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Experiments were conducted on a planner cascade test rig for the typical high
pressure turbine blade profile VK ILS89 under conditions at a 0° inlet flow angle
and exit Mach numbers of 0.55, 0.85, and 1.1. A high speed schlieren system was
used to capture time-varying grayscale images of the region near the trailing edge
of the blade. The variations in grayscale within these images are primarily caused
by changes in the density gradient of the flow field and are correlated with the un-
steady characteristics of the flow structure. Firstly, the mean grayscale value and
roof mean square value of the time-series images were analyzed, with these values
being correlated with the wake width and wake pulsation amplitude, respectively.
As the exit Mach number of the blade cascade increases, both the wake width
and wake pulsation amplitude increase, and a trend that is more pronounced at
supersonic exit Mach numbers. In addition, the position of the wake centerline of
the blade remains unchanged under subsonic conditions at the cascade outlet, but
shifts towards the suction surface of the blade under transonic conditions. Further,
the modal analysis results of proper orthogonal decomposition also reveal that the
unsteadiness of the flow within the cascade is dominated by the wake under sub-
sonic outflow conditions and by the wake-shock wave interaction under transonic
outflow conditions.

Keywords: high speed schlieren, high pressure turbine, cascade test,
variable outlet Mach number, time series image analysis

Introduction

With the development of design technologies, the expansion ratio of single-stage high
pressure turbines has gradually increased. This has led to a transition in the outlet Mach num-
ber of high pressure turbine stator vanes and rotor blades from subsonic to transonic, thereby
complicating the unsteady flow characteristics within the turbine. Under subsonic conditions,
the flow characteristics of the blades primarily include boundary-layer separation and wake
[1, 2], whereas under transonic conditions, trailing edge shock waves emerge in the blade flow,
introducing issues of shock-wake and shock-boundary-layer interactions [3-5]. These issues are
current research hotspots, and their flow mechanisms are not yet fully understood.
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Numerical methods and experimental methods are widely used to study unsteady flow
problems within turbines. Numerical calculations can quickly obtain the full flow field struc-
ture, making them suitable for analyzing mechanisms such as wake-boundary-layer interactions
[6-9] and shock wave-wake and shock wave-boundary-layer interactions [10-15]. However, the
accuracy of numerical methods relies on the precision of the computational methods in describ-
ing the flow field structure, making it difficult to fully reflect the real flow field. Experimental
methods can truly reflect the flow field structure, providing reliability verification for numeri-
cal calculations. However, due to limitations in testing technology, it is challenging to capture
fine unsteady flow structures across the entire flow field.

High speed Schlieren imaging, owing to its non-intrusive nature and high temporal res-
olution, has become a key diagnostic tool for investigating unsteady, high speed flow phenome-
na. Sun et al. [16] captured low frequency oscillations of shock-foot positions in shock—bound-
ary-layer interactions over compression ramps, and quantified their dependence on Reynolds
number and ramp angle. Leidy et al. [17] examined transient shock/turbulent boundary-layer
interactions, revealing periodic collapse-regeneration behavior within the shock system. Zhang
et al. [18] combined plasma actuation with high speed Schlieren visualization demonstrate ef-
fective suppression of low frequency instabilities in supersonic shock-shock interactions.

To extract dominant unsteady flow features from large datasets, data-driven modal de-
composition techniques such as proper orthogonal decomposition (POD) [19, 20] and spectral
POD (SPOD) [21-24] have been widely adopted. Halby et al. [19] applied background-oriented
Schlieren coupled with optical flow algorithms and POD analysis to uncover low frequency
oscillations associated with weak trailing-edge shocks. Wang et al. [20] were the first to iden-
tify dominant low frequency modes during shock-wake throttling in supersonic compressor
cascades using high speed Schlieren imaging in combination with wall pressure measurements.
Despite these advancements, systematic experimental investigations and detailed modal anal-
yses of wake-shock interactions under varying outlet Mach number conditions, particularly in
transonic and supersonic regimes, remain limited.

This paper primarily focuses on the unsteady characteristics of shock waves and wakes
at different Mach numbers in high pressure turbine cascades from an experimental perspective.
It employs statistical methods to obtain the geometric development characteristics of the wake
and further adopts the POD method to acquire the dominant modal characteristics of the wake.

Experimental set-up
The planar cascade test wind tunnel

The experiment was conducted in the continuous atmospheric injection super/tran-
sonic planar cascade test wind tunnel at the Shenyang Engine Research Institute. This cascade
test wind tunnel can be used for experiments on compressor cascades and turbine cascades.
A schematic diagram of the wind tunnel is shown in fig. 1, which mainly consists of a high
pressure air source, gate valve, cooling tower, pressure regulating valve, divergent section,
plenum chamber, shrinkage section, test section, efc. The test section is primarily composed
of adjustable upper and lower walls (Tongue plate) and a circular plate, with the test specimen
and displacement mechanism installed on the circular plate. The maximum flow rate provided
by the high pressure air source is 15 kg/s. The inlet turbulence intensity of the cascade is less
than 3%. During the experiment, the total pressure in the plenum chamber is adjusted using a
pressure regulating valve to achieve the desired turbine cascade outlet Mach number, with a
maximum outlet Mach number of 1.4. The inlet angle of the cascade is adjusted by rotating the
disk angle. In this experiment, the disk angle and the plenum chamber pressure are adjusted
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to achieve three turbine cascade outlet Mach numbers (0.55, 0.85, 1.1) as required for the test
conditions. The fig. 1 also shows the test section, which is equipped with an optical window.
The optical window is made of quartz glass, with a light transmittance 0f 99.99%, a temperature
resistance of up to 1200°, and a pressure resistance of up to 800 MPa.

Figure 1. Wind tunnel schematic diagram: / — high-pressure air source,

2, 4, 6, and 8 — connection pipes, 3 — gate valve, 5 — cooling tower,

7 — pressure regulating valve, 9 — divergent section, 10— plenum chamber,

11 — Shrinkage section, 12 — tongue plate, 13 — test section,

14 — adjustable angle disc, and 15 — two-dimensional displacement mechanism

The VKI LS89 [25] airfoil was selected
for the design of the high pressure turbine cas-
cade test section. The geometric parameters of
the scaled VKI LS89 airfoil are shown in fig. 2
and tab. 2. In fig. 2, X and Z represent the axial
and pitch directions, respectively. The scaled
airfoil has a chord length, C, of 40 mm, a trail-
ing edge diameter, D, of 0.839 mm, and a pitch,
P, of 34 mm. The blade installation angle, 7,
is 55°, and the inlet geometric angle, a, is 0°.
The test cascade consists of 8 blades, forming 7
blade passages to maintain the quality of the inlet and outlet flow fields. The test conditions are
a 0° inlet flow angle with outlet Mach numbers of 0.55, 0.85, and 1.1, respectively.

Figure 2. Schematic diagram of cascade

Table 1. Geometric parameters of test blade

Parameter Value Parameter Value
C [mm] 40 Y [°] 55
C, [mm] 21.869 D [mm] 0.839
P [mm] 34 T [mm] 8.828
Experimental test plan

The high speed schlieren apparatus follows a Z-shaped optical path. The test optical
path is shown in fig. 3. The Z-shaped optical path includes a light source and two concave
mirrors with a diameter of 300 mm and a focal length of 3000 mm. The point light source is
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positioned at the focal point of the first concave mirror, and after reflection from the first con-
cave mirror, it forms a parallel beam of light. The parallel beam of light passes through the test
cascade and illuminates the second mirror, where it is reflected and enters the camera. A blade is
placed at the focal position of the second mirror to cut the light, amplifying the density gradient
in a specific direction and improving the sensitivity of the schlieren imaging. Illumination is
provided by a 400 W halogen lamp. Using the Phantom VEO 710L ultra high speed camera to
record schlieren images, the VEO 710L captures images at a frame rate of 7 Gpx per second,
achieving 7500 fps at a resolution of 1280%800 and up to 700000 frames at a low resolution
of 64x8. Its sensor size is 25.6x16 mm, with a pixel pitch of 20 um. The camera’s minimum
exposure time is 1 ps.
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Figure 3. Measurement scheme of high speed schlieren

Analysis method of high speed schlieren images

The schlieren method utilizes the principle that the refractive index gradient of light in
the measured flow field is proportional to the air density of the flow field, converting changes
in density gradient in the flow field into changes in relative light intensity on a recording plane,
allowing regions with drastic density changes such as shock waves and wake flows in com-
pressible flow fields to be observed and distinguished as images, fig. 4. The variation in light
intensity in an image is reflected in the changes in grayscale values. The grayscale of the same
position varies in images captured at different times. Therefore, processing schlieren images
can reveal flow field structural features such as shock waves and wakes. By processing time-se-
ries images obtained from high speed schlieren systems, further insights into the unsteady flow
characteristics of shock waves and wakes can be gained.

Statistical analysis of grayscale values in time-series images, such as calculating the
mean value and root mean square (RMS) value, can reveal shock waves, wake structures, and
corresponding fluctuation amplitudes in the time-averaged flow field. Sun et al. [16] also ad-
opted this method in the schlieren time-series image analysis of shock wave-boundary-layer
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interaction experiments. A large number of snapshots obtained through a high speed schlieren
system can be used for statistical analysis to determine the mean grayscale value, /., and the
RMS grayscale value, Irys.

To obtain the dominant unsteady modes of the flow field at different Mach numbers,
the POD method is employed. As a mature time-series image processing method, POD has
been widely used in flow field analysis. Here, we will briefly introduce the working principle
of POD. In this analysis, a total of 5000 consecutive Schlieren snapshots are used to construct
the POD dataset. The grayscale intensity values (f, f>...f,) from each snapshot are vectorized
into a column of the data matrix, and the sequential snapshots from different time instances are
stacked to form the final sample matrix F = [f,, f>...f.]-

In this matrix formulation, the (7, j) element of the matrix [F] represents the grayscale
intensity at the /™ spatial location in j the Schlieren snapshot. Defining the covariance matrix,
[C] = [F]'[F]. The key to the POD calculation lies in solving the eigenvalue problem of the
correlation matrix [C)A4, = 4:4,, where, A, is the eigenvector and 4, — the eigenvalues. The mag-
nitude of 4, represents modal energy, which depends on the level of modal energy at that order.
By sorting the magnitude of eigenvalues, (4; > 4, >...> 4y) can achieve the decomposition of
complex flow fields into unsteady dynamic behaviors occupying different energies. The POD
mode is calculated:
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Results and analysis
Instantaneous schlieren image

Figure 4 presents a comparison of instantaneous trailing-edge flow fields captured
using high speed Schlieren imaging under different outlet Mach number conditions. Due to
practical assembly tolerances, a small gap was present between the blade and vane platforms.
At Mach 1.1, significant leakage flow was detected, as indicated by the white solid lines in the
fig. 4. Since the leakage flow does not coincide with the region of the wake, its effect on the
observation of the wake results is essentially negligible.
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Figure 4. Schlieren images at different exit Mach numbers;
(a) Ma = 0.55, (b) Ma = 0.85, (c) Ma = 1.1, and (d) Ma=1.1

At a subsonic Mach number of 0.55 and 0.85, alternating vortex shedding is clearly
observed downstream of the trailing edge. Vortices originating from the pressure side are more
prominent than those from the suction side. Compared to 0.55 at lower Mach numbers, at 0.85
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at higher Mach numbers, vortices on both the pressure and suction sides become more distinct
and remain visible farther downstream. This enhanced visibility is attributed to stronger density
gradients at higher flow speeds, which improve Schlieren contrast due to increased compress-
ibility effects.

At a supersonic Mach number of 1.1, a distinct dovetail-shaped shock structure forms
at the blade trailing edge. The wake convects downstream with vortex structures appearing
larger than those in the subsonic case, but they rapidly disintegrate. In addition, a shock wave
originating from the pressure side reflects off the suction surface of the adjacent blade, generat-
ing a reflected shock that interacts with the wake. This reflection accelerates wake breakdown,
as evidenced by the fragmentation of vortices into smaller-scale structures in the downstream
region.

Statistical analysis of Schlieren images

Figure 5 presents the time-averaged and statistical flow field results derived from
high speed Schlieren snapshots acquired under three outlet Mach number conditions. In all
cases, the Schlieren images clearly delineate the wake contours. As the Mach number in-
creases, the wake width expands accordingly. At an outlet Mach number of 1.1, the wake con-
tour shows a distinct deflection, which is attributed to the influence of the trailing-edge dove-
tail shock structure. Analysis of the RMS intensity distributions reveals that under subsonic
conditions, high RMS values are primarily concentrated within the wake region. However,
at Mach 1.1, elevated RMS fluctuations are also observed near the dovetail shock, indicating
the presence of unsteady shock oscillations at the trailing edge. Furthermore, the interaction
between the reflected shock wave and the suction surface of the adjacent blade induces a
prominent expansion wave, which propagates downstream and affects the wake dynamics.
These observations underscore the increasing level of unsteadiness in both the shock and
wake structures as the Mach number rises.
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Figure 5. Time-averaged and statistical Schlieren flow fields;
(a) Ma =0.55, (b) Ma = 0.85, and (¢) Ma=1.1
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To quantify the flow characteristics of 14
the turbine blade cascade at different outlet
Mach numbers, fig. 6 extracts parameters such
as the wake contour features and wake width
at various Mach numbers from fig. 5. In the
figure, red — 1, blue — 2, and black — 3 solid
lines are used to represent three different out-
let Mach numbers, with solid lines indicating
wake contours and dashed lines representing
wake centerlines. The wake contour lines in
fig. 6 are marked using the maximum grayscale
value along the pitch direction, and the position
of the inscribed circle at the trailing edge of the
blade profile is also marked. ¥ [mm]

Observing the contour features at differ-  pigure 6. The center and edge lines of the
ent Mach numbers, it can be seen that as the  wake at different exit Mach numbers
Mach number increases, the wake width gen-
erally increases. Compared to an exit Mach number of 0.55, the wake contour corresponding
to an exit Mach number of 0.85 shifts towards both sides of the wake. Therefore, the wake
centerline remains largely coincident, meaning the distances of deviation on both sides are
similar. When the exit Mach number reaches 1.1, the wake width increases significantly, and
the wake centerline shows a noticeable deviation, shifting outward towards the suction surface.
Observing the contours on both sides of the wake at this point, it can be found that the suction
side contour deviates more significantly, resulting in a clear offset of the centerline. Comparing
with fig. 5(c), it can be seen that under the action of the shock wave, the wake contour and the
centerline exhibit significant deflection. This is due to the appearance of a swallowtail wave at
the trailing edge when exiting at supersonic speeds. The pressure surface branch of the swal-
lowtail shock wave strikes the boundary-layer of the adjacent blade, reflects, and then impacts
the wake again. When the reflected shock wave strikes the wake, it reflects once more and
impacts the wall, passing through the wake and forcing the wake to deflect, thereby affecting
the wake dissipation process.

X [mm]

The proper orthogonal decomposition analysis

The calculation of POD using schlieren grayscale is conducted, and the energy distri-
bution of each mode is presented in fig. 7. In fig. 7(a), the horizontal axis represents the mode
number, k, while the vertical axis represents the accumulated mode energy:

2
E = k=L

" E tot

In fig. 7(a), the energy accumulation of the first 50 modes, 4, reaches 84%, 82%, and
86% for the three Mach numbers, respectively, with the 100" mode energy being close to 0.5%
for all, significantly less than that of the preceding few modes. Therefore, fig. 7(b) primarily
focuses on the first eight modes. Observing the energy accumulation of different modes, it is
evident that the energy accumulates significantly faster at 1.1 Ma. Additionally, the energy
accumulation trend at 0.85 Ma is similar to that at 0.55 Ma, but the accumulation rate is faster
at 0.55 Ma.
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Figure 7. (a) Cumulative modal energy and (b) individual mode energy distributions from POD
analysis at different outlet Mach numbers

A closer examination of the modal energy proportions in fig. 7(b) reveals that the first
modal energy proportion corresponding to 1.1 Ma reaches 0.43, which is significantly greater
than 0.12 for 0.85 Ma and 0.16 for 0.55 Ma. This is the primary reason why the energy accu-
mulation rate is significantly faster at 1.1 Ma. Comparing the trends in energy accumulation
proportions across the three Mach numbers, it is evident that in the subsonic range, there is
a pattern where multiple modal energy proportions are similar, exhibiting the classic energy
similarity law. For instance, the first and second modal energy proportions are equal at both
0.55 Ma and 0.85 Ma.

Figure 8 shows the spatial distributions of the first eight POD modes at three Mach
numbers. As seen in fig. 8(b), an energy pairing phenomenon occurs, which is more evident in
the spatial distributions of the POD modes, each paired mode differs primarily by a phase shift.
As illustrated in fig. 8(a), the first and second modes exhibit nearly identical spatial patterns,
both capturing the characteristics associated with wake-shedding vortices. Modes 3 and 4 form
another paired structure with a phase difference, corresponding to the harmonic components of
the wake. Modes 6-8 are likewise related to the wake, reflecting its higher-frequency behavior.

At Ma = 0.85, the modal distribution pattern resembles that at Ma = 0.55: Modes 1-2
and 4-5 are linked to the wake and its harmonics, while modes 6-8 remain associated with wake
dynamics. However, when the Mach number increases to Ma = 1.1, the modal distributions
change markedly. In this regime, the first eight modes are influenced not only by the wake but
also by the shock wave. Among them, modes 4-6 display particularly prominent wake-related
structures, though shock-related features are still discernible. Consequently, at Ma = 1.1, both
the wake and the shock wave serve as dominant sources of flow-field instability.

Conclusions

To investigate the influence of outlet Mach number on the unsteady characteristics of
turbine cascades, experimental studies were conducted on the VKI LS89 cascade under a zero
incidence angle with three outlet Mach number conditions: 0.55, 0.85, and 1.1. High speed
Schlieren visualization was used to capture the unsteady flow fields, and statistical analysis
together with POD was employed to analyze the flow features. The conclusions are as follows.
®  Wake morphology evolution: When the outlet Mach number is subsonic (Ma < 1), the wake

centerline remains stable while the wake width increases slightly with Mach number. Under
supersonic conditions, the wake width increases rapidly and the entire wake shifts toward
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(a) Ma = 0.55, (b) Ma = 0.85, and (¢) Ma =1.1
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the suction side of the blade. A characteristic fishtail-shaped shock forms at the trailing edge,

and its reflection with the boundary-layer enhances wake dissipation and fragmentation.

Unsteady modes extracted by POD: POD analysis effectively extracts the dominant un-
steady modes from the Schlieren snapshots, revealing classical paired wake modes and their
corresponding second harmonics. The distribution of modal energy demonstrates a strong
dependence on Mach number. Under subsonic conditions, the cascade unsteadiness is pri-

marily governed by wake dynamics, whereas under supersonic conditions, both wake and

shock waves contribute significantly to the unsteady behavior.
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Nomenclature

C —chord length Greek symbols

C. —axialchord a; — inlet metal angle

D —trailing-edge diameter y - stagger angle

Inean — mean grayscale value

Irns — RMS of grayscale value Acronyms

Ma — Mach number POD - proper orthogonal decomposition

P —pitch RMS — roof mean square

T —throat
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