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Abstract
This contribution describes experimental and numerical research of an unsteady behaviour of a flow in an end-wall region 
of a linear nozzle cascade. Effects of compressibility ( M2,is ) and inlet flow angle ( �1 ) were investigated. Reynolds number 
( Re2,is = 8.5 × 105 ) was held constant for all tested cases. Unsteady pressure measurement was performed at the blade 
mid-span in the identical position � to obtain reference data. Surface flow visualizations were performed as well as the 
steady pressure measurement to support conclusions obtained from the unsteady measurements. Comparison of the 
surface Mach number distributions obtained from the experiments and from the numerical simulations are presented. 
Flow visualizations are then compared with calculated limiting streamlines on the blade suction surface. It was shown, 
that the flow structures in the end-wall region were not affected by the primary flow at the blade mid-span, even when 
the shock wave formed. This conclusion was made from the experimental, numerical, steady as well as unsteady points 
of view. Three significant frequencies in the power spectra suggested that there was a periodical interaction between the 
vortex structures in the end-wall region. Based on the data analyses, anisotropic turbulence was observed in the cascade.

Article Highlights

• Periodicflow behaviour was found in the near-wall region.
• Complicatedflow structures occur in the position where the shock wave inter-acted with the near-wallflow.
• In house numerical model can predict theflow properties with accuracy de-scribed in the paper.
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List of symbols

Latin
a, b  Variables in Eq. (5)
c  Blade chord
E  Voltage
f  Frequency
h  Blade height
K  transducer constant
M  Mach number
p  Pressure

r  Gas constant
Re  Reynolds number
s  Surface coordinate
t  Pitch
T  Thermodynamic temperature
u  Velocity
U   Velocity ratio
x, y, z  Cartesian coordinates
�  Separation line
�  Separation point
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�  Reattachment line
ℜ  Reattachment point

Greek
�  Flow angle
�  Exponent in eq. (3)
�  Exponent for PSD
�  Ratio of specific heats
�  Pressure ratio
�
2  Variance

�   Time

Index
1  Cascade inlet
2  Cascade outlet
is  Isentropic
lp  Low pass
ms  Mid-span
nw  Near-wall
own  Own frequency
sampl  Sampling
STD  Standard deviation

Abbreviations
FS  Full scale
RDG  Reading

1 Introduction

1.1  Secondary flow

Secondary flow within blade cascades is a complicated 
flow phenomenon. It is a highly three-dimensional flow, 
where interactions between several vortices occur. Effects 
of many parameters (inlet flow angle [1, 2], compressibility 
[3], viscosity [4], turbulence intensity [5], thickness of the 
inlet boundary layer [6, 7], etc.) on secondary flow within a 
cascade were experimentally investigated. Results of these 
works were used for the formulation of several types of 
secondary flow models beginning from the simplest 
(Langston [8]) to the most advanced and complex(Wang 
et al. [9]).

Comprehensive reviews about the secondary flow were 
written by Sieverding [10], Langston [11] and Ligrani [12].

Based on the literature cited above, the end-wall flow 
evolution can be briefly described in the following man-
ner. The separated inlet boundary layer in front of the 
cascade rolls up into the horse-shoe vortex (HSV) due to 
the conservation of mass and momentum, see Fig. 1. The 
suction leg of the HSV moves along the suction surface 
of the blade, while the pressure leg of the HSV is drawn 
into the blade passage due to the pressure gradient. This 
leg consumes the low-momentum fluid from the end-wall 

boundary layer. Described phenomenon is responsible for 
the formation of the passage vortex (PV). The existence of 
more vortices (pressure and suction side corner vortices,) 
was revealed by the visualization experiments performed 
by Wang et al. [9]. These vortices interact and unsteady 
behaviour of the flow has to be expected due to these 
interactions. The question arises, if this interaction is com-
pletely random or if it is periodic.

Secondary flow in the blade cascades was investi-
gated from the unsteady point of view as well. Moore 
et al. [14] used their previous steady measurements [13] 
and showed the connection between the dissipation of 
secondary kinetic energy and deformation work of mean 
fluid motion operated by turbulent stresses. Zunino et al. 
[15] and Gregory-Smith et al. [16] found, that the position 
of the largest total pressure losses matched with regions 
of high turbulence level. Moreover, Gregory-Smith et al. 
[16] tried to answer the question posed above and they 
found one discrete frequency ( f = 32.5 HZ) in the spec-
trum which they connected with periodic behaviour of 
the passage vortex. In the following work, Gregory-Smith 
et al. [5] performed experiments on cascade with different 
geometry and they were studying the effects of high inlet 
turbulence on secondary flow. Frequency characteristics 
were evaluated in this work as well, but according to the 
authors, no significant frequency was observed (except 
one frequency connected with the acoustics). According 
to the authors’ knowledge, these works [5, 16] are the only 
two, where periodic behaviour of the end-wall flow was 
investigated in the frequency domain. Another detailed 
hot-wire anemometry measurements were performed 

Fig. 1  System of the separation and reattachment points ( � and ℜ ) 
and lines ( � and � ) - adapted from Flídr et al. [31]
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by Perdichizzi et al. [17]. This work among other results 
showed, that turbulence at the cascade outlet was aniso-
tropic. This anisotropy was gradually transformed into iso-
tropic conditions with increasing distance from the trailing 
edges of the blades. Papers [5, 15–17] investigated sec-
ondary flow under designed conditions with outlet Mach 
number reaching up to 0.3. Another unsteady investiga-
tions were performed by several authors, but most of them 
were focused on impinging wakes on the blade rows and 
how they affected the secondary flow e.g. [18, 19].

1.2  Aim of the work

This paper describes an experimental and numerical simu-
lation work focused on an unsteady point of view in an 
end-wall region of a linear blade nozzle cascade. Unsteady 
behaviour was expected due to the interaction of vortices 
in the end-wall region of the cascade. Effects of compressi-
bility (Mach number M2,is ) and incidence flow angle �1 were 
studied for one cascade pitch to chord ratio t∕c = 1. Differ-
ent flow parameters were chosen for this study compared 
to the publications cited above, the lowest Mach number 
was 0.8 and non-design inlet flow angles were studied as 
well. Measurements were conducted on the suction sur-
face of the blade in the end-wall region as well as at the 
blade mid-span, where reference data (for comparison) 
were acquired.

Another aim of the work was to confirm turbulence ani-
sotropy in the cascade channel mentioned by Perdichizzi 
et al. [17]. This could help mathematicians to choose a 
better model of turbulence for their calculations resulting 
in more accurate data. Isotropic models of turbulence are 
often used for simulations because calculations are sim-
pler and computational time is shorter. It was, however, 

shown by Li et al. [20] and by Rumsey et al. [21] that such 
simplification can cause errors in the obtained data.

Lastly, the in-house numerical code was used to per-
formed simulations and these results were compared with 
experimental data. Both boundary and initial conditions 
were set according to the experimental setup.

2  Experimental apparatus, setup 
and methods

2.1  Apparatus

Experiments were performed in the VZLU laboratory of 
high speed aerodynamic in a low pressure closed-loop 
wind tunnel (WT), where Mach number M2,is and Reyn-
olds number Re2,is can be set independently. The working 
medium in the WT was air. Inlet flow angle �1 was set by a 
pair of semi-shaped nozzles placed in front of the cascade. 
Periodicity of the flow was granted by a large number of 
blades in the cascade (the cascade contained 9 blades) 
and thanks to the tailboards placed behind the trailing 
edges of first and last blade.

Effects were investigated for the nozzle cascade assem-
bled from 9 (pitch to chord ratio t∕c = 1.00 ) prismatic 
blades with chord length c = 50 mm, axial chord length 
cax = 36 and trailing edge thickness � = 1 mm.

Unsteady pressure measurements were performed by 
two pressure transducers EPIH-111-07B glued into the blade. 
The transducers were glued 0.5 mm under the surface of the 
blade into the small cavities with a diameter of 0.6 mm. One 
transducer was positioned at the blade mid-span z∕h = 0.5 
to obtain reference data, while second-one was placed in the 
near-wall region in position z∕h = 0.04 , see Fig. 2. This place 
was chosen based on the surface flow visualization, which 

Fig. 2  Cascade geometry—
adapted from Flídr et al. [31]
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confirmed the expected occurrence of the vortex structures. 
Unsteady pressure taps were placed on the suction surface 
of the blade in the position s∕c = 0.71 . Position s∕c = 0.71 
of the pressure taps was chosen with respect to the blade 
solidity, i.e. that residual material after hole drilling had to 
withstand the forces acting on the blade.

Steady static pressure measurements at the blade sur-
faces were performed by means of pressure scanners Scani-
valve ZOC33/64PXx2 in one blade channel to obtain Mach 
number distributions at the blade mid-span in this channel.

2.2  Investigated parameters

Flow regimes were chosen with respect to the operational 
conditions of the WT and blades (blades were designed for 
the overloaded high pressure part of the steam turbine). 
Reynolds number was set constant Re2,is = 8.5 × 105 . Effects 
of compressibility M2,is and inlet flow angle �1 were investi-
gated. Tested parameters are defined in Table 1.

2.3  Methods

2.3.1  Flow regime definition

Flow regimes were set according to the values of both Mach 
and Reynolds numbers evaluated from the pressure meas-
urement at the cascade outlet. Both similarity criteria were 
evaluated for the isentropic flow and were defined as:

where � is the ratio of specific heats ( � = 1.4 for dry air), 
�201 = p2∕p01 is the ratio of static and stagnation pres-
sures, p2 is the static pressure at the cascade outlet, T2 
is thermodynamic temperature at the cascade outlet, 
r = 287.12 J/(kg⋅ K) is the gas constant, � =

�−1

�

 is the expo-
nent and �2 is the dynamic viscosity obtained by Suther-
land’s formula, see [22].

(1)M2,is =

√
2

� − 1

[
�

�

201
− 1

]
,

(2)Re2,is =

p2M2,is

√
�

rT2

�2

,

2.3.2  Pressure measurement

Measured voltage signals E(�) were converted into the 
pressure p(�) by using calibration equations for the pres-
sure transducers. All transducers had approximately linear 
dependency between pressure and voltage p = KE , where 
K is the transducer constant. Pressure signals were trans-
formed into the isentropic velocities by:

where �01,i is pressure ratio, which is defined as:

where ⟨p01⟩ is the mean value of the reference total pres-
sure measured in front of the WT test section in the relaxa-
tion chamber and pi(�) is the time signal measured by the 
unsteady pressure transducers. These time signals were 
transformed into the frequency domain by the fast Fourier 
transformation (FFT). Power spectral density (PSD) was cal-
culated as well as the probability density functions (PDF) 
and standard deviation (STD) of the signals.

2.3.3  Surface flow visualization

Two solutions of powder dyes (FRONTON inorganic pow-
der dyes for interior and exterior usage) were injected 
through the taps ( ∅ 0.6 mm) into the test section. Powder 
dyes were mixed in a 2% solution of Methylisothiazol for 
better adhesion of the colours on the surfaces. The volu-
metric ratio of the dye/solution was 1/8. Orange dye was 
injected through the taps near the leading edge of the 
blade (position s∕c ≈ 0.1 ) at the suction surface. The red 
dye was injected from the end-wall taps positioned 2.5 cm 
in front of the cascade into the flow field. Positions of the 
taps were chosen with respect to the phenomenon under 
investigation plus on the previous experience discussed by 
Flídr et al. in [23]. Visualizations were performed for limit-
ing cases a, e and j, respectively, see Table 1.

2.4  Data acquisition and uncertainty

Flow regimes were set in agreement with the steady pres-
sure measurement at the cascade inlet and outlet. Signals 
were acquired for one second with sampling frequency 
fsampl. = 1000 Hz and with low pass filter flp = 100 Hz. 
Uncertainty of the measured pressures was 0.1% RDG. 
Mach number was set with the highest uncertainty of 1% 
and for Reynolds, number uncertainty was less than 2%.

(3)uis(�) =

√
2�rTi

� − 1

[
�

�

01,i
− 1

]
,

(4)�01,i =
⟨p01⟩
pi(�)

,

Table 1  Tested parameters

Case M2,is (1) �1 ( 
◦) Case M2,is (1) �1 ( 

◦)

(a) 0.80 20 f ) 0.80 20
(b) 0.85 20 g) 0.80 30
(c) 0.90 20 h) 0.80 40
(d) 0.95 20 i) 0.80 50
(e) 1.00 20 j) 0.80 55
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Steady pressure measurement at the blade surfaces 
performed by the scanners Scanivalve ZOC33/64PxX2, 
were measured with an accuracy of 0.08% FS.

Unsteady measurements were performed with sam-
pling frequency fsampl. = 50 kHz and with low pass filter 
flp = 10 kHz. Low pass filter was set according to the 
expected own frequency of the system ( fown ≈ 12 kHz). 
Uncertainty of the pressure measured by the transducers 
EPIH was 0.25% FS. All values of uncertainties were evalu-
ated based on 95% level confidence.

Reference total temperature was measured in the relax-
ation chamber in front of the test section of the WT by 
means of Sensorica Humistar HTP-1 hygrometer with the 
precision of T = T ± 0.3 K.

3  Numerical approach

Calculations were performed using the in-house numeri-
cal code based on the solution of the system of averaged 
Navier-Stokes equations by the finite volumes discretiza-
tion method. More details were published by Straka in [24, 
25]. The system of governing equations was closed with 
a two-equation turbulence model based on non-linear 
explicit algebraic relation for the Reynolds stress tensor 
proposed by Rumsey and Gatski [26, 27]. The turbulence 
model was complemented with the algebraic model of 
bypass, separation induced and wall roughness induced 
boundary layer transition according to Straka and Příhoda 
[28]. Multiblock structured computational mesh consisted 
of approximately 1.5 × 106 hexahedral cells. Mesh was clus-
tered toward the wall to ensure that the viscous sublayer 
was covered with minimal 5 cells ( y+ < 1 ). The inlet bound-
ary layers were evolving on the 800 mm long flat plate in 
front of the leading edges of the blades to simulate the 
experimental boundary conditions. The outlet boundary 
of the computational domain was placed approximately 
one and half of the blade-chord behind the trailing edge. 

The total temperature 300 K, the total pressure, the inlet 
flow angle �1 , the turbulence intensity 2.25%, and the tur-
bulent to molecular viscosity ratio 80 were prescribed as 
the inlet boundary conditions. The averaged value of the 
static pressure across one blade-pitch was prescribed at 
the outlet boundary. Values of both total inlet and static 
outlet pressures correspond with given Reynolds and 
Mach numbers.

4  Results and discussion

4.1  Mid‑span Mach number distribution

Figure 3 shows distributions of Mach number at the blade 
mid-span obtained from the steady pressure measure-
ment. Position s∕c = 0.71 of the unsteady pressure taps 
is highlighted by the dashed line in the graphs. Dash-dot 
lines represent data obtained from the numerical simula-
tions. Regime defined by �1 = 55◦ and M2,is = 0.8 was not 
numerically investigated, therefore this data line is not 
present in the Fig. 3a.

Surface Mach number distributions were nearly unaf-
fected by the variation of the flow regime defined by isen-
tropic Mach number M2,is in the region behind the leading 
edge of the blade on the suction side of the blade (approx. 
up to s∕c = 0.25 ). Significant changes can be observed 
from s∕c ≈ 0.4 , as is evident in Fig. 3a, where blade load-
ing increased rapidly with increasing Mach number M2,is . 
Shock wave formed in the region close to the unsteady 
pressure taps, when Mach number was M2,is=0.95 and 1, 
as can be seen from Fig. 3a. The position of the shock wave 
was not fixed, but oscillated in some range of s/c as will 
be discussed below. Deviations between measured and 
calculated data were within 10% of experimental data. The 
exception was observed in the region around the stagna-
tion point, where the deviation increased (for explanation 

Fig. 3  Blade Mach number 
distributions at the mid-span, 
comparison of experimental 
data (points) and numerical 
simulation (dash-dot lines), 
colours of data a Mach number 
dependencies and b inlet flow 
angle development

(a) (b)
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see below). Note, that higher deviations were observed on 
the pressure side of the blade.

Variation of the incidence flow angle �1 affected Mach 
number distributions near the leading edge of the blade 
due to the movement of the stagnation point on the sur-
face. A small separation region behind the leading edge 
of the blade on the suction surface formed when the inlet 
flow angle was increased to �1 = 50◦ . This separation region 
was not affected by a further increase of �1 , as demon-
strates Fig. 3b. Blade loading was similar in the area where 
the unsteady pressure taps were localized ( s∕c = 0.71 ), 
note, that in the end-wall region situation could be dif-
ferent due to the complexity of the flow field. Deviations 
were more significant compared to the situation, where 
the compressibility effect was investigated. In this case, 
deviations reached up to 20% depending on the �1 . Higher 
deviations were observed in the region near the stagna-
tion point due to the lowest velocities in this region. These 
deviations were calculated as a difference between the 
experimental and numerical data in the corresponding 
point s/c.

4.2  Surface flow visualization compared 
with numerical simulations

Suction surface flow visualization is depicted in Fig. 4, 
where positions of the unsteady pressure taps are high-
lighted together with separation lines � 2,s and � 4 . Pressure 
tap in the near-wall region was positioned in the place, 
where the secondary flow occurred, as is evident from 
the visualizations. Results of the numerical simulations in 
terms of limiting streamlines on the suction surface, the 
pressure surface and the end-walls are depicted in the fig-
ure as well.

Vortices were localized in the near-wall region reaching 
z∕h = 0.12 in the case of nominal incidence angle �1 = 20◦ 
and M2,is = 0.80, it demonstrates Fig. 4a. These structures 
rapidly enlarged (reached up to z∕h ≈ 0.22 ) as the inlet 
flow angle increased from �1 = 20◦ to �1 = 55◦ , see Fig. 4a 
and b. These findings agree well with the theory of sec-
ondary flow introduced by Hawthorne [29]. When Mach 
number was increased up to 0.90, the shock wave formed 
and strengthen, when Mach number increased further up 
to 1. It was observed that the shock wave was oscillating 
in range of s∕c ∈ (0.65; 0.75) , see Fig. 4c. Complicated flow 
structures raised up in the region, where the secondary 
flow and the shock wave interacted. Nevertheless, the 
near-wall flow was not affected by the shock wave, as can 
be seen from the figure. All results obtained from the 3D 
numerical simulation agree well with presented surface 
flow visualizations, as is shown in Fig. 4. Vortical structures 
reached up to z∕h = 0.10 for �1 = 20◦ and M2,is = 0.80, up to 
z∕h = 0.20 for �1 = 50◦ and M2,is = 0.80 and z∕h = 0.17 for �1 

= 20◦ and M2,is = 1.00 on the suction surface of the blade. 
Interaction of vortical structures in the end-wall region 
with shock wave is clearly visible in the case of flow regime 
�1 = 20◦ and M2,is = 1.00 from numerical simulation. The 
saddle point in front of the leading edge moved into the 
blade channel and more upstream, when the �1increased. 
The position of the saddle point was not significantly 
affected by the increase of Mach number. In the region 
where the shock wave interacted with the vortical struc-
tures, however, the recirculation region formed. The same 
behaviour was observed in the case of pressure surface, i.e. 
with the increase �1 , vortical structures were enlarged. In 
the case of �1 = 20◦ they reached up to z∕h = 0.015 mean-
while for �1 = 50◦ up to z∕h = 0.033 . Insignificant evolution 
with the change of Mach number was detected.

4.3  Unsteady measurement

Unsteady behaviour was investigated based on the evalu-
ation of power spectral density (PSD), probability distribu-
tion function (PDF) and standard deviation (STD) of the 
measured signals.

4.3.1  Power spectral density

In Fig. 5 evolution of PSDs with variation of Mach number 
M2,is (first column) and incidence flow angle �1 (second 
column) are depicted. Spectra obtained in the end-wall 
region were approximated by the function of f � , where � 
was varying exponent. Frequencies up to 25 Hz were fil-
tered out due to their connection with the regulation of 
the WT and therefore were not interesting for the studied 
phenomena.

PSD at the blade mid-span was significantly affected by 
the variation of M2,is . According to the profile design and 
tested flow regimes, transition of the boundary layer to the 
turbulence was expected in the region near the leading 
edge of the blade, i.e. the flow was expected turbulent in 
the area, where the unsteady pressure measurements were 
performed. Results obtained from the experiments at the 
blade mid-span suggest, that fully developed turbulence 
was reached in the case of M2,is = 0.95 and 1.00, where the 
slope of the PSD f −5∕3 was found at the blade mid-span, 
see Figs. 5d and 6e. The frequency of the oscillation of the 
shock wave, mentioned above, was detected in Fig. 5e, and 
was approximately 1000 Hz (peak in the graph). Damping 
of the dominant frequencies can be observed with increas-
ing Mach number at the blade mid-span. It was probably 
caused by interaction with the shock wave.

PSD in the near-wall region was nearly unaffected by 
the variation of Mach number and it was independent 
of the changes at the blade mid span. It is evident from 
Fig. 4, that flow structures in the end-wall region and at 
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the blade mid-span were different in nature (separation 
line � 4 divided the flow field into two parts). These findings 
can be traced as well in Flídr et al. [23], where the visuali-
zation study was more complex. In the near-wall region, 
three significant frequencies ( f ≈ 1200, 1400 and 2500 

Hz) were detected. These frequencies remind the same 
throughout the measurement, but their magnitude rose 
with increasing studied parameter. This periodic behaviour 
may have been connected with the interactions between 
the vortices occupying the near-wall region. Comparison 

Fig. 4  Surface flow visualiza-
tion compared with numerical 
simulations



Vol:.(1234567890)

Research Article SN Applied Sciences           (2021) 3:761  | https://doi.org/10.1007/s42452-021-04737-8

Fig. 5  Power spectral density
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of data obtained here with the findings of Gregory-Smith 
et al. [16] showed that there is a huge difference between 
the spectra. Gregory-Smith et al. [16] presented a diagram, 
where only one significant frequency in the end-wall 
region was detected. Moreover, its value was significantly 
lower compared to this study. It can be caused by the 
different flow conditions, because works [5, 14, 16] were 
conducted with outlet Mach numbers around 0.1. Higher 
outlet Mach number ( M2,is =0.3) was investigated by [17], 
but it does not reach even half the value presented in this 
paper.

Spectra in the end-wall region contained more energy 
compared to the blade mid-span, as demonstrated in 
data shown in Fig. 5. The exception was found for the 
case of Mach number M2,is=0.95 (Fig. 5d), where the mid-
span spectrum was affected by the shock wave oscillat-
ing across the unsteady pressure tap (it can be seen from 
visualization in Fig. 4).

The energy was more uniformly distributed in the near-
wall region and could be approximated more accurately in 
the mentioned form of power function f �.

Generally, exponent � was decreasing with increasing 
studied parameter. Its value was � = −0.002∕6 for nominal 
regime. It dropped to a value of � = −4.5∕6 in the case of 
M2,is =1.00 and � = −2.5∕6 in the case of �1 55

◦ , respec-
tively. This result suggests, that the turbulence was more 
developed in the cases of e) (M2,is = 1, �1 = 20◦ ) and j) ( M2,is 
= 0.80, �1 = 55◦ ) compared to the flow conditions a) and f) 
( M2,is = 0.8, �1 = 20◦ ). With increasing investigated criterion 
spectra contained more energy.

4.3.2  Probability density function and its approximation

Many works deal with the turbulence and its statistics, 
see e.g. Lesieur [30]. The question was raised, whether the 
distribution of velocity fluctuation is Gaussian or not. It is 
connected with the conditions of the central limit theorem 
and whether they are fulfilled. The flow was turbulent in 
the presented study, therefore probability density func-
tions of the signals were analysed as well to contribute 
to the topic. Probability density functions evolution with 
Mach number are shown in Fig. 6 and with inlet flow angle 
in Fig. 7. According to the data, PDFs were symmetric with 
respect to the mean values of the velocity, therefore were 
approximated by the distributions in the form of:

with a and b as variables. If �2 denotes variance of the sig-
nal and relation a = b = � holds, then PDF was normally 
distributed.

This relationship was not found in the case of the pre-
sent study. Variation from normal distribution is demon-
strated in graphs Fig. 8, where ratios of a/b are plotted as 
functions of Mach number (Fig. 8a) and inlet flow angle 
(Fig. 8b), respectively. It is evident, that with increasing 
Mach number and inlet flow angle, approximation of the 
PDF in the end-wall region converges to normal distribu-
tion. At the blade mid-span, no such statement can be 
made.

(5)PDF =
1

b
√
2�

e
−

1

2

�
ui
a

�2

(a) (b)

Fig. 6  Probability distribution functions for different Mach numbers M2,is a blade mid-span, b near-wall region
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4.3.3  Integral values

Ratios of the isentropic velocities U  = unw

ums

 in the end-wall 

region and at the blade mid-span as well as ratios of their 
STDs USTD = (unw)STD

(ums)STD

 are shown in Fig. 9a (Mach number 

dependency), and Fig. 9b (inlet flow angle effect).

Ratio U  decreased from 0.8 to 0.5 with increasing Mach 
number. Ratio USTD demonstrated, that with increasing 
M2,is , fluctuations were approximately four times larger in 
the end-wall region compared to the mid-span except for 
the case of M2,is = 0.95 when the shock wave was moving 
across the pressure tap. This phenomenon enhanced the 

(a) (b)

Fig. 7  Probability distribution functions for different inlet flow angles �1 a blade mid-span, b near-wall region

(a) (a)

Fig. 8  Ratio of parameters a and b as a function of a Mach number, b inlet flow angle
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fluctuations at the blade mid-span and they were compa-
rable in magnitude.

Inlet flow angle did not affect the ratio of velocities U 
significantly, as demonstrates Fig. 9b. Fluctuations in the 
end-wall region were magnified with increasing inlet flow 
angle. It was caused by the stronger secondary flow in the 
near-wall region. These results were already presented by 
Flídr et al. [31], where STDs were evaluated in terms of 
normalized pressure signals. Ratio USTD was rising up until 
�1 = 40◦ . From that value stayed approximately constant, 
i.e., that the fluctuations in both regions were rising in 
the same manner. Magnification of the fluctuation at the 
blade mid-span for overloaded regimes was caused by the 
enlargement of the separation region behind the leading 
edge of the blade.

5  Conclusion

Unsteady behaviour of the flow in the linear blade cas-
cade was investigated by means of pressure measurement 
in the end-wall region as well as at the blade mid-span. 
Unsteady measurements were supplemented by flow 
visualization and steady pressure measurements. Effects 
of compressibility and inlet flow angle were studied. 
Obtained data imply that:

• Interaction between the shock wave and end-wall flows 
was observed for the highest Mach number, therefore 
complicated flow structures raised. This phenomenon 
should be investigated in the future in much more 

detail. Mid-span flow and end-wall flow can be, on the 
other hand, considered independent of each other if 
this shock wave was not formed.

• Anisotropic turbulence was observed in the cascade, so 
the observation of Perdichizzi et al. [17] was confirmed. 
This result can be helpful to the CFD community when 
deciding which turbulence model to choose for their 
calculations in similar cases.

• Energy contained in the spectra increased with increas-
ing Mach number, moreover, the slope of the spectra 
-5/3 was found from f = 4 kHz at the blade mid-span, 
when the shock wave form. With increasing studied 
parameters ( M2,is and �1 ) slope of the spectra in the 
end-wall region decreased. It means, that turbulence 
was developing from the anisotropic to the isotropic, 
but this development remains unfinished.

• Analysis of power spectra shows three significant fre-
quencies in the near-wall region. This periodic behav-
iour was related to the interaction of vortices that occu-
pied this place.

• PDFs and their analysis showed, that distributions stud-
ied here were probably not Gaussian.

• Fluctuations were in all cases a few times higher in the 
end-wall region compared to the mid-span except the 
case, when the shock wave oscillated across the pres-
sure tap.

• Results obtained from flow visualization and numerical 
simulations (limiting streamlines on the surfaces) were 
in good agreement. Mach number distributions were 
simulated with quantified deviations. Presented data 
showed that the used in-house model can simulate and 

Fig. 9  Ratios of unsteady velocities and their STDs a Mach number effect, b inlet flow angle effect
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predict the experimental results in a studied case with 
accuracy described in the paper.

Hot-Wire anemometry will be used in the future for the 
detailed measurements at the cascade outlet to support 
some of the conclusions. Regimes investigated in the 
future will be reduced based on the data presented here.
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