of organic-
glass windows, which are necessary for investigating highly loaded compressor blade
cascades. Such windows are required to accommodate the suction slots used to maintain a
representative Axial Velocity Density Ratio (AVDR). Unlike the classical schlieren technique,
the method provides quantitative results with high spatial and temporal resolution, while
the synthetic schlieren images can also be produced. The method proved suitable for
measurements in the harsh environment of transonic flow through oscillating blades and is
capable of capturing important unsteady flow phenomena.

Keywords: unsteady aerodynamics; axial compressor; linear cascade; two-wavelength
interferometry

1. Introduction

Understanding the unsteady aerodynamic phenomena in transonic compressor cas-
cades is crucial for advancing turbomachinery design and performance. This study focuses
on the experimental analysis of the unsteady flow field within a linear transonic compressor
cascade, specifically examining the effects of oscillating blades on flow dynamics. Building
on prior research that used optical measurement techniques to visualize transonic airflow
in stationary cascades [1], the present investigation introduces controlled oscillations of
three blades within the cascade at varying frequencies and phase shifts. The experiments
are conducted at a design inlet Mach number M; ~ 1.09 and blade oscillation amplitude
ap = 0.25°.

Particle image velocimetry (PIV) [2,3] is a standard technique for measuring velocity
fields in airflow studies, particularly for low-speed incompressible flows. In high-speed,
transonic, or supersonic flows, tracer particles no longer follow the flow streamlines.
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Alternative optical methods, such as Schlieren imaging [4,5] and shadowgraphy [6],
enable visualization of compressible flow structures. However, these techniques provide
primarily qualitative information and do not allow for direct quantitative measurements.
In contrast, interferometric methods measure the optical phase integrated along the optical
path, which is directly proportional to the fluid density rather than to its spatial derivatives.
Consequently, interferometric techniques have proven useful for many applications in
experimental fluid mechanics.

In transonic and supersonic flows, the density field often exhibits rapid spatial varia-
tions caused by expansion regions, shock waves, and shock-boundary-layer interactions.
These phenomena lead to abrupt changes in pressure, temperature, and density, which
introduce large phase gradients in interferometric measurements. As a result, standard
single-wavelength interferometry suffers from the phase ambiguity problem [7].

The primary gap addressed by this research is the lack of a robust, non-intrusive
optical diagnostic capable of delivering full-field quantitative flow parameters under
active structural flutter. To overcome this limitation, the use of two wavelengths has been
proposed [8]. By employing two coherent sources with different wavelengths, a synthetic
wavelength can be generated, effectively extending the unambiguous measurement range
compared to single-wavelength interferometry. This concept has been widely applied for
measuring steady or slowly varying quantities, such as object topography [8-10]. However,
its application to rapidly varying phenomena is more challenging, as both wavelengths
must be recorded within a single exposure.

Several off-axis optical configurations have been proposed to address this
requirement [11-13]. Nevertheless, when measuring fast phenomena, the use of very
short exposure times reduces the total integrated light energy captured by the sensor and
increases noise levels, which complicates reliable phase retrieval and data processing.

In the two-wavelength approach, the interference phases corresponding to the indi-
vidual wavelengths are first retrieved and subsequently used to generate a beat fringe
pattern referred to as the synthetic phase. This synthetic phase can be scaled and compared
with one of the single-wavelength phase maps. From this comparison, a fringe order map
can be obtained, enabling the unwrapping of the single-wavelength phase map. In this
way, the measurement range is extended while preserving the accuracy associated with the
shorter wavelength.

However, the standard data processing procedure fails when the difference between
the synthetic phase and the single-wavelength phase exceeds 7t radians. This situation
frequently occurs in the presence of noise or optical aberrations affecting the phase maps
obtained at different wavelengths. Several approaches have been proposed to mitigate
this problem, including image-processing techniques such as total variation regulariza-
tion or region segmentation [14]. These methods can reduce noise but require careful
parameter tuning and may not be suitable for all datasets, particularly in the case of
undersampled measurements.

Another possibility is the use of multi-wavelength hierarchical unwrapping [15-17].
However, such approaches typically require complex optical arrangements and multiple
wavelengths, which increases system complexity and cost and limits their applicability to
single-shot measurements of dynamic phenomena.

Consequently, experimental fluid mechanics still lacks a robust interferometric method-
ology capable of providing highly accurate and reliable measurements of rapidly varying
compressible flows with large density gradients under realistic experimental conditions.
The method presented in this work addresses this limitation and enables repeatable mea-
surements even in challenging environments.
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In this study, the blade flutter test facility at the Institute of Thermomechanics of the
Czech Academy of Sciences, located in the High-Speed Laboratory in Novy Knin, was
used [18,19]. The facility comprises a linear cascade with five adjustable blades capable
of prescribed oscillatory motions (Figure 1). The blades represent the midsection of a
DFVLR transonic compressor stage rotor at 45% of the blade height [20]. The geometrical
and design flow parameters of this MCA-type blade cascade are given in Table 1. The
central three blades are actuated by high-speed asynchronous electric motor to oscillate at
controlled frequencies and phase shifts, allowing for a detailed study of blade movement
on the unsteady flow field. The oscillation parameters can be varied and measured using a
laser triangulation sensor. Additionally, the middle blade (No.3) is instrumented with seven
Kulite high-speed pressure sensors on the suction side mid plane, while the neighbouring
blades have static pressure taps on the surface connected to NetScanner 9116 pressure
transducer. Static pressure is also measured at multiple locations upstream and downstream
of the cascade, while total pressure is measured at the inlet to the test section. The entire
test section assembly is mounted in a modular in-draft type, open-circuit wind tunnel
(Figure 2).
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Figure 1. Scheme of the test section with 5 transonic compressor blades (a) and blade cascade
geometry (b).
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Figure 2. Scheme of the modular wind tunnel: 1—silica-gel dryer, 2—pebble and cloth filter,
3—bell-mouth inlet, 4—honeycomb and screen, 5—contraction and cross-section change, 6—test
section, 7—diffuser, 8—control nozzle, 9—quick acting ball valve, 10—diffuser, 11—pipe connection
to vacuum chamber.
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Table 1. Blade cascade geometry and design parameters.

inlet Mach number M; 1.09

inlet flow angle 148.5°
flow turning angle 6 12.5°
stagger angle v 48.5°
pitch-chord ratio t/c 0.621

2. Measurement Techniques

While the fundamentals of single-wavelength (SW) and two-wavelength (TW) in-
terferometry were introduced in Section 1, this section defines the specific mathematical
implementation used in this setup. Consider a TW interferometer equipped with two
independent laser sources emitting light at wavelengths A; and A,. The object waves
propagate through the test section along identical optical paths, while the reference waves
are adjusted independently. In a single camera exposure, a multiplexed interference pattern
is recorded as:

I=1 Mt I, @)

is recorded, consisting of two independent overlapping interference patterns I, and I,
with carrier fringes.

The spectral domain of the multiplexed interferogram I contains a DC term and two
conjugate components for each wavelength. The positions of these components can be
controlled by adjusting the tilt angles of the reference waves, thereby introducing spatial
carrier fringes required for single-shot off-axis Fourier phase reconstruction. The carrier
frequencies must be sufficiently high to prevent overlap between the spectral components
in the Fourier spectrum while simultaneously satisfying the Nyquist sampling theorem.

After Fourier transformation of the multiplexed interferogram, the first-order spectral
sidebands corresponding to the individual wavelengths are extracted using Gaussian
band-pass filters. These sidebands contain the complex optical field information required
for phase reconstruction. The filter bandwidth determines the spatial resolution of the
measurement and consequently also the maximum allowable slope of the reconstructed
wavefront phase. Therefore, the bandwidths must be chosen as a compromise between
sufficient spectral separation from the DC term and conjugate orders, suppression of
spectral overlap, and preservation of high spatial frequencies associated with steep density
gradients generated by shock waves and expansion regions.

The interference phases A@,1 and Ag,, are subsequently obtained by inverse Fourier
transformation of the filtered complex spectral components. This procedure corresponds to
the standard off-axis Fourier-transform phase retrieval method commonly used in digital
holography and interferometry.

To extend the range of unambiguity, a beat fringe pattern (synthetic phase map) is
generated as

o(x,y) = Apaz(x,y) — Aprr(x,y) 2)

The values in Equation (2) are naturally constrained within the interval (—7, 7]. However,
the corresponding synthetic wavelength
AMAz
A= —"— 3

e )
is significantly larger than the individual wavelengths A1 and A,. According to Equation (3),
the range of unambiguity can be adjusted by appropriate selection of wavelengths. Since
the uncertainty of interferometric measurements is proportional to the wavelength, the
synthetic phase ¢ associated with A exhibits higher noise compared to the individual phase
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maps Ay and Ag,y. Therefore, it is advantageous to combine the large unambiguity
range of ¢ with the low uncertainty of the single-wavelength phase map. The standard
approach computes the fringe order map

N(x,y) = INT {Q(zj;y )}, (4)
where A
Qx,y) = qb(x,y)yz —Apra(x,y)- (5)

In Equation (4), INT denotes rounding to the nearest integer. The phase map Ag@,, can then
be unwrapped as
Appa(%y) = Agaa(x,y) + 27N (x,y).- (6)

The unwrapped phase A(p/A2 is no longer restricted to the interval (—7, 7]. It retains the
low noise level of Ag,, while the range of unambiguity extends to A. A key condition for
the successful application of this procedure is that the phase error ¢ introduced in the phase
difference must satisfy

e(Q) < . (7)

If this condition is violated, the rounding operation in Equation (4) leads to an incorrect
fringe order, resulting in erroneous phase unwrapping. To overcome this limitation, a more
robust approach can be applied. This method also utilizes the synthetic phase ¢ and phase
difference (3. While ¢ is free of 27t discontinuities, () contains many phase jumps because it
compares the smooth synthetic phase with the wrapped phase A@,,. The wrapped phase
difference is defined as

Qw(x,y) = arg{eXp (i {qb(x,y)fz - sz(w)} ) } (8)

In the ideal noise-free case,

mod <¢(x,y)/<\2,27r> = mod(Aga2(x,y),27T). )

In practical measurements, however, the phase maps are affected by noise, optical aber-
rations, and phase-reconstruction errors. Therefore, the equality is only approximate and
residual phase variations represented by the error term ¢ remain. Therefore, (Qyy contains
no or only a few 27t discontinuities. If Oy can be spatially unwrapped (i.e., the gradient of
the error satisfies |[Ve(Q))| < 71), the phase map Ag,, can be reconstructed as

/ A /
Apyo(x,y) = ﬁb(x/y))Tz - Qu(xy), (10)

where Q,w denotes the spatially unwrapped phase difference [21]. Since both ¢(x,y)A/ A,
and Q,w are free of 271 discontinuities, no additional unwrapping errors are introduced
provided that the low-density fringe pattern of Q) is successfully unwrapped. Conse-
quently, the error criterion is relaxed so that the gradient of the error distribution must
satisfy |Ve(Q)| < 7 rather than the absolute error itself. Once the unwrapped interference
phase A(p:\Z is obtained, it can be used for further physical analysis.

For flow measurements in wind tunnels, the refractive index along the interferometer
optical axis is assumed to be constant and the optical phase A(pl/\z(x, y) can be related to
density distribution p(x, y) using
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p(x,y) = po(xo,y0) + AqozA;(LxT,Iz)A, (11)
where Lt denotes the wind tunnel test section width, K is the Gladstone-Dale constant and
po is the reference density located in the position (xp,y0) [22].

The interferometric experimental setup is shown in Figure 3. For measurement, a
high-speed [23], two-wavelength interferometric technique [21] with an extended range
of unambiguity was used. This method employs a high-speed camera to enable short
exposure times, effectively avoiding motion blur in the interference patterns and minimiz-
ing the influence of environmental disturbances [24]. Fiber optics are used to ensure the
compactness and portability of the interferometric system. Quantitative data are obtained
in a single shot using the robust TW interferometry.

Two pigtailed diode laser modules (Cobolt series, Hiibner Photonics GmbH, Kassel,
Germany) operating at wavelengths A; = 550 nm and A, = 660 nm were used as coherent
light sources. The corresponding synthetic wavelength calculated according to Equation (3)
was approximately A ~ 3.3 um, significantly extending the unambiguous phase mea-
surement range compared to single-wavelength interferometry. Both laser sources were
fiber-coupled and combined into the same interferometric arrangement using fiber-optic
splitters and ferrules. The use of pigtailed laser modules improved the mechanical stability
and compactness of the setup and reduced sensitivity to environmental vibrations.

TEST SECTION
A L1 BS L2 CAM
g Q> (=1

Figure 3. Scheme of the interferometer setup (BS—beam splitter, CAM—high-speed camera,
LAS—Ilaser, FF—fiber ferrule, FS—fiber-splitter, L0, L1, L2—lenses).

3. Preliminary Results and Discussion

Initial measurements from previous experiments on stationary cascades have demon-
strated the potential of the high-speed interferometric technique in capturing detailed flow
structures, including shock waves and boundary layer interactions [1]. The current study
extends this approach to oscillating blades. The recent measurements were carried out for
two different inter blade phase angles (IBPA = £90°) and three blade oscillation frequen-
cies (fp = 50, 100, and 150 Hz) with the oscillation amplitude set to 0.25°. Cycle-to-cycle
repeatability is illustrated in Figure 4, where the ensemble average of 306 cycles at 150 Hz
for blade deflection and pressure measured at one suction-surface location is presented.
For each regime, a sequence in the length of several blade oscillation periods was captured
using FASTCAM SA-Z 2100K M64GB monochrome high-speed camera sampling at 30 kHz.
The resulting interferograms (Figure 5), showing the fringes representing the levels of the
constant refractive index n, were evaluated using the Gladstone-Dale Equation (12) linking
refractive index to density [25].
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Then, knowing the density p(x, y) and the total density pg at the inlet, the distribution of
the isentropic Mach number M;;(x, y) can be easily obtained from the equation

y—1
My = | —— <p> ~1 (13)
Lo

where 7 is the heat capacity ratio [25].
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Figure 4. Ensemble average of blade deflection (a) and surface pressure (b) together with all cycles

used for averaging.
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Figure 5. Example interferogram obtained during the current measurements (a) and synthetic
interferogram generated from the reconstructed phase distribution for qualitative visualization of the
measured flow field (b). Regions without visible fringes correspond predominantly to areas shadowed
by non-transparent objects inside the test section, such as the blades, pressure sensors, sensor wiring,
and mechanical support structures. These regions were excluded from further evaluation.

The resulting distributions of isentropic Mach number near the middle blade (No. 3)
are shown in Figures 6 and 7 for three selected regimes: (i) IBPA = 90°, f, = 50 Hz;
(ii) IBPA = —90°, f, = 50 Hz; and (iii) IBPA = 90°, f, = 150 Hz. For each regime, the
snapshots correspond to the time instant when the middle blade is at either its maximum
positive or negative deflection. In Figure 6a, the most prominent flow features are indicated,
including bow shocks upstream of the blades and lip shocks originating at the junction
between the rounded trailing edge and the blade surface.
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Figure 6. Resulting isentropic Mach number distributions M;; at the blade oscillation frequency
f» = 50 Hz: (a) max positive and (b) max negative deflection at IBPA = 90°; (c) max positive and
(d) max negative deflection at IBPA = —90°.
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Figure 7. Resulting isentropic Mach number distributions M;; at the blade oscillation frequency
f» = 150 Hz: (a) max positive and (b) max negative deflection at IBPA = 90°.

Although only small differences are visible across these cases, the most dynamic effects
occur on the pressure side of blade No. 3, where a small supersonic region, terminated
by an oscillating normal shock, forms periodically. It can be observed that, for maximum
negative deflection of the middle blade, a stronger expansion appears on the forward part of
the pressure side compared with positive deflection. This is expected, as negative deflection
reduces the incidence angle, allowing the expansion region to reach its maximum extent.
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This effect is more pronounced for IBPA = 90°, as blade No. 2 (not visible) moves from its
maximum positive deflection toward its neutral position. In contrast, for IBPA = —90°,
blade No. 2 moves from its maximum negative deflection toward neutral, resulting in a
more open inter-blade channel between blades No. 2 and 3 in this case.

The influence of oscillation frequency is illustrated in Figure 7, which shows the isen-
tropic Mach number distribution for IBPA = 90° and f; = 150 Hz. Again, the changes in
shock position between limiting deflections are relatively small, but the movement is more
pronounced than at f;, = 50 Hz. It is not clear whether this effect is due to flow phenomena
or to increased blade deflection amplitude caused by elastic deformation during torsional
oscillation. The laser triangulation sensor measured a mid-span deflection amplitude of
approximately 0.32° for an excitation setting of 0.25° and frequency f;, = 150 Hz, while for
f» = 50 Hz, the measured mid-span deflection amplitude was 0.254°. The same difference
in blade deflection has been observed also in cases with no flow (Figure 8).

o
~

—fb =50 Hz
—fb =150 Hz

o
[N}
:

Blade deflection (deg)
o

0 0.2 0.4 0.6 0.8 1
Normalized period

Figure 8. Ensemble average of blade deflection over one period at different excitation frequencies
with flow off.

It should also be noted that the flow field might also changes between different periods;
therefore, statistical evaluation is required to obtain representative data.

Effect of excitation frequency and IBPA on the blade suction side loading is shown
in Figure 9 where distributions of pressure amplitude in terms of pressure coefficient and
phase shift between pressure and blade motion are provided. Pressure amplitudes differ
namely in the front half of the blade surface upstream the bow shock of blade number 2.
Effect of this shock is apparent as a pressure amplitude peak close to x/c = 0.4. All measured
pressures downstream of this point exhibit practically the same amplitude trends except
for higher values in case of exc. frequency f, = 150 Hz. In the front part, amplitudes are
decreasing along the chord for the negative IBPA with overall maximum at the location of
the first pressure tap. This is due to the influence of the blade 2 which leads the motion
here. For positive IBPAs, this trend is opposite. Scattered amplitudes at the location of the
first pressure tap illustrate significant effect of the strong expansion and subsequent lip
shock just behind the leading edge on the loading of the blade front part.

The phase shift between pressure and blade motion at f, = 50 Hz exhibits opposite
trends for positive and negative IBPA, with different magnitudes. Signals are defined as
in phase when the maximum blade displacement coincides with the minimum unsteady
pressure; a positive phase shift indicates that the pressure leads the motion. The motion of
the inner branch of the bow shock on blade 2 can be approximated using values at x/c = 0.4.
For negative IBPA, the pressure leads the blade motion by 163°, indicating that the shock
moves upstream with a slight lag when the blade pivots in the positive sense (i.e., when
the leading edge moves upward). For positive IBPA, the shock moves downstream with
the blade motion, but with a phase lag of 52°. Similarly, at f;, = 150 Hz and IBPA = 90°,
the shock also moves downstream with the blade motion, but in this case it leads by 36°.
The abrupt change in phase shift at the location of the first pressure tap for f;, = 150 Hz
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again confirms the significant effect of the strong expansion and the subsequent lip shock.
However, the dynamic blade loading in the upstream region ahead of the first pressure tap
can only be evaluated using the optical methods described in this paper. The evaluation of
raw images, however, still requires optimization for batch processing.

-o-f =50 Hz, IBPA = -90° -=-f = 150 Hz, IBPA = 90° -o-f = 50Hz, IBPA = -90° -=-f = 150Hz, IBPA = 90°

--f =50 Hz, IBPA = 90° -o-f = 50Hz, IBPA = 90°
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0 _ 4 ‘ . |
0.2 0.4 0.6 0.8 1 180 0.2 0.4 0.6 0.8 1
x/c (1) xfc (1)

(@) (b)

Figure 9. Cp amplitude (a) and phase shift between pressure and blade motion (b) distribution along
the blade suction surface

4. Measurement Uncertainty Estimation

For flow measurements in wind tunnels, the refractive index along the interferometer
optical axis is assumed to be constant, and the optical phase A(plAZ can be related to the
density distribution p using Equation (11), where Lt = 160 mm is the wind tunnel test-
section width. This relation assumes a quasi-two-dimensional flow field. Deviations from
this assumption, such as side-wall boundary layers, vortical structures, or local three-
dimensional flow separation, may affect the phase integrated along the optical path and
consequently distort the reconstructed density field. These effects were minimized by
the design of the test section and supported by numerical simulations. In the present
implementation, the phase reconstructed at the wavelength A, = 660 nm was used as the
quantitative measurement channel. The phase reconstructed at A; = 550 nm was used only
to generate the synthetic phase ¢ in Equation (2), corresponding to the synthetic wavelength
A = 3.3 um, according to Equation (3). The synthetic phase is required for the robust phase
unwrapping described by Equation (10). Therefore, A1 does not directly enter the final
density conversion. Its role is to support the determination of the correct fringe order of the
Az-phase map. The final quantitative accuracy is mainly governed by the phase noise of
the A, channel, the test-section width Lt, the reference density, and the Gladstone-Dale
constant. Quantitative interferometric measurements in an aerodynamic tunnel are affected
by several uncertainty sources. The dominant contributions are the phase noise, estimated
as upy = 0.4 rad, the effective uncertainty of the test-section width and optical path
length, estimated as u;, = 1 mm, and the uncertainty of the reference density, estimated
as up, = 2 x 1073 kgm™>. Smaller contributions arise from the wavelength uncertainty
of the measurement channel, estimated as u,, = 1 nm, and from the uncertainty of the
Gladstone-Dale constant, estimated as ux = 1 x 107® m3kg~!. The optical phase can be
affected by non-uniform illumination, low-quality optical windows, imperfect object-to-
reference beam intensity ratio, speckle-like disturbances, diffraction from dust particles
or sharp edges, and electronic noise. Environmental disturbances, such as vibrations
and air turbulence outside the test section, are largely suppressed by the short camera
exposure time. Nevertheless, residual phase distortions may occur between the reference
and flow-on frames. Additional uncertainty is related to the assumption that the light
propagates through a constant refractive-index distribution along the optical path. This
assumption can be violated by local three-dimensional flow structures, side-wall effects,
inaccurate alignment of the illumination beam, and ray bending caused by strong refractive-
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index gradients. If the object beam is not perpendicular to the test section, the effective
optical path length increases approximately as 1/ cos «, where « is the misalignment angle,
and the measured information is also displaced laterally. The alignment was therefore
performed carefully by observing blade edges and their shadows so that the object beam
was coincident with the blade edge. Even in a well-aligned configuration, ray bending
in regions with strong density gradients may cause a local geometric displacement of the
reconstructed information. This displacement was estimated to be on the order of few
pixels in the regions with the largest gradients and negligible elsewhere. The density
uncertainty u, ~ 0.005 kgm~3 was evaluated from Equation (11) as

dp 2 op 2 dp 2 dp 2 op 2]/

o [ () o) (o) (o) (o) | 09
The most significant contributions are the phase noise, the effective optical path-length un-
certainty, and the reference-density uncertainty, while the wavelength and Gladstone-Dale
constant contributions are at least one order of magnitude smaller. The density uncertainty
was further propagated to the isentropic Mach number using Equation (13). Including the
uncertainty of the total density, estimated as 1 x 1072 kgm~3, and the uncertainty of the
heat capacity ratio, estimated as 5 x 1073, gives a Mach-number relative uncertainty of
about 0.5%. The role of the auxiliary wavelength A; must be interpreted separately from
the density uncertainty. Its uncertainty affects the reliability of the phase-unwrapping pro-
cedure rather than the final density conversion. In the standard two-wavelength approach,
an incorrect fringe order is obtained if the error in the phase-difference quantity () exceeds
one half of the 27t interval |¢(Q))| < 77 . In the robust unwrapping approach used here, this
requirement is relaxed. Since the wrapped phase difference ()yy is spatially unwrapped,
the relevant condition is not the absolute phase error itself, but the local phase-gradient
error |Ve(Qu)| < m. Provided that this condition is satisfied, the auxiliary wavelength
only supports the determination of the correct fringe order and does not limit the final
quantitative accuracy in the same way as the measurement wavelength. If the condition is
violated locally, the resulting error is not a small continuous measurement uncertainty but
a fringe-order error, producing a phase jump of an integer multiple of 27r. Such regions
must therefore be treated as local unwrapping failures.

5. Conclusions and Limitations

In conclusion, the high-speed two-wavelength interferometric method has demon-
strated a robust capability to resolve intricate unsteady flow patterns and transient shock-
wave oscillations under active blade flutter conditions. The primary technical advantage of
this methodology lies in its low demands on the optical window quality, enabling full-field
flow quantification through organic-glass side walls. This capability establishes a crucial
baseline for future compressor cascade investigations, where complex suction slots must
be cut directly into the windows to maintain a representative Axial Velocity Density Ratio
(AVDR). Present operational limitations include a restricted field of view and compromised
visibility directly adjacent to the blade surfaces, primarily caused by rapid mechanical wear
of the organic-glass sealing plates required for the oscillating blade mechanism. Conse-
quently, future work will focus on expanding the optical field of view to capture a larger
portion of the cascade, as well as conducting complementary stationary blade investigations
to decouple spontaneous shock oscillations from forced blade motions. Ultimately, while
comprehensive integration of these optical fields with unsteady surface pressure data is
ongoing, these initial quantitative measurements contribute valuable insights into transonic
flutter phenomena and provide high-fidelity validation data for advanced computational
fluid dynamics (CFD) codes.
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Abbreviations

The following abbreviations and symbols are used in this manuscript:

AVDR Axial Velocity Density Ratio

DFVLR German Test and Research Institute for Aviation and Space Flight
IBPA Inter Blade Phase Angle

MCA Multi Circular Arc

ap amplitude of the blade oscillation motion
v specific heat ratio

P density

fr blade oscillation frequency

K Gladstone-Dale constant

M isentropic Mach number

n refractive index

p pressure

subscript 0 total conditions
subscript 1  cascade inlet conditions
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