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Particle Image Velocimetry
Measurements in a High-Speed
Low-Reynolds Low-Pressure
Turbine Cascade
Particle image velocimetry (PIV) measurements in the blade-to-blade (B2B) plane and
cascade outlet plane (COP) of a high-speed low-pressure turbine (LPT) cascade were per-
formed at engine-representative outlet Mach number (0.70–0.95), and Reynolds number
(70–120 k) under steady flow conditions. The freestream turbulence characteristics were
imposed by means of a passive turbulence grid. The PIV results on the B2B plane were
compared against five-hole probe (5HP) and Reynolds-averaged Navier–Stokes (RANS)
computations to assess the validity of measurement and simulation techniques in the
engine-relevant LPT cascade flows. The PIV captured the wake depth and width measured
by the 5HP whereas the RANS displayed an overprediction of the wake Mach number
deficit. The 5HP was found to impose sinewave fluctuations of the measured flow angle
downstream, around three times higher than PIV. Additionally, PIV estimated turbulence
intensity (TI) in the cascade, showing TI decay along a streamline. At the highest Mach
number, a peak TI occurred past a shock wave. Measurements of the outlet flow field high-
lighted a high TI in the secondary flow region whereas high degree of anisotropy (DA) was
registered in the boundary of the secondary flow and freestream regions. The contribution
of the streamwise fluctuation component was found to be less than the crosswise and radial
components in the freestream region. Increasing the cascade outlet Mach number, the con-
tribution of streamwise fluctuation to the DA was observed to decrease.
[DOI: 10.1115/1.4063674]
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1 Introduction
The ultra-high by-pass geared turbofan (GTF) is a key-enabler

engine architecture to comply with the target reduction of noise
and emissions by 2050.2 By decoupling the rotational velocity of
the fan and LPT through a gearbox, the LPT stage count as well
as engine weight and dimension can be reduced comparatively to
a modern direct drive LPT [1].
In this engine architecture, the LPT operates at transonic exit

Mach numbers (Mout >0.70) and low-Reynolds numbers typically
encountered during cruising regime [2]. The combination of these
flow conditions results in a challenging environment where com-
pressibility interacts with the transitional boundary layer encoun-
tered in LPTs [3,4]. Experimental investigations for this range of
flow conditions that can be used to validate CFD tools and
improve low-order models are still scarce. As an example, these
data could be used to mature turbulence models used in

Reynolds-averaged Navier–Stokes (RANS) computations that still
struggle to capture wake mixing, and therefore losses, accurately
[5].
Investigations of LPT blading tested at engine-relevant condi-

tions were mostly conducted by means of aerothermal probes
such as multi-hole pressure probes [6–11]. The immersion of
probes in transonic flow fields encountered in turbomachinery
applications introduces non-negligible effects in the flow being
measured [12–14] as well as the testing article [15,16]. These
effects become increasingly more impactful as the Mach number
of the flow field in which the probe is immersed increases [17].
Point measurements performed with aerothermal probes often char-
acterize the flow field in terms of total and static pressure, flow
angles and turbulent quantities upstream and/or downstream of
the cascade being tested. Hot-wire testing in low-density transonic
flows suffers from inaccuracies resultant from the measured voltage
being sensitive to velocity, density, temperature, and angle fluctua-
tions [18]. This requires specific probes and calibrations to accu-
rately predict the turbulence intensity and degree of anisotropy
(DA).
Alternatively, non-intrusive measurement techniques like particle

image velocimetry (PIV) are an interesting solution to characterize
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the flow field in turbomachinery passages without altering its topol-
ogy. The capabilities of PIV in high-speed flows are reported by
Sartor et al. [19]. Another advantage compared to hot-wire testing
is that turbulent quantities can be obtained independently of the
density level. There are several studies dealing with PIV measure-
ments in linear and annular turbine cascades. However, the Rey-
nolds numbers investigated are relatively high (Reout > 200 k)
[20] or the outlet Mach number is subsonic (Mout < 0.6) [21–23].
While the experiments in subsonic flow are usually more accessible
for detailed measurements in space and time, the tests do not capture
the impact of compressibility. To the best of the author’s knowl-
edge, there are only a few works in open literature reporting PIV
measurements in low-Reynolds transonic turbine cascades [17,24].
This work aims at extending the existing literature on PIV testing

in low-density transonic turbomachinery flows. The measurements
were performed in the VKI S-1/C transonic linear cascade equipped
with the C1 blade exploited in the EU project SPLEEN [25,26]. The
outlet Mach and Reynolds numbers were varied between 0.70–0.95
and 70−120 k, respectively.
A standard two-dimensional two-component (2D2C) PIV setup

was used to characterize the Mach number in the blade-to-blade
(B2B) plane. The results were compared against RANS computa-
tions. An estimation of the turbulence intensity was analyzed to
verify capability of PIV as a turbulence measurement tool and to
characterize the evolution of turbulence in the transonic cascade
passage. The pitchwise distribution of Mach number and primary
flow direction at the cascade exit extracted from B2B PIV and
RANS were compared against measurements performed with a
multi-directional five-hole pressure probe (5HP), a part of the open-
access database3 [27], to highlight probe induced flow modifications.
In addition, a two-dimensional three-component (2D3C) stereo-

scopic PIV setup was employed to characterize the flow field at
the cascade outlet plane (COP) in terms of its Mach number, vortic-
ity, and turbulent quantities. The time-averaged results were com-
pared with the ones obtained with the multi-direction pressure
probe. The comparison reinforced the challenges that arise from
using intrusive probes in transonic flow fields. The turbulence
field decomposed into streamwise, crosswise, and spanwise direc-
tions revealed the anisotropic turbulence distribution in both sec-
ondary flow and freestream regions.

2 Experimental Setup
2.1 Turbine Test Facility and Test Conditions. The PIV

measurements were conducted in the continuously running
closed-loop wind tunnel S-1/C of the von Karman Institute
(Fig. 1). The wind tunnel is driven by a 615-kW 13-stage axial
flow compressor. The cascade Mach and Reynolds number are
independently adjusted by regulating the compressor rotational
speed and the flow density inside the loop. The latter is achieved
by regulating the net mass flow being removed from the loop
through a vacuum pump. The flow temperature is always kept
near ambient by means of a heat exchanger. The current setup
enables testing at a range of Mach and Reynolds numbers ranging

between 0.70 and 0.95, and 70 k and 120 k, respectively. The test
conditions investigated in the scope of this work are summarized
in Table 1.
Figure 2 shows a sketch of the cascade test section. A passive tur-

bulence grid (TG) was used to reach the desired freestream turbu-
lence intensity (TI). The freestream TI without the grid is reported
to be around 0.90% [11]. Installing the TG 400 mm upstream of
the central airfoil leading edge yielded a nominal TI of ∼2.4%
[25]. The B2B plane measurements were conducted with and
without the TG whereas the COP measurements were performed
with the grid. Test case B (Reout,is= 70 k, Mout,is= 0.90, with the tur-
bulence grid) represents the nominal design point of the cascade.

2.2 Linear Cascade. The SPLEEN C1 cascade is representa-
tive of a rotor hub geometry of a geared LPT. The airfoil was
designed for transonic outlet flow conditions, high deflection, and
low flow acceleration. The linear cascade consists of 23 blades
with a span of 165 mm. Table 2 summarizes the geometry of the
tested cascade. A thorough description of the test case can be
found in the study by Ref. [25].

2.3 Particle Image Velocimetry Setup. PIV Measurements
were carried out in two configurations. The flow on the B2B
plane at midspan was characterized by 2D2C-PIV, and the flow
downstream of the cascade on the COP was investigated with
stereoscopic 2D3C-PIV. The optical accesses were realized
through a cascade endwall window and two sidewall windows as
shown in Figs. 2 and 3. All windows were made of acrylic. For
both PIV configurations, two LaVision Imager SX 4M cameras

Fig. 1 S-1/C wind tunnel

Table 1 Test conditions

Test Reout, is Mout,is TIin PIV meas.

A 70 k 0.70 2.40% 2D2C-B2B, 2D3C-COP
B (design) 0.90
C 0.95
D 120 k 0.70
E 0.90
A-w/o TG 70 k 0.70 0.90% 2D2C-B2B
B-w/o TG 0.90
C-w/o TG 0.95
D-w/o TG 120 k 0.70
E-w/o TG 0.90

Fig. 2 Linear cascade test section3https://doi.org/10.5281/zenodo.7264761
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(2360 × 1776 pixels resolution with pixel size of 5.5 × 5.5 μm2) and
a Litron Bernoulli PIV laser (maximum pulse energy of 200 mJ)
were used. Laskin-nozzle seeding generators PIVTEC PIV Part
14 and PIV Part 45 were used to produce DEHS droplets with
approximately 1 μ m of diameter. The particles were seeded down-
stream of the wind tunnel compressor as well as upstream of the dif-
fuser as indicated in Fig. 1, ensuring enough distance (over 5 m) to
guarantee uniform seeding distribution in the test section. For each
test condition, a recording of 500 double frame PIV images at an
acquisition frequency of 10 Hz was repeated four times, producing
2000 PIV recordings in total. The repetition of the tests was neces-
sary to minimize the variation of the cascade operating condition
(± 3% for Reout,is and ± 1.5% for Mout,is) due to the seeding injec-
tion over the acquisition period.
For the 2D2C-PIV on the B2B plane, both cameras were

equipped with an AF Micro NIKKOR 60 mm f/2.8D lens and
placed side by side looking at the measurement plane through the
endwall window. The laser sheet was inserted from the sidewall
window 2. The field of view (FOV) of the two cameras was set
to overlap by approximately 20% as shown in Fig. 4. The bottom
right of the camera 2 FOV was not entirely covered by the high
intensity part of the laser sheet due to the limited optical access
and a need of small light sheet divergence to maintain strong
enough illumination intensity for the micro-scale particle. The
camera optical setup resulted in a scaling factor of about
48 pixels/mm. To reduce reflections in the recorded images, the
central blade was coated with a fluorescent paint with an approxi-
mate thickness of 0.1 mm. The camera capturing the blade

passage (Cam 1) was equipped with a 532± 10 nm band-pass
filter to cut off the fluorescent light appears on the blade. The
image calibration was performed using a laser-printed regular dot
pattern sheet attached to a 3D-printed base block that fits the
cascade blade passage (Fig. 3(a)).
For the 2D3C-PIV on the COP, one camera was equipped with a

Tamron SP AF 180 mm f/3.5 Di LD (iF) Macro lens, and the other
was equipped with a AFMicro NIKKOR 200 mm f/4 AF-D lens. Dif-
ferent lenses were used to obtain similar FOVs for different working
distances. Each camera was mounted on a Scheimpflug adaptor and
placed in position to observe the region of interest through the side-
wall windows. The laser sheet was inserted from the cascade endwall
window. The FOV covers approximately 110% of the cascade pitch
(y/g) and 0–18% of the blade span (z/H). The spanwise extension of
the FOV was optimized to capture the secondary flow structures at a
plane that is 0.50 axial chords (Cax) downstream of the blade trailing
edge (TE). The FOV and COP coordinate systems are presented in
Fig. 5. The setup resulted in a scaling factor of about 58 pixels/mm.

Table 2 Cascade geometry

Scaling factor 1.60 (–)
Chord, C 52.28 (mm)
Axial chord, Cax 47.61 (mm)
Pitch, g 32.95 (mm)
Blade span, H 165 (mm)
Max thickness/Chord 0.127 (–)
TE thickness 0.87 (mm)
Throat opening 19.40 (mm)
Stagger angle 24.40 (deg)
Inlet metal angle, βm, in 37.30 (deg)
Outlet metal angle, βm, out 53.80 (deg)

Fig. 3 Optical windows and calibration plate setups for (a) B2B
plane measurements and (b) COP measurements

Fig. 4 FOV of the PIV measurements at B2B and cascade outlet
planes

Fig. 5 Coordinate system at the cascade outlet plane
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To reduce reflections in the raw images, the blades and the bottom
endwall were coated with a matte-black paint. The image calibration
was performed using a laser-printed 2D calibration target consisting
of a regular dot pattern as shown in Fig. 3(b). To reconstruct the 3D
flow, the target plate was translated in the plane-normal direction,
and calibration images were acquired at five equidistant positions
spaced 0.5 mm apart.
Prior to the vector field computation, subtraction of the time-mean

image and particle intensity normalization have been applied to
reduce background and reflection noises. A case-dependent filter
length varying between 11 and 51 imageswas used for the time-mean
subtraction due to the image-to-image variation of noise pattern. The
vector fields were computed using Davis 8.4 multi-pass correlation
algorithm with a starting and final interrogation window size of
128 × 128 pixels and 32 × 32 pixels with 50% overlaps. This
setting resulted in vector spatial resolutions of 0.35 mm for the
B2B measurement plane and 0.25 mm for the COP measurements.
A spatial median filter and allowable vector ranges based on the
velocity magnitude, the flow direction, and the standard deviation
were employed to evaluate the validity of the computed vector. Fur-
thermore, the local uncertainty of particle displacement deduced
from correlation statistics [28] was used to remove unreliable
vectors. The vectors that have the correlation-statistics-based uncer-
tainty larger than 10% of the reference velocity speed (the isentropic
outlet flow speed) have been discarded.

2.4 Midspan 2D RANS Setup. 2D Steady RANS computa-
tions were used for comparison against the results of the B2B
plane PIVmeasurements. A structuredmesh adoptingO4H topology
as shown in Fig. 6 was generated using Cadence Autogrid5. The
numerical domain was extended 0.75 Cax upstream of the leading
edge (LE) and 1.00 Cax downstream of the TE to avoid boundary
reflections. The pitchwise domain size was set to be equal to the
cascade pitch and periodic boundary conditions were set. The first
cell height at the wall was imposed to satisfy y+< 1 to correctly
resolve the viscous sub-layer. The domain was discretized with
∼100 k cells. The boundary conditions were set by imposing total
pressure at the inlet, static pressure at the outlet, total temperature,
inlet flow angle and an inlet turbulence decay profile to match the
experimental conditions in terms of Mach and Reynolds number,
turbulence intensity, and length scale. Steady-state simulations
were performed using Cadence Fine/Turbo solver adopting the
k − ωSST turbulence model coupled with the γ−Reθt transition
[29]. Figure 7 presents the predicted blade isentropic Mach number
distributions against the experimental data described in the study
Refs. [25,26]. The experimental distributions are in good agreement
with the RANS computations. The small discrepancy observed in the
SS is due to the limited capability of the RANS to model the low-
pressure gradient separation, recirculation, strong streamline curva-
ture, transition, and re-laminarization [30].

2.5 Particle Traceability. The ability of a particle to trace the
flow depends on various properties of the particle, the fluid, and
their motions. An essential parameter for the evaluation of particle
dynamics is the particle Reynolds number Rep= ρ|Vp−Vf|dp/μ,
where ρ and μ are the density and viscosity of flow medium and
dp is the diameter of particle. For the estimation of Rep, the velocity
gap between the particle and the fluid Vp−Vf (slip velocity) is
required. Since particles are seeded far upstream of the test
section and the cascade inlet flow is steady and subsonic, particles
are assumed to be transported by the flow leading to the test section
inlet. Near the cascade, the particles start to experience acceleration
or deceleration, thus introducing slip velocity. The largest slip
velocity can be caused by a shock wave potentially occurring in
the blade passage for the high-Mach number test condition.
For the range of operating conditions, a maximum local Mach

number in the blade passage of 1.20 is expected from the RANS
computations and previous detailed measurements. For this Mach
number, the largest possible velocity jump over the shock is
around 94 m/s according to normal shock relations. Taking this
velocity change as the maximum slip velocity, the particle Reynolds
number is calculated to be 0.41. As Rep < 1, it is reasonable to use
the Stokes’ drag law to describe the particle motion in the flow;
thus, the motion of particle is described by Eq. (1)

mp
dVp

dt
= 3πμdp(Vp − Vf ) (1)

where mp is the mass of the particle. An estimation of the velocity
response through the shock for particles with diameter of 1 and

Fig. 6 Simulation domain and mesh closeup
Fig. 7 Isentropic Mach number distribution on the blade, RANS
versus Exp

Fig. 8 Particle response through a shock
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5 μ m is plotted in Fig. 8. An approximate distance of 2 mm is
required for a 1 μ m particle to reach 95% of the post-shock flow
velocity.
Although the particle slip can be reasonably assumed small at all

instants, the integrated effect of such small drift is significant and
results in undesired seeding distributions. Figure 9(a) displays the
particle concentration predicted by a one-way coupling Lagrangian
particle tracking simulation based on the 2D RANS simulations.
The particle size is set to 1 μm. The concentration is normalized
by the inlet particle concentration. Figures 9(b) and 9(c) show the
frequency of particle occurrence obtained from the count of a
sum of pre-processed 500 PIV images. The image preprocessing
consists of time-series background subtraction, spatial Gaussian
sliding average subtraction and max-min filter. Additionally, parti-
cle intensity normalization was applied to the raw images before the
summation. The black area indicates a high probability of particle
presence in the PIV recording. Note that the black areas near the
blade surface are an artifact from the light reflection on the metallic
airfoil. Both the simulation and the image recordings are reported
for the design operating condition (Mout,is= 0.90 and Reout,is =
70 k with TG). The red and blue lines depart from the same location,
upstream of the blade leading edge, represent the streamline of the

fluid (air) and the trajectory of the seeding particle, respectively.
Loss of particles near the blade suction side and in the airfoil
wake is observed in the PIV recordings, and the particle tracking
simulation closely predicts the experimental seeding distribution.
The experimental datasets have also shown that the extension of
the unseeded regions grows with an increment of the Mach
number and with a reduction of the Reynolds number. This trend
was also confirmed by particle tracking simulations performed at
the same cascade operating regimes. Kahler [31], and Bitter and
Niehuis [24] reported the loss of seeding in the boundary layer of
an airfoil due to the combined effect of a centrifugal force and a
shear flow around the highly curved surface of the airfoil. Similarly,
the core of strong vortices in high-speed flows may suffer from a
significant loss of seeding.

3 Results and Discussion
3.1 Convergence and Uncertainty of Mean Velocities.

Figure 10 shows the convergence histories of the mean velocity
magnitude for the design point. Subfigures (a) and (b) present the
data from the B2B plane and COP measurements, respectively.
The data are sampled at four different locations, P1 and P2 are posi-
tioned in the freestream, whereas P3 and P4 sample the blade wake,
as indicated in the figures in the result section. The solid lines
present the ratio of the 95% confidence interval to the mean value
whereas the dotted lines illustrate the root-mean-square (RMS) of
the velocity fluctuations.
In both the B2B plane and the COP, the 95% CI levels at all sam-

pling locations converge to below 1% of the mean after 500 image
pair samples and to 0.5% over 2000 samples. In terms of RMS, the
convergence is achieved after sampling 1000 recordings, when the

Fig. 9 (a) Normalized particle concentration predicted by the
Lagrangian particle tracking, and (b) frequency of particle occur-
rence over 500 PIV snapshots of camera 1, and (c) a closeup view
of (b) subfigure.

Fig. 10 Convergence histories of 95% CI and RMS of mean
velocity magnitude: (a) B2B plane and (b) COP
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variation of RMS stays below 2 m/s at P1 and P2. The higher level
of RMS observed at the locations P3 and P4 indicates the flow
unsteadiness in the blade wake. Moreover, the total number of
valid samples is reduced in P3 and P4 because a larger fraction of
velocity vectors at these locations were eliminated by the outlier fil-
tering. Most of the outliers in the blade wake were found in the
vortex cores due to the loss of particles. This implies that the
mean computed value in the wake can be biased to the values mea-
sured outside the vortex cores. Nonetheless, the reduced number of
samples is still satisfactory to achieve converged RMS.

Uncertainty quantification in PIV measurements is particularly
challenging since it is affected by numerous parameters: the setup
of the optical system and its calibration, seeding quality, flow veloc-
ity gradients, and data reduction techniques. For this study, the
accountable error sources are considered as follows. The systematic
uncertainty ΔVsys is evaluated based on the differential method pro-
posed by Kline and McKlintock [32]

ΔVsys =

���������������������������������������������������������
∂V

∂Mag

( )2

ΔMag2 +
∂V

∂Xdspl

( )2

ΔX2
dspl +

∂V
∂tsep

( )2

Δt2sep

√

(2)

The uncertainty of the magnification, ΔMag, was estimated
according to Ref. [33], accounting for the potential misalignment
of the calibration plate (±0.5 mm in translation and ± 1 degree in
rotation with respect to the laser sheet location) and for the dot
pattern print resolution (0.025 mm). The pixel displacement uncer-
tainty, ΔXdspl, is estimated based on the correlation statistics [28].
The uncertainty on the separation time is 10 ns taken from the
time resolution of the PIV system synchronizer (LaVision PTU 9
sequencer). The random uncertainty ΔVrand was estimated at each
final interrogation window by taking the standard deviation of
2000 PIV recordings

ΔVrand = σV/
��
N

√
(3)

The expanded combined uncertainty with a 95% confidence
interval (CI) was estimated by

ΔVcombined = 1.96
�����������������
ΔV2

sys + ΔV2
rand

√
(4)

Figure 11 illustrates the local expanded combined uncertainty of
the mean velocity magnitude computed from (a, b) B2B plane and
(c) COP PIV measurements at the design test condition. The values
are normalized by the local mean velocity magnitude. The values
are below 5% in most of the inviscid flow regions. The outlet
flow angle carries a similar uncertainty distribution, ranging up to
2.5 deg in the inviscid flow regions. The higher uncertainty
observed in the region near the blade suction surface and near the
blade trailing edge in the B2B plane is due to the intense light reflec-
tion and the low seeding concentration. The regions where the com-
bined uncertainty exceeds 10% correspond to the low seeding
concentration areas indicated in Fig. 9.
On the other hand, the high level of uncertainty seen in the

bottom of camera 2 FOV (y/g > 1.2) is caused by the low intensity
of the illumination as sketched in Fig. 4. The two vertical lines indi-
cate the location where pressure taps were instrumented on the
cascade endwall. In this area, the endwall was not painted black
therefore noisier background image was observed. This resulted
in a slightly higher level compared to the surroundings. Moreover,
a highly turbulent swirling flow impacts negatively the uncertainty,
as seen in the vortex shedding street in the B2B plane measurements
and the secondary flow region of the COP. In these regions, the
uncertainty is evaluated to be 1.5–2.0 times higher than in the main-
stream due to the deteriorated correlation statistics and the incre-
ment of standard deviation.

3.22 Blade-to-Blade Mean Flow Field. The local Mach
number can be calculated from the velocity field using the
cascade inlet total temperature:

M =

������������������
V2

γRT0 −
γ − 1
2

V2

√√√√√ (5)

Figure 12 shows the Mach number contours on the B2B plane for
Mout,is= 0.70, 0.90, and 0.95 while maintaining Reout,is= 70 k for
the configuration with TG. The PIV and CFD results are displayed
in the top and bottom rows, respectively. The PIV fields from the

Fig. 11 Combined local uncertainty of mean velocity magnitude
normalized by the local mean velocity magnitude
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two cameras were stitched together to provide a single velocity
dataset. The comparison shows a good match between PIV and
RANS. The targeted outlet Mach number was reached in the down-
stream inviscid region (outside of the airfoil wakes). While the flow
topology at different test conditions is well resolved in the center of
the passage, the suction side boundary layer as well as the near-
trailing edge wake could not be properly resolved due to low
seeding concentrations in these regions. For the exit Mach

number of 0.90, the presence of a triangle-shaped supersonic
region near the throat is visible in both PIV and RANS. By increas-
ing the Mach number to 0.95, the cascade becomes choked as the
supersonic region grows, and it interacts with the adjacent blade.
In the wake region, PIV measures higher flow velocity compared
to RANS. This might be partially due to the bias effect of particle
loss in the vortex cores.
Figure 13 compares the pitchwise distributions of absolute Mach

number at 0.50Cax downstream of the blade TE plane retrieved from
the PIV measurements (circle marker), five-hole probe (5HP) mea-
surements (triangle marker), and RANS (solid line). Distributions
for three different Mach numbers (0.70, 0.90, and 0.95) at a fixed
Reynolds number of Reout,is= 70 k are displayed. The extraction
location is indicated by the dotted line in Fig. 12 (a—PIV). The
5HP measurements are part of the work performed by Lopes
et al. [26] on the characterization of the steady aerodynamics of
the SPLEEN cascade C1 at on- and off-design conditions. The
total expanded uncertainty of the Mach number and deviation
from the primary flow direction from the 5HP measurements
were estimated to be ±0.005 and ± 0.42 deg (20:1), respectively.
The freestream Mach number measured with PIV and computed

with the RANS display good agreement for the lowest Mach
number investigated. Increasing the Mach number widens the
offset between the PIV and RANS, with the PIV displaying
higher values than the latter.
On the other hand, the Mach number measured by the 5HP is

lower than the one obtained with PIV and RANS. The offset to
the RANS or PIV increases from 0.025 to 0.100 as the Mach
number is increased from 0.70 to 0.95. Even though the probe
was calibrated at atmospheric pressure and was used at a lower
one, the Reynolds number based on the probe diameter is still suf-
ficiently high (Reprobe= 3000) to rule out the effect of the Reynolds
number [34]. The discrepancy is attributed to a probe blockage
effect that forces the redistribution of mass flow to passages not

Fig. 12 Mach number fields at Reout,is=70 k and (a,d ) Mout,is= 0.70, (b,e) 0.90, and (c,f ) 0.95 from PIV and RANS

Fig. 13 Pitchwise distribution of absolute Mach number at
cascade outlet from PIV, 5HP, and RANS
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being blocked by the probe. This causes a local reduction of the
static pressure in the passage being measured by the 5HP while
the total pressure is nearly unaltered. This effect was also observed
by Boerner et al. [17] and Sanders et al. [35]. Lopes et al. [16] char-
acterized this effect at different locations of the cascade: upstream,
downstream, and on the blade SS.
Figures 14(a)–14(c) compare the pitchwise distributions of Mach

number normalized by their own freestream values to compensate
for the offsets found between the 5HP and PIV or RANS results pre-
sented in Fig 13. The wake depth measured by the 5HP and PIV are
in good agreement despite the issues in retrieving static pressure with
the 5HP. The difference in the wake velocity deficit is within 1% of
the mean value. The wake width is also in good agreement between
both techniques. The PIV results display wake misalignment, and the
shift is systematic and amounts to 0.05 y/g between all the investi-
gated cases. The error of the measurement position between the
PIV and 5HP is estimated to be around 0.015 y/g (0.5 mm).
On the other hand, a large discrepancy between the RANS and

experiments takes place. RANS predicted larger Mach number deficits
by as much as 6% in the wake compared to the measurements. The
thinner and deeper wake is attributed to turbulence models used in
RANS struggling to accurately predict wake mixing when compared
with higher-order methods [5,36]. At Mout,is=0.7, both measurements
and RANS present symmetric profiles, while increasing the Mach, the
distribution is modulated, and an asymmetry appears. At Mout, is=
0.95, the 5HP measured an overshoot on the suction side (SS) edge
of the wake and RANS predicted a lower freestream level on the SS.
Figures 14(d )–14( f ) display the pitchwise distributions of the

difference in the primary flow direction, β= tan (Vaxi/Vtan) in
respect to the mean value. The PIV results present angle oscillations
that are contained within ± 1 deg. On the other hand, the 5HP dis-
plays sinewave oscillations around the wake center that are caused
by the probe head blockage and interaction with the blade wake.
Torre et al. [14] have recently quantified this effect in a numerical
setup. The distributions obtained with PIV present a reduction of
the flow direction in the wake. However, no positive bump as
seen in the SS for the 5HP results is observed. As the Mach
number is increased, the amplitudes of the wake patterns grow,
from 1.2 to 2.8 deg in the 5HP, from 0.2 to 1.0 deg in the PIV,
and 0.1 to 0.4 deg in the RANS results, respectively.

Even though the tap spatial displacement of the 5HP head has
been accounted for according to the first correction proposed by
Ligrani et al. [37], the velocity gradient correction was not
applied. Chernoray and Hjärne [38] highlighted that the first correc-
tion provides the largest difference to the uncorrected results. On the
other hand, Torre et al. [14] found that even with the application of
the complete correction, an underprediction of the transversal veloc-
ity components can lead to a discrepancy of 1 deg between the cor-
rected and undisturbed values.

3.33 Blade-to-Blade Turbulence Intensity. Figure 15 pre-
sents the two-dimensional two-component turbulence intensity
TI2C on the B2B plane measured by PIV. Subfigure ( f ) displays
the FOV of camera 1 only since the image quality of camera 2
was not satisfactory to be presented. The turbulence intensity asso-
ciated with each velocity component TIx is calculated from the RMS
of the zero-mean instantaneous velocity components, Vx,i, normal-
ized by the mean velocity magnitude �V

TIx =
V ′

x, RMS

�V
=

������������������∑N
i=1 (Vx,i − Vx)

2

N − 1

√
/�V (6)

The total two-dimensional two-component TI is calculated as

TI2C =

������������������
V

′2
x, RMS + V

′2
y, RMS

2

√
/�V (7)

where N is the number of samples. Scharnowski et al. [39] reported
that 1000 PIV recordings are required for a reliable turbulence-level
estimation. In the presented cases, 2000 recordings were used. The
particle displacement between double frames was on average 10–20
pixels, which is compatible with the value reported in the study by
Scharnowski et al. [39]. Near the blade surface and in the region of
the wake near the TE, the value of TI is not reliable as there are not
enough valid vectors (due to the loss of particle information in this
region).
Figure 16 compares distributions of (a) TI, (b) RMS of velocity

fluctuation, and (c) velocity magnitude along the streamlines in the

Fig. 14 Profiles of Mach number and primary flow angle (β) for the outlet Mach numbers of 0.7, 0.9, and 0.95 and Reynolds
numbers of 70 K and 120 K. The profiles are extracted at 0.5 Cax downstream of the blade TE.
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freestream region indicated in Fig. 15. The horizontal axis is the
path length of the streamline. Without the turbulence grid, a TI
below 2% is distributed throughout the entire passage. With the tur-
bulence grid, a TI of 1.5—3.5% upstream of the throat is found.
This value decreases below 1.6% as the flow goes past the throat
until the cascade exit (s= 30 mm). Such a trend is also reported
in hot-wire measurements performed in a stage vane passage [40].
A similar trend is also displayed in the RMS of velocity fluctua-

tions. On the other hand, the distribution of velocity magnitude
shows a steep acceleration in the blade passage until it reaches a
peak near the throat. This implies that the reduction of TI in the
blade passage is due to a combination of the decay of the velocity
fluctuations and the increment of the local velocity. At Mout,is=
0.95, a peak of TI appears near the throat (s= 20 mm) as seen in
Figs. 15 and 16. This peak might be due to the unsteady relocation
of the shock wave that increases the RMS of flow fluctuations. The
peak sits in the location of the shockwave visible in Fig. 12(c).
Lopes et al. [26] argue that a shock-boundary layer interaction
occurs on the suction side of the cascade operating at Mout,is=
0.95. The onset of a laminar separation bubble was located at
about 74% of the SS surface length based on surface pressure mea-
surements. The separation onset determined by the pressure tap
measurements is consistent with the impingement point of the
shock wave on the blade suction side shown by the PIV results
(about 72% of the SS surface length).
Figure 17 illustrates the pitchwise TI distribution extracted at

0.50Cax downstream of the blade TE. By increasing the Reynolds
number from 70 k to 120 k, the TI in the freestream region does
not show significant changes whereas a reduction of about 1–2% is
found in the wake region. Bitter et al. [24] reported the same trend
in their PIV measurements performed at Reout,is=60 K and 120 K.

3.4 Cascade Outlet Secondary Flows. Figure 18 shows the
contour plots of the absolute Mach number for the cases of Reout,is

= 70 k and Mout,is= 0.70, 0.90, and 0.95 measured with PIV and
5HP [26]. The horizontal (pitchwise) axis is aligned such that y/g=
0 corresponds to the intersection of the blade exit metal angle with
the outlet measurement plane. Similar to the B2B measurement
results, the PIV measurements confirm that the target Mach number
was reached in the freestream region of the passage. On the other
hand, the Mach number fields provided by the 5HP show lower
values with the offset ranging from 0.05 to 0.10 as the Mout,is is
increased from 0.70 to 0.95. The underestimation of the Mach
number is attributed to the probe blockage and static pressure mis-
leading as observed in the cascade B2B measurements. The tendency
of probes to underestimate the flow speedwas also reported by Chem-
nitz and Neihuis [23] for a lower flow speed case (Mout,is= 0.6).
The topology resultant from the secondary flow structures is

similar between the PIV and 5HP measurements. A region of low
Mach number is visible near the endwall because of a corner
vortex (CV). The horizontal dotted lines indicate the span position
of local minima in the second velocity deficit region for Mout,is=
0.70. The velocity deficit region occurs at z/H≈ 0.10–0.12 in the
PIV results. This region results from the combined effect of the
passage vortex (PV) and trailing shed vortex (TSV). The 5HP dis-
plays the core to be offset by 0.01–0.02 z/H in the spanwise direc-
tion compared to the PIV.
Figure 19 presents the contour plots of the streamwise vorticity

coefficient Kω,s for the cases of Reout,is= 70 k and Mout,is= 0.7,
0.9, and 0.95 measured with the PIV and the 5HP. The streamwise
vorticity coefficient was computed according to the method of
Gregory-Smith et al. [41] and employing the normalization reported
by Taremi [42]

Kω,s =
C

Vout,is
(ωaxi cos βMS + ωtan sin βMS) (8)

where C is the blade chord length, Vout,is is the isentropic outlet flow
speed, and βMS is the primary flow direction at midspan. The axial

Fig. 15 Turbulence intensity at (a) Reout,is=70 k, Mout,is=0.70 with TG, (b) Reout,is=70 k, Mout,is=0.90 with TG, (c) Reout,is=70 k,
Mout,is=0.95 with TG, (d) Reout,is=120 k, Mout,is=0.70 with TG, (e) Reout,is= 120 k, Mout,is= 0.90 with TG, and ( f ) Reout,is= 70 k,
Mout,is= 0.9 without TG
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vorticity ωaxi is directly computed from the COP PIV data using
Eq. (9) whereas the tangential vorticity ωtan is estimated using the
Crocco relation (Eq. (10)) as suggested in Ref. [42]. The total pres-
sure gradient at the outlet measurement plane, ∂(lnP0,out)/∂z, was
taken from the 5HP measurements

ωaxi =
∂Vrad

∂y
−
∂Vtan

∂z
(9)

ωtan =
1

Vaxi
Vtanωaxi +

a2

γ

∂(lnP0, out)
∂z

( )
(10)

The streamwise vorticity field highlights the previously men-
tioned secondary flow structures: corner vortex (CV), passage
vortex (PV), and trailing shed vortex (TSV). Overall, the PIV
results present a lower level of streamwise vorticity than the one
measured by the 5HP which can be explained by the results of
the primary flow direction reported in Fig. 14 where the 5HP mea-
sured higher flow angles than the PIV. On the other hand, the evo-
lution of the vortical structures intensity and size with the increase
of Mach number is highly similar. The horizontal dot lines in
Fig. 19 indicate the local minima in the TSV region for Mout,is=
0.70. As the Mach number is increased, the TSV shifts toward
the endwall by about 1.5% of the blade span. Such a phenomenon
is reported from 5HP measurements in the same cascade setup by
Lopes et al. [26]. The latter work reported a shift of the loss peak
associated with the secondary flow structures by 0.90% of the
blade span as the outlet Mach number increased from 0.70 to 0.95.
Figure 20 shows the TI field for the cases of Reout,is= 70 k and

Mout,is= 0.70, 0.90, and 0.95 measured with the PIV. The TI of
each velocity component and the total three-component TI are
computed using Eqs. (6) and (11), respectively. The streamwise
velocity Vstr and the crosswise velocity Vcrs were obtained with
Eqs. (12) and (13)

TI3C =

�����������������������������
V

′2
x, RMS + V

′2
y, RMS + V

′2
z, RMS

3

√
/�V (11)

Vstr = Vaxi cos βMS + Vtan sin βMS (12)

Vcrs = Vtan cos βMS − Vaxi sin βMS (13)

High levels of turbulence are clearly observed in the secondary
flow region. Regions of high streamwise and crosswise turbulent
intensities are found in correspondence with the blade wake along
the cascade span. A core of high turbulence intensity in the radial
direction is associated with the interaction of the PV with the TSV.
The highest TI of 12% is found in the secondary flow region

dominated by the crosswise flow component near the endwall.
The lowest level is registered in the clean 2D freestream region
where the TI of all components is lower than 6%. The turbulence
components measured by Chemnitz and Neihuis [23] using a
hot-wire probe and PIV in a high-subsonic Mach number
(Mout,is = 0.6) flow also showed that all three components have
high turbulent fluctuation spots in the wake. The reported
maximum TI of 13–15% in the secondary flow region matches
the presented value in Fig. 20. However, the highest value occurred
in the streamwise component instead of the crosswise component.
Figure 21 illustrates the symmetric degree of anisotropy (DAsym)

defined by Eq. (14) for the test cases presented in Figs. 18–20.

DAsym =

�����
2V ′2

str

√
−

������������
V ′2
crs + V

′2
rad

√
����
V ′2
str

√ (14)

Unlike the degree of anisotropy (DA) proposed in Ref. [43], the
DAsym is zero-centered; thus, the sign of the quantity directly

Fig. 16 Distributions of (a) turbulence intensity, (b) RMS of
velocity fluctuation, and (c) velocity magnitude along the stream-
line plotted in Fig. 15

Fig. 17 Pitchwise distribution of turbulence intensity at 0.50Cax
downstream of the blade TE
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indicates whether the turbulence field is streamwise component
dominant or crosswise and radial components dominant. Positive
values of the DAsym are distributed on the SS region up to 50%
of the cascade pitch and above 6% of the blade span. The vortical
structures in Fig. 19 generate anisotropic turbulence in this
region, especially at the interface of TSV with freestream or the
upper part of PV. Similarly, a study of turbulence anisotropy in

the flow downstream of an asymmetric airfoil showed a distribution
of high DA on the SS near the boundary of the wake and freestream
regions [44]. It is found that the high DA occurs in the area where
shear layers are present. The anisotropic turbulence field down-
stream of the LPT cascade is also observed in Ref. [23].
On the other hand, the PS region up to 20–40% of the cascade

pitch is characterized by the negative DAsym where the contribution

Fig. 18 Mach number fields on the COP at Re=70 K, Ma=0.7, 0.9, and 0.95 with TG. Top row, PIV; bottom row, 5HP.

Fig. 19 Axial vorticity fields on the COP at Re= 70 K, Ma=0.7, 0.9, and 0.95 with TG. Top row, PIV; bottom row, 5HP.

Journal of Turbomachinery MARCH 2024, Vol. 146 / 031010-11

D
ow

nloaded from
 http://asm

edigitalcollection.asm
e.org/turbom

achinery/article-pdf/146/3/031010/7221272/turbo_146_3_031010.pdf by G
ustavo Lopes on 14 D

ecem
ber 2023



of the V ′2
crs and V

′2
rad are more pronounced than the streamwise com-

ponent. A similar distribution of the DA was measured by Porreca
et al. [43] using a two-sensor fast response probe downstream of the
annular stator vanes. He ascribed reduced turbulence anisotropy to
the stretching of the streamwise vorticity component in the uniform
flow region, and a higher degree of anisotropy corresponding to the
interaction of the tip passage vortex with the blade wake. Similarly,
Chasoglou et al. [45] reported a DA downstream of a rotor row in
the rotating frame of reference using a four-sensor fast response
probe. The measured turbulence field showed a similar DA distribu-
tion with respect to the rotor wake and secondary flow structures,
but with a higher level than the one measured downstream of the
stator vanes.
Interestingly, the area with low DA, i.e., isotropic region, is found

near the wake center and on the SS between 0–50% pitch below 5%

blade span. This may imply that the turbulence components are redis-
tributed by the interaction of strong streamwise vortical structures that
enhance the flow mixing in the transverse direction.
By increasing the outlet Mach number, the turbulence intensity of

all components consistently decreases and the area of negative
value of DAsym expands. On the other hand, the Mach number
fields show that the size of the secondary flow region is maintained
or even reduced. This indicates that, at a high Mach number, the
stretching effect on the flow fluctuations by the freestream
becomes stronger, and the effect is especially more pronounced
for the streamwise component than transverse components.
These results conclude that the flow downstream of the cascade is

considerably anisotropic in both secondary flow and freestream
regions and the DA varies with the change of the outlet Mach
number.

Fig. 20 Turbulence intensity on the COP at top row: Re=70 K, middle row: Ma=0.7, 0.9, and bottom row: 0.95 with TG

Fig. 21 Symmetric degree of anisotropy on the COP at (a) Re=70 K, (b) Ma=0.7, 0.9, and (c) 0.95 with TG
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4 Conclusions
PIV measurements were performed in a low-Reynolds (70 k<

Reout,is < 120 k) and highMach number (0.7<Mout,is < 0.95) LPT envi-
ronment. The flow field was investigated with a planar 2D2C setup for
the midspan B2B plane and a stereoscopic 2D3C setup for the cascade
outlet plane. For the B2B measurements, a reliable vector computation
was limited to the blade main passage, due to the loss of particles in the
region near the blade SS and in the wake vortex cores.
The mean isentropic Mach number fields obtained with the PIV

and RANS results showed a good agreement in the topology. In addi-
tion, the presence and growth of supersonic region near the throat was
observed at Mout,is= 0.90 and 0.95. A quantitative comparison
between PIV, 5HP, and RANSwas performed by analyzing the pitch-
wise distributions of the mean Mach number and primary flow direc-
tion at 0.50Cax downstream of the cascade TE. A similar Mach
number deficit in the wake with respect to the freestream is observed
between PIV and 5HP, while the RANS overestimated this deficit.
Different distributions of primary flow direction were obtained with
the PIV, 5HP, and RANS. The PIV confirmed the intrusiveness of
the 5HP on the downstream measurements where sinewave oscilla-
tions that reached as much as ± 3 deg were measured by the 5HP.
An estimation of the turbulence intensity on the B2B plane pre-

sented a decay of TI along the streamlines in the freestream region.
A sharp increase in the TI past a shock wave was observed for the
highest Mach number investigated. The distribution of the TI at the
cascade outlet revealed the higher sensitivity of TI in the wake on
the flow condition compared to the freestream region.
PIV and 5HP measurements on the COP presented a qualitatively

good agreement in terms of the vortical structures present down-
stream of the cascade. Regions of high TI and anisotropy were
found in the interfacing region of the secondary flow structures,
where the shear between the secondary flow structures and free-
stream occurs. In the freestream region, the stochastic fluctuations
in the crosswise or spanwise directions are more dominant than
the streamwise components. The similarity of features of mean
and turbulence flow fields with precedent studies verified the reli-
ability of PIV measurements. The increment of the Mach number
resulted in the reduced values of TI and the negative offset of
DA, indicating the expansion of the freestream region.
While flow information near the blade surface and in the near

blade wake was limited due to loss of particles, the PIV measure-
ments showed promising capabilities as an investigation tool in
low-Reynolds transonic LPT flows. The information of time-
averaged and stochastic turbulence flow fields on the B2B and
COP obtained by PIV is fruitful for the investigation of complex
three-dimensional flow structure, especially in transonic flows
with high-velocity gradients where intrusiveness of physical
probes becomes critical for the measurement’s accuracy.
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Nomenclature
a = speed of sound
g = blade pitch (m)
m = mass (kg)
s = path length
x = axial coordinate
y = pitchwise coordinate
z = spanwise coordinate

M = Mach number
C = blade chord length (m)
H = blade span (m)
N = number of samples
R = gas constant
T = temperature
V = velocity (m/s)
dp = particle diameter (m)
tsep = separation time (s)
Cax = blade axial chord length (m)
Kω,s = streamwise vorticity coefficient
Xdspl = particle displacement
5HP = five-hole probe

2D2C = two-dimensional two components
2D3C = two-dimensional three components
B2B = blade-to-blade
CFD = computational fluid dynamics
CI = confidence interval

COP = cascade outlet plane
CV = corner vortex
DA = degree of anisotropy

DEHS = di-ethyl-hexyl-sebacate
FOV = field of view
GTF = geared turbofan
LDV = laser Doppler velocimetry
LPT = low-pressure turbine
Mag = optical magnification
MS = midspan
PIV = particle image velocimetry
PS = pressure side
PV = passage vortex

RANS = Reynolds-averaged Navier–Stokes
RMS = root-mean-square

Re = Reynolds number
SS = suction side
TE = trailing edge
TG = turbulence grid
TI = turbulence intensity

TSV = trailing shed vortex

Greek Symbols

β = primary flow direction (deg)
γ = specific heat ratio
Δ = uncertainty
μ = dynamic viscosity (N s/m 2)
ρ = density (kg/m 3)
σ = standard deviation
ω = vorticity
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