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Abstract: Particle image velocimetry (PIV) measurements were performed inside a low-pressure
turbine cascade operating at engine-relevant high-speed and low-Re conditions to investigate the
near-endwall flow. Of particular research interest was the dominant periodic disturbance of the
flow field by incoming wakes, which were generated by moving cylindrical bars at a frequency of
500 Hz. Two PIV setups were utilized to resolve both (1) a large blade-to-blade plane close to the
endwall as well as midspan and (2) the wake effects in an axial flow field downstream of the blade
passage. The measurements were performed using a phase-locked approach in order to align and
compare the results with comprehensive CFD data that are also available for this test case. The
experimental results not only support a better understanding and even a quantification of the wake-
induced over/under-turning inside and downstream of the passage, they also enable the tracing of
the ‘negative-jet-effect’, which is widely known in the CFD branch of the turbomachinery community
but is seldom visualized in experiments. The results also reveal that the bar wake periodically widens
the blade wake by up to 165%, while the secondary flow is less affected and exhibits a phase lag with
respect to the 2D-flow effects. The results presented here are an essential basis for the subsequent
investigation of the near-endwall blade suction surface effects using unsteady pressure-sensitive
paint in the second part of this two-part publication.

Keywords: rotor–stator interaction; negative jet; passage flow field; phase-locked particle image
velocimetry (PIV)

1. Introduction

The establishment of high-lift blade designs in modern jet engines and the ongoing
trend to reduce weight by lowering the solidity in low-pressure turbine (LPT) vanes has
triggered a lot of research on endwall flow in recent years. The main motivation is the
significant contribution to overall losses due to high pressure gradients in the blade passage
and thus intensified endwall flow. In the case of low-aspect-ratio LPT blades, for which a
larger range of the blade span is affected, the endwall losses are approximated to account
for one third of the overall losses, see [1]. Based on a numerical parametric design study
in LPT cascades, Coull [2] found that endwall losses can be decomposed into two major
components: dissipation in the endwall boundary layer and induced losses by secondary
flows, which scale with streamwise vorticity. According to Denton and Pullan [3], the
secondary flow itself exhibits several sources of loss, such as flow interactions inside
the blade passage and downstream mixing losses. Particularly, the interaction of the
passage vortex and the blade suction surface, resulting in the counter rotating vortex, was
found to have a strong contribution to the overall losses by Cui and Tucker [1] as well
as Bear et al. [4]. The endwall flow development is also largely dependent on the inflow
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conditions. The effects of periodically incoming wakes were investigated in the T106A
and T106Div turbine cascades using measurements and numerical simulations (CFD) by
Ciorciari et al. [5,6]. Both approaches have shown an attenuation of the secondary flow.
In contrast to the relatively small effects of incoming wakes, Volino et al. [7] found the
influence of the inlet boundary layer to be much larger. Schubert and Niehuis [8] came to a
similar conclusion when evaluating the turbine cascade exit flow; however, they found that
the endwall flow development inside the blade passage is significantly affected by both
factors, but in different manners. The vast majority of research dealing with secondary
flow investigations has been centered around probe-based measurements: mostly up- and
downstream of the blade passage. More recently, some published works have diverged
from this classic approach by incorporating more modern experimental methods. For
example, Sinkwitz et al. [9] and Lopez et al. [10] utilized hot-film sensor arrays on the
near-endwall suction surface, and Chemnitz and Niehuis [11] analyzed the potential of
particle image velocimetry (PIV) in comparison to five-hole-probe (FHP) and constant
temperature anemometry (CTA) measurements in turbine cascade exit flow.

Despite the vast research activity in recent years, the accurate prediction and reduction
of endwall loss is expected to remain a challenge for many years to come [3]. Aimed at pro-
viding a further step in the continued understanding of endwall flow and its determining
factors, an extensive research program funded by the Deutsche Forschungsgemeinschaft
(DFG) was launched in 2018 by four German university institutes, see Engelmann et al. [12].
Within this conglomerate, the Institute of Jet Propulsion of the University of the Bun-
deswehr Munich covered low-pressure turbine aspects at high-speed flow conditions. This
paper is based on the design work and first experimental and CFD results by Schubert
et al. [8,13]. They used a particular turbine cascade design to investigate the effects of
boundary layer conditions and periodically incoming wakes on the secondary flows and
losses. The subsequent goal was to validate, complement, and specify the previous findings
by conducting state-of-the-art optical measurements inside the blade passage, which poses
a far greater challenge in terms of experimental setup. Thereby, the present work will
demonstrate how the classic approach to secondary flow investigations can be extended
and enhanced to form a more comprehensive picture. The discussion of PIV results shall
be the focus of part one of this two-part publication, while the second part will present
unsteady pressure-sensitive paint (i-PSP) measurements.

2. Methods
2.1. Test Case

The presented experiments were conducted using a linear cascade of the T106A low-
pressure turbine profile. The key geometric and flow parameters are summarized in Table 1.
The T106 cascade has a long research history, and the aerodynamic performance of the
original design is well known under various operating conditions, see, e.g., Kampitsch
et al. [14], Kirik and Niehuis [15], or Michelassi et al. [16]. However, the cascade used
here is a redesign that was specifically developed for endwall flow measurements under
periodic inflow and high-speed conditions (M2th = 0.59, Re2th = 2 × 105). The blade
profile geometry remains unchanged, though. The main features of the current cascade
are a sufficiently thick endwall boundary layer and the ability to perform variations in the
boundary layer conditions on this endwall. The challenge regarding the endwall boundary
layer stems from a gap between the wind tunnel and the cascade endwalls upstream
of the blade passages. This gap, which is needed for the moving bar wake generator,
enables a leakage flow driven by a negative pressure gradient. While the freestream flow
is not affected, it can act as a boundary layer suction, leading to weak secondary flow.
To counteract this problem, the current cascade features an integrated split flat plate at
part-span that serves as a turbine endwall (marked in yellow in Figure 1). Using a modular
composition of the aft plate, various measurement techniques can be implemented with
manageable effort. The endwall boundary layer can be adjusted by misaligning the front
plate with respect to the aft plate. During all measurements presented in this paper, the
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endwall boundary layer thickness was δ99 = 4.62 mm with a shape factor of H12 = 1.86
at 45% Chord C upstream of the blade’s leading edge (LE). A detailed description of the
particular test case design and an investigation of the effects of endwall boundary layer
variations on the secondary flow and loss production can be found in [8,13].

Table 1. T106A linear turbine cascade.

Geometric parameters:
Chord length C 100 mm
Pitch-to-chord ratio P/C 0.799
Aspect ratio H/C 1.31

Flow conditions:
Exit Mach number M2th 0.59
Exit Reynolds number Re2th 2 × 105

Design inflow angle β1 127.7◦

Design outflow angle β2 26.8◦

Turbulence intensity Tu1 6.8%

Periodically unsteady inflow conditions:
Strouhal number Sr 0.66
Flow coefficient ϕ 3.8

Figure 1. Illustration of the T106A test case featuring a split flat plate endwall (yellow) and moving
bars upstream of the low-pressure turbine blades (cyan); adapted from Schubert et al. [8].

2.2. Numerical Setup

Numerical simulations were utilized during the cascade design (pre-test CFD) as well
as to support the experimental results (validated post-test CFD) with time-resolved flow
data, especially in areas of limited accessibility. The unsteady simulations were performed
using the (U)RANS flow solver TRACE by DLR with the k − ω turbulence model by
Wilcox [17] and γReθt transition model by Langtry and Menter [18]. The computational
domain covers a single blade pitch with periodic boundary conditions. It is divided into an
upstream block group encompassing the front plate, a moving domain containing two bar
pitches, and a downstream block group that encompasses the blade passage and aft plate.
The leakage flow is simulated by additional outlet panels at the bar gap boundaries. The
blade passage is discretized using an OCGH-topology and low-Reynolds wall treatment
(non-dimensional wall distance y+ ≤ 1), resulting in high boundary layer resolution.
Sufficient spatial and temporal discretization is ensured by a sensitivity study, which leads
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to an overall number of nodes of approximately 8 × 106 and a blade o-grid with 354, 31,
and 110 nodes in the i,j,k-directions, respectively. The CFL number is set to 150 in the
unsteady simulations, and each moving domain period (two bar pitches) is resolved by
800 time steps. The flow conditions prescribed at the in- and outlet plane match the wind
tunnel conditions in the experiment (M2th, Re2th = f (Tt1, pt1, p3), and Tu1). A detailed
description of the computational approach can be found in [13].

The key flow characteristics inside the T106A blade passage are illustrated by means
of CFD in Figure 2. Here, axial slices of the entropy generation rate and iso-surfaces of
the Q-criterion (colored by streamwise vorticity indicating the sense of rotation) indicate
loss production at midspan and the secondary flow region. In the 2D-flow region around
midspan, the levels of loss production start off moderately in the predominately aft-loaded
T106A. However, near the trailing edge (TE), strong adverse pressure gradients acting on
the blade suction surface lead to the formation of a separation bubble. Under periodically
unsteady inflow conditions, wake-induced transition periodically forces the suppression of
the separation bubble. This unsteady effect is visible in the time-averaged flow in Figure 2
by a lack of alternating vorticity on the rear suction surface. Near the endwall, the formation
of secondary flow as described e.g., by Sieverding [19] becomes apparent. When entering
the blade passage, strong transverse pressure gradients caused by blade loading force the
boundary layer fluid towards the suction surface. During this process, the flow is rolling
up, is fed into the passage vortex and the merging horseshoe vortex pressure side leg,
lifts off the endwall, and finally impinges on the blade suction surface. In addition to the
resulting high losses, the secondary flow can be identified well by overturning close to
the endwall and corresponding underturning at the upper edge of vortex interaction. In
the case of unsteady inflow, the interaction of the wakes with the endwall boundary layer
periodically delays the development of the passage vortex. This leads to the attenuation of
the secondary flow further downstream and, hence, a reduction in the secondary losses. A
more detailed analysis of the secondary vortex system can be found in [13] and the effect of
blade loading is discussed in [6]. Furthermore, the interaction with the suction surface flow,
which leads to the corner-vortex and counter-vortex is investigated in Part 2 [20].

Figure 2. Simulated entropy generation rate (Ṡ∗
v non-dimensionalized) at several axial slices in-

side the T106A blade passage under steady (a) and periodically unsteady inflow conditions (b);
adapted from Schubert et al. [13]; (HSVp—pressure side leg of horseshoe vortex; PV—passage vortex;
CRV—counter-rotating vortex; CV—corner vortex; LE—leading edge; TE—trailing edge).

2.3. Experimental Setup

The experiments were conducted at the High-Speed Cascade Wind Tunnel (HGK) of
the University of the Bundeswehr Munich, see Niehuis and Bitter [21]. The facility allows
aerothermodynamic investigations of turbomachinery components at engine-relevant Mach
and Reynolds numbers, which can be varied independently with respective uncertainties
of 0.17% and 0.28%. For this reason, the main components of the HGK are enclosed by a
large plenum chamber with a 4 m diameter and a 12 m length. The absolute pressure in this
plenum chamber can be evacuated down to 4 kPa or pressurized up to 1.2 MPa. The wide
pressure range together with the large test section dimensions make it possible to perform
aerodynamic investigations on relatively large test specimens, even for low operating
Reynolds numbers. This mitigates the relative influence of probe-based measurement
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techniques on the flow field, especially at the high downstream Mach numbers typically
encountered on a turbine cascade [22]. The HGK’s test section can be equipped with a
wake generator that produces periodically incoming wakes of up to around 500 Hz at the
cascade inlet, see Acton and Fottner [23]. The periodically incoming wakes are generated
by steel bars with a diameter of 2 mm, i.e., 111% of the T106A trailing edge diameter. The
moving bar plane, which runs parallel to the blade passage inlet plane, is located 86% C
upstream of the blade leading edge. The ratio of bars to blade count is two-to-one, i.e.,
Pb/P = 0.5, and the bar speed is Vb = 20 m/s, which leads to a bar passing period of 2 ms
(500 Hz). Previous experimental and numerical studies of the T106A turbine cascade have
shown that increased bar velocity (higher Strouhal number Sr and lower flow coefficient Φ)
results in intensified effects on the secondary flow, see Ciorciari et al. [5]. However, within
a reasonable range of unsteady inflow parameters, the observed trends remain unchanged.

The goal of the experiments was to measure an extensive flow field close to the endwall
inside and downstream of the blade passage and demonstrate the time-dependent behavior
with respect to the periodic bar wake effects. Therefore, two separate measurement setups
using particle image velocimetry (PIV) were applied. Measuring a highly resolved passage
flow field under high-speed conditions in close vicinity to a parallel wall and under severe
vibrations of the wake generator was extremely challenging. In the first setup, the design
of the test specimen and the blade-to-blade measurement plane required optical access to
the flow passage through several side walls (see Figure 3a,b). Therefore, a single sCMOS
camera with 5.5 Mpx resolution was connected to a 35 mm optical lens and a 220 mm long
rod endoscope with an 8 mm diameter and 67◦ opening angle. The optical access into the
passage from the opposite endwall is shown in Figure 3c. A light sheet generated by an
Innolas Spitlight 1000 Nd:YAG laser with 480 mJ energy per pulse was introduced into the
setup from downstream the cascade (see Figure 3d). As a consequence of the cambered
blade passage, some areas were shadowed, and data evaluation was impeded. A calibration
plate (see Figure 3e) with 2 mm dots arranged with 10 mm constant spacing was specifically
tailored to the blade passage to calibrate the 2D2C-PIV images and compensate for the
image distortions resulting from the non-ideal optical path through the endoscope. Two
planes at z = 65.5 mm (z/H = 0.5) and z = 26.2 mm (z/H = 0.2) were investigated, and are
named ‘midspan’ and ‘near-wall’ later in the text. The second—in this case, stereoscopic
(or 2D3C) PIV setup, which delivers three velocity vector components—aims to resolve
axial measurement plane 2 (MP 2) located 40% Cx downstream of the blade trailing edge
(see Figure 4a). As depicted in Figure 4b, the setup featured two sCMOS cameras, and
due to limited optical accessibility, the measurement plane had to be captured via two
camera mirrors. The axial light sheet was formed at the bottom of the cascade and guided
into the measurement as shown in Figure 4a,c. DEHS oil droplets with a mean diameter
of 0.9µm were used as seeding particles. This type of tracer particle ensures sufficient
dynamic response to the flow at low static pressures, see Humble et al. [24] and Bitter
et al. [25]. For each measurement, a set of 10,000 PIV images was processed by a 48-by-48
px cross-correlation with 50% overlap and a magnification factor of 1/10, leading to a
resolution of 5 mm per velocity vector.
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Figure 3. The 2D2C PIV setup for blade-to-blade measurements inside the T106A linear cascade;
(a) schematic of the cross-sectional side view; (b) endoscopic camera setup; (c) optical access into the
flow channel; (d) PIV laser sheet at z/H = 0.2; (e) camera calibration target in the field of view.

Figure 4. PIV setup for 2D3C measurements in an axial plane (MP 2) located 40% Cx downstream of
the blade passage; (a) schematic of the cross-sectional side view; (b) camera setup and laser guidance
to the test section; (c) laser sheet in the cascade exit flow.

A phase-averaging method according to Bitter and Niehuis [26] was performed in both
PIV setups whereby all velocity fields were related to the bar reference position outlined
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in Figure 5. The recording of both the camera trigger timing and the bar position signals
at more than 1 MHz ensured precise sorting of all images and enabled a time-dependent
discussion of the periodic wake effects in both PIV measurements, which were performed
subsequently. The image sets were recorded at 15.1 Hz, while the dominant bar passing
frequency was 502 Hz. The data had to be synchronized in post-processing by establishing
a correlation between the geometric bar position yb and the temporal bar period tBP. The
first step is to define a reference bar position. In the experimental setup, a bar was aligned
with the leading edge of the measurement blade by placing a steel ruler on top and leveling
it (see Figure 5a). This reference bar position was then identified by measuring the current
pitchwise distance ∆yb, re f to the next trigger point of an optical sensor, which registers each
passing bar (see Figure 5b,c). Finally a timestamp τ was assigned for each measurement
point by determining the relative time difference to the next bar trigger (see Figure 5d)

τ

tBP
=

t
tBP

−
∆yb, re f

Pb
. (1)

In addition to synchronization, the measured data were binned and subsequently averaged
according to their position within the bar passing period τ/tBP. As seen in Figure 5e, this
method led to a statistically uniform distribution of measurement points per τ-bin. This
sorting method can be adjusted on demand. The more bins that are chosen, the higher
the temporal resolution of the bar wake passing through the passage but the lower the
number of PIV images per bin for averaging the flow field. For the following discussions,
20 bins were chosen that included about 470 frames each. The synchronization process
was also applied to the CFD data by determining the reference bar position and setting the
correlating timestamp to zero (see Figure 5f).

Figure 5. Phase-locking and synchronization method; (a–c) alignment of the spatial bar position
with the temporal trigger signals of the bar counter; (d) assignment of a timestamp τ based on the
relative position during a bar passing period; (e) binning and subsequent averaging in τ-bins of
0.1 ms; (f) application of the synchronization process to CFD by setting the reference bar position to
τ = 0.
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3. Results
3.1. Time-Averaged Flow Fields

The mean Mach number distributions averaged over all 10,000 PIV vector fields
are compared to five-hole-probe (FHP) measurements (performed in [8]) and to CFD in
Figure 6. The upper row shows the axial exit flow fields under steady conditions (no bar
wakes) and the lower row highlights the mean flow with incoming wakes. The results
from both experimental techniques exhibit a good match in terms of flow topology and
absolute values, which validates the presented PIV setup. Only at z/H = 0.2, where
the pitchwise-averaged loss peak is located, are the interacting passage vortex (PV) and
the counter-rotating vortex (CRV) slightly less distinct in the PIV measurements. The
unsteady inflow conditions created by periodically incoming wakes lead to secondary
flow attenuation, which is equally apparent in both data sets. The following discussion
of the phase-locked PIV data in Section 3.2, including additional flow properties such as
turbulent kinetic energy, will highlight the added benefit and the potential of the presented
optical measurements as a supplement to the classic probe-based approach. The validated
CFD setup [13] predicts a narrower but more intense blade wake and secondary flow
in the downstream flow field. This is a well-documented characteristic of RANS-based
flow simulations with eddy-viscosity modeling. However, the important value of overall
integral losses (ζFHP= 4.7%, ζCFD = 4.6%) as well as the effect of periodically incoming
wakes show a good match with the measurements.

Figure 6. Time-averaged velocity distributions illustrated by isentropic Mach number in the down-
stream flow field (MP 2) under steady (a–c) and periodically unsteady inflow conditions (d–f).

In Figure 7, time-averaged blade-to-blade flow fields measured near the endwall at
z/H = 0.2 are shown under steady and periodically unsteady inflow conditions. The
velocity values in the left and center plots were ensemble-averaged over the entire image
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series and normalized by the theoretic exit velocity of V2th = 195.8 m/s at M2th = 0.59. On
the right, the time-averaged effect of the periodically incoming wakes is highlighted by the
absolute velocity difference (blue—positive; red—negative). Throughout the passage flow
field, the absolute velocity is slightly lower under periodically unsteady inflow conditions,
resulting in a negative delta. The effect is strongest in the blade wake, leading to a higher
time-averaged velocity deficit. The measured mean inlet velocity loss matches well with
previous analytical calculations and CTA measurements by Schubert et al. [8], validating
the PIV setup in the blade-to-blade plane. In a rotating turbine with multiple blade rows,
the inlet losses close to the endwall will likely be even higher because the incoming wakes
are superimposed with upstream secondary flows. In the white areas, especially close
to the suction surface of the upper blade, data availability is limited due to the strong
background illumination caused by direct laser reflections. Unfortunately, in this region,
the secondary vortex system is partially formed and interacts with the blade profile flow, as
seen in Figure 2. However, downstream of the trailing edge, a blue area is apparent on the
suction side of the blade wake, which leads to the position on the passage vortex core in
MP 2 (see P3 in Figure 7). This positive velocity delta illustrates a reduction in the velocity
deficit due to vortex dissipation and thus implies attenuation of the secondary flow.

Figure 7. Time-averaged passage flow field at z/H = 0.2 (near-endwall) under steady (left) and peri-
odically unsteady (middle) inflow conditions; (right) ∆|V| between the two cases of inflow conditions.

An alternative way to quantify the time-averaged secondary flow attenuation by the
incoming wakes is by measuring the flow angle perturbation, as illustrated in Figure 8.
The reference FHP measurements on the right side of Figure 8 illustrate the spanwise
distribution of the pitchwise-averaged secondary outflow angle ∆βsec in the axial plane
MP 2 [8]. It is apparent that the vortex motion of the secondary flow, which is mainly driven
by the dominant passage vortex, causes overturning in the nearest proximity of the endwall,
followed by a region of underturning. Thus, the level of over-/underturning is a gauge of
the secondary flow intensity. The ‘near-wall’ blade-to-blade plane of the PIV measurements
was chosen to be located at the peak of the pitchwise-averaged underturning (z/H = 0.2).
Since the secondary flow angle is calculated by subtracting the midspan flow field, the
two visible passage flow fields in Figure 8 are reduced in size. This is a consequence of
the 67◦ opening angle of the camera endoscope. It is apparent that the positive flow angle
difference, i.e., underturning, starts slightly downstream of the midpoint of the passage
(x/Cx ≈ 0.6) as a reaction to the strong transverse pressure gradients, which force the initial
overturning in the endwall boundary layer. Under periodically unsteady inflow conditions,
the level of underturning is reduced inside the passage and in the downstream flow field.
The PIV data indicate the same quantifiable trend as the probe measurements but in a
much larger and less accessible measurement field. In addition to the secondary losses
associated with the dissipation of the vortices, aerodynamic performance suffers from
high over-/underturning since the downstream blade rows experience severe off-design
conditions. Hence, endwall flow effects such as over-/underturning must be considered in
the design of a turbomachinery stage.
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Figure 8. Time-averaged flow angle difference with respect to midspan at z/H = 0.2 (∆βsec = β− β̄MS)
under steady (left) and periodically unsteady (middle) inflow conditions; (right) ∆βsec measured
with a five-hole-probe at x/Cx = 1.4 downstream of the cascade.

3.2. Phase-Locked Flow Fields

Figure 9 shows the temporal behavior of the passage flow field near the endwall
(z/H = 0.2) at four time steps τ of one bar passing period tBP. The normalized absolute
velocity fluctuation is given by |V|′/V2th = ( ¯|V|(τ) − ⟨|V|⟩)/V2th, where ¯|V|(τ) is the
mean absolute velocity of a τ-bin, ⟨|V|⟩ is the ensemble average over the entire time series,
and V2th is the theoretical turbine exit velocity. The data were averaged for 20 time steps
per period, resulting in around 470 PIV images per τ-bin. The flow field exhibits alternating
positive and negative velocity fluctuations with an amplitude of about 3.5% in the front
part of the passage. The relative velocity deficit of the wake is indicated by blue color. The
streamline deformation of the wake passing through the passage is evident. The biggest
contributors to the stretching and bowing are the strong acceleration near the pressure
surface and the transverse pressure gradients towards the suction surface. Aided by the
relatively low flow coefficient of the present periodic inflow, the wakes are almost parallel
to the blade profile at around the passage throat. As the freestream mixing of the bar wakes
accumulates in the flow direction, the measured wakes become less distinct, and the levels
of velocity fluctuations continually decrease. For data synchronization, τ/tBP = 0 was
defined by one random bar being located upstream in the design inflow direction of the
reference blade leading edge. Based on the inflow velocity triangles of the moving bars, the
wake reaches the leading edge of the blade slightly later in time. The corresponding phase
lag between the bar position and the wake entry into the passage was calculated to be
about −45◦. Also, indicated in Figure 9 by arrowheads is every eighth velocity vector. This
illustrates the relative flow direction and highlights the ‘negative-jet-effect’ of the bar wakes.
This effect, which is indicated by blue color and reverse arrowheads (lower right to upper
left), is a typical phenomenon in multistage turbomachinery as a consequence of the rotor–
stator interaction. It was comprehensively studied by Hodson et al. [27]. In the present case,
the flow vectors clearly show an alternating relative flow angle β′. The negative jet imposes
relative fluid transport towards the suction surface. Where the negative jet impinges on the
blade suction surface, it is periodically inducing a local positive pressure gradient on the
boundary layer, which is prone to flow separation, especially downstream of the passage
throat due to high loading and decelerating flow. In addition to the mean velocity deficit,
the cylindrical bar wakes produce a turbulence intensity increase of around 20% in their
cores [26]. Further downstream, these levels are mixed with the main flow inlet turbulence
intensity of about 6.8%. The resulting periodic increase in turbulence triggers an earlier
suction surface boundary layer transition (wake-induced transition), which increases the
robustness against flow separation. The overall effect of the negative jet on the blade
suction surface flow will be discussed in more detail in the second part of this two-part
publication using high-speed pressure-sensitive paint measurements.

A comparison of the velocity fluctuations and the passage flow angles between the
experiments and the numerical simulations is performed in Figure 10. The data for the
time plot were extracted at location P1 (x/Cx = 0.3), which is marked in Figure 7. Good
correlation for both phase and amplitude between experiments and CFD is evident. The
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lower peak amplitudes of around 3%-points for the measured data is partially due to the
fact that the CFD data are exported at a higher number of 80 time steps per period, while
the measured fluctuations are phase averaged in 20 τ-bins.

Figure 9. Transport of the bar wake velocity deficit through the T106A turbine passage close to the
endwall (z/H = 0.2) at four time steps and its effect on the downstream flow field.

Figure 10. Evolution of the bar wake effect on the near-endwall (z/H = 0.2) passage flow field at
position P1 (see Figure 10) over time; comparison of velocity deficit and the flow angle between CFD
and phase-locked PIV (gray positions in the time plot mark the displays in Figure 9).

Next to the PIV blade-to-blade plane, Figure 9 also includes the PIV measurements in
the downstream flow field. The transport of the bar wakes is clearly traceable all throughout
the blade passage into the downstream axial plane (MP 2), which illustrates the quality of
the two isolated measurements and the applied synchronization method. The additional
black velocity contour lines and turbulent kinetic energy enables the relation between the
sequence of the moving bar wakes and their effects on the downstream flow field. There
are two major indicators by which these effects were evaluated: the pitchwise extension of
the secondary flow field and the intensity of the vortex interaction. As the bar wake travels
from left to right through the axial plane, it overlaps with the secondary flow field on the
suction side of the blade. During this process, the extension of the secondary flow field
remains relatively stable. However, the width of the blade wake is significantly increased,
especially on the pressure side of the blade (τ/tBP = 0.25 and 0.5). On the other hand,
when the bar wake is out of the frame in MP 2, the blade wake is significantly narrower
(τ/tBP = 0 and 0.75). In order to better quantify these effects, the flow velocity iso-line
value of |V|/V2th = 95% was defined as the boundary of the secondary flow field and the
blade wake. Its position was then measured on the suction side and pressure side in each
time step. The resulting periodic shift at z/H = 0.2 relative to the time-averaged position
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is shown in Figure 11a. The suction-side boundary is an indicator of the secondary flow
extension, while the pressure-side boundary reflects the blade wake. Both assumptions are
validated by confirming that the periodic sequences are in phase to key reference signals
(see below). In all cases, positive values represent widening and negative values represent
narrowing. The maximum blade wake extension is around three times higher than the
maximum secondary flow extension. However, the most important finding here is not
related to amplitudes but rather a phase lag of −108◦, i.e., ∆τ/tBP = −0.3 between the
secondary flow extension and the blade wake extension. This phase lag is unique to the
secondary flow and different from the behavior at midspan. Here, the start of the widening
of the downstream blade wake corresponds to the overlap with the bar wake. As the bar
wake passes through the axial plane, the suction- and pressure-side blade wake boundaries
at midspan are affected simultaneously, i.e., 0◦ phase lag (see Figure 11b). This results in
an increase in the wake width of up to 165%. All three midspan sequences are virtually
in-phase (18◦ phase lag) with the pressure-side extension at z/H = 0.2, proving it to be
representative of the blade wake.

The secondary vortex intensity, as the second evaluation indicator, is measured by
turbulent kinetic energy relative to the mean freestream TKE. It is apparent in Figure 9
that the TKE level increases as the bar wake passes through the secondary flow region
(τ/tBP = 0.25 and 0.5). However, it continues to increase beyond the passing of the pressure
side (τ/tBP = 0.75). Hence, the TKE evolution in the secondary flow region is not synchro-
nized with the overlap of the bar wake in MP 2. In fact, the periodic change of averaged
local TKE in Figure 11a exhibits the same phase lag of −108◦ to the bar wake passing as the
secondary flow extension. However, for the secondary flow intensity, it is the low levels of
TKE that are associated with the bar wake effects. Therefore, both signals are in sync even
though they appear to have a 180◦ lag. This means the lowest intensity correlates to the
highest pitchwise extension, or in other words, at that moment, the secondary vortices are
less distinct due to a higher degree of mixing.

Figure 11. Periodic effect of the bar wakes on the downstream flow field (MP 2); (a) secondary
flow extension ∆yrel = (y − ⟨y⟩)/P and intensity ∆TKErel = (TKE − ⟨TKE⟩)/⟨TKE⟩ at z/H = 0.2;
(b) blade wake extension ∆yrel at midspan.

Overall, these findings indicate that the fully developed secondary flow downstream
of the blade passage is highly resistant to a direct perturbation due to overlapping with
the bar wakes. Instead, the observed periodic changes in secondary flow extension and
intensity is caused further upstream. Starting from the passage vortex core position in MP 2
(see P3 in Figure 7), the mean origin of these effects can be calculated based on the identified
phase lag of (∆τ/tBP = −0.3 i.e., −0.6 ms) and the measured blade-to-blade velocity field.
It is located inside the blade passage at x/Cx = 0.72 (see P2 in Figure 7). Around this
location, endwall boundary layer fluid that has been driven towards the suction surface is
about to be detached, rolled up, and fed into the passage vortex. The perturbation of this
process by wake interaction and the consequent secondary flow attenuation was previously
investigated using numerical simulations of the present test case in [13].
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4. Conclusions

An experimental campaign was conducted using a T106A linear turbine cascade
with an additional part-span endwall under challenging measurement conditions with
periodically incoming wakes with a frequency of 500 Hz. In previous investigations,
the authors utilized a combination of probe-based measurements and CFD to identify
attenuation of the downstream secondary flow caused by wake interaction inside the blade
passage. The primary goal of the experiments presented here was to validate, complement,
and specify these findings. This was achieved by implementing and synchronizing two
isolated phase-locked PIV measurement setups in a blade-to-blade plane close to the
endwall and an axial plane downstream of the passage. Classic downstream five-hole-
probe flow angle measurements were extended by combining PIV distributions at midspan
and close to the endwall to quantify the change in over-/underturning caused by the
wakes throughout the passage. Wake stretching and bowing could be traced throughout
the blade passage and beyond. In this context, the ‘negative-jet-effect’ could clearly be
illustrated, and supporting CFD showed a good match in phase and amplitude. In the
downstream flow field, the bar wakes periodically increased the width of the blade wake
by up to 165%. The fully developed secondary flow, on the other hand, was highly
resistant to a direct perturbation by overlapping bar wakes. The periodic increase in
secondary flow extension and in-phase decrease in turbulent kinetic energy exhibited a
phase lag of −108◦, i.e., ∆τ/tBP = −0.3 to the bar wake overlap. It was concluded that
the secondary flow attenuation is caused further upstream by wake interaction with the
endwall boundary layer and, hence, the vortex formation. By combining the identified
phase lag and the measured blade-to-blade velocity field, the mean origin of this effect was
located inside the blade passage at around x/Cx = 0.72. Overall, it has been demonstrated
that, particularly for secondary flow investigations under periodic inflow conditions, optical
measurements such as phase-locked PIV provide a valuable addition to classic probe-based
measurement approaches.

The results presented here are an essential basis for the subsequent investigation of the
near-endwall blade suction surface effects in the second part of this two-part publication.
A preview of the comprehensive experimental data set comprising periodically unsteady
suction surface pressure fields is given in Figure 12. The surface data were measured with
unsteady pressure-sensitive paint (i-PSP). The i-PSP measurements were performed using
the intensity method, high-power uv-LED excitation, and a high-speed camera sampled at
30 kHz. Single- to double-digit Pascal pressure amplitudes could be resolved precisely and
correlate well with CFD. Furthermore, two frequency filtering methods were compared to
identify distinct flow features in the frequency spectrum up to several kilohertz.

Figure 12. Illustration of the experimental data set available for the T106A test case under unsteady
inflow conditions; (left) duplicated PIV passage flow fields presented in this paper and time-averaged
isentropic surface Mach number on the blade suction surface measured with unsteady pressure-
sensitive paint; (right) high-resolution surface pressure amplitude measurement (PSP) stimulated by
the dominant wake generator frequency around 500 Hz. Black dots show markers for image mapping.
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Nomenclature

Latin symbols
C chord length
H channel height, i.e., blade span
H12 boundary layer shape factor
M Mach number
p pressure
P pitch
Re Reynolds number
Ṡ∗

v non-dimensional entropy generation rate per unit volume,
Ṡv × (C × T2,th)/(ρ2,th × V2,th)

Sr Strouhal number, (Vb/Pb)× (C/Vx1)

T temperature
Tu turbulence intensity
t time
V velocity
V′ velocity fluctuation
|V| absolute velocity
⟨V⟩ ensemble averaged velocity
x, y, z axial, pitchwise, and spanwise coordinates
Greek symbols
β flow pitch angle
δ99 boundary layer thickness
ϕ flow coefficient, Vx1/Vb
τ synchronized timestamp
ζ total pressure loss coefficient
Abbreviations
CV corner vortex
CRV counter-rotating vortex
DEHS Di-Ethyl-Hexyl-Sebacat
EW endwall
FHP five-hole-probe
FS freestream
HSVp horseshoe vortex pressure side leg
i-PSP unsteady pressure-sensitive paint
Laser light amplification by stimulated emission of radiation
MP 2 measurement plane 2,

40% Cx downstream TE
MS midspan
PV passage vortex
sCMOS scientific complementary metal–oxide–semiconductor
Subscripts
1 inflow condition
2 downstream measurement plane
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b bar
BP bar passing
t stagnation quantity
sec secondary
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