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Abstract: The aerodynamics of a high-speed low-pressure turbine (LPT) cascade were investigated
under steady and unsteady inlet flows. The tests were performed at outlet Mach (M) and Reynolds
numbers (Re) of 0.90 and 70k, respectively. Unsteady wakes were simulated by means of a wake
generator equipped with bars. A bar reduced frequency ( f+) of ∼0.95 was used for the unsteady case.
The inlet flow field was characterized in terms of the total pressure profile and incidence. The blade
aerodynamics at midspan and the secondary flow region were investigated by means of pneumatic
taps and hot-film sensors. The latter provided a novel view into the impact of the secondary flows on
the heat transfer topology on the blade suction side (SS). The cascade performance was quantified
in terms of the outlet flow angle and losses by means of a directional multi-hole probe. The results
report the phase-averaged impact of unsteady wakes on the secondary flow structures in an open
test case high-speed LPT geometry.

Keywords: high-speed low-pressure turbine; linear cascade; secondary flows; unsteady wakes

1. Introduction

The Ultra-High Bypass Ratio Geared Turbofan (GTF) enables a reduction in the
specific fuel consumption (SFC), LPT stage count and weight comparatively to mod-
ern turbofans [1]. The latter can account for as much as one third of the overall engine
weight [2]. Torre et al. [3] performed a thorough investigation of a high-speed LPT in a tran-
sonic rotating rig. Their work also highlighted the difference in the operating conditions
between conventional and high-speed LPTs. Due to the increase in the rotational velocity
of the low-pressure spool imposed by the gearbox, the LPT operates at transonic exit Mach
numbers (Mout > 0.80) in combination with the low Reynolds numbers encountered during
a cruising regime [4]. The combination of these flow regimes has been highlighted as one
of the main challenges in the development of transonic LPTs for GTFs [5,6].

Models describing the secondary flow structures in turbine cascades have been de-
tailed in previous works [7–10]. The secondary flows impact the aerodynamic loss as
the core of the composing structures is characterized by a deficit in kinetic energy that is
dissipated as the structures convey downstream of the turbine cascade [11]. The relative
weight of the secondary loss in comparison to the profile loss depends on factors such as the
operating condition, blade aspect ratio, blade turning, and pitch-to-chord ratio, among oth-
ers. However, the secondary loss can account for as much as 50% of the aerodynamic
losses [8]. Satta et al. [12] reported a secondary loss in excess of 40% of the overall losses in
their investigations of a high-lift LPT blade tested in a low-speed linear cascade under a
steady incoming flow.
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A wide range of investigations on secondary flows have been performed under a
steady inlet flow in a linear cascade configuration. The impact of the on- and off-design
point (Mach, Reynolds, tapper, incidence, etc.) on the secondary flows has been investigated
in the scope of both LPTs [13–17] and high-pressure turbines [18–20].

The investigation of turbine geometries in a steady state environment misses the
inherently unsteady flow field encountered in real machines. A description of the complex
interactions between blade rows was provided by Behr [21]. In a real engine environment,
there is a combined interaction of the potential flow fields of adjacent rows [22], the
interaction of secondary flows and wakes shed from upstream rows on the downstream
ones, and leakage flows [23]. This highlights the relevance of linear cascade testing in
isolating flow phenomena or geometry features of interest and obtaining measurements in a
configuration that is favorable for the development of numerical tools and flow models and
the validation of CFD codes. Infantino et al. [24] highlighted the importance of accounting
for the impact of unsteadiness in the early design procedures of LPT blades.

The literature dealing with the impact of unsteady wakes on the secondary flow de-
velopment at engine-relevant Mach and Reynolds numbers with engine-matched wake
reduced frequency is scarce. Volino et al. [25] experimentally investigated the impact of
incoming wakes on an HPT passage in a low-speed linear cascade under low reduced
frequency unsteady wakes. An increase of 80% and 36% in the loss at midspan and
endwall vicinity was reported as unsteady wakes were introduced, respectively. Addi-
tionally, a periodic reduction in the strength of the secondary loss structures was reported.
Ciorciari et al. [26] conducted a combined numerical and experimental study on the impact
of unsteady wakes of low reduced frequency on the aerodynamics of the T106 blade at
engine-relevant Mach and Reynolds numbers. The wakes were simulated by means of
cylindrical bars. An increasingly periodic reduction in the under/overturning for the
unsteady case was found with increasing wake reduced frequency. Moreover, bar-induced
wake vortices caused a periodic reduction in the intensity of the passage vortex in addi-
tion to the trailing shed vortex. Satta et al. [12] experimentally investigated the impact
of unsteady wakes with varying Reynolds numbers on a high-lift LPT blade tested in a
low-speed linear cascade at an engine-representative Reynolds number. The wakes resulted
in a shift in the secondary flow structures towards the endwall regardless of the Reynolds
number. The total losses were found to decrease for the case without unsteady wakes, being
Reynolds number insensitive. Infantino et al. [24] experimentally investigated the effect of
unsteady wakes in a high-lift LPT in a low-speed linear cascade tested at an engine-relevant
Reynolds number. The periodic distortion and attenuation of the passage vortex, as well as
a shift towards the endwall, was detected for the case with unsteady wakes.

This research develops the recent study on the characterization of the steady aero-
dynamics of an open-access transonic LPT geometry tested at its on- and off-design op-
erating point in a linear cascade environment at engine-relevant Mach and Reynolds
numbers [17]. This work aims at extending the existing literature on the impact of unsteady
wakes on a high-speed LPT operating at engine-relevant Mach and Reynolds numbers
and wake reduced frequency typically encountered in geared turbofan LPTs. The ex-
perimental data described in this paper can be obtained at the open access repository
https://doi.org/10.5281/zenodo.7264761 (accessed on 19 September 2023).

This manuscript corresponds to the paper published in the proceedings of the
15th European Turbomachinery Conference [27].

2. Experimental Apparatus
2.1. SPLEEN Test Case

This work was performed in the framework of the EU project SPLEEN (Secondary and
Leakage Flow Effects in High-SPeed Low-PrEssurE TurbiNes). A thorough description of
the test case can be found in Simonassi et al. [28]. Cascade C1 is characteristic of a rotor hub
geometry of a geared LPT. The linear cascade consisted of 23 blades with a span of 165 mm.
This investigation was conducted at an outlet Mach (M) and Reynolds (Re) of 0.90 and
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70k. A freestream turbulence intensity of ∼2.40% was fixed by a passive turbulence grid.
The recreation of periodic wakes was performed by means of a spoked-wheel-type wake
generator equipped with 96 cylindrical bars with 1.00 mm diameter. The bar diameter was
selected to be similar to the trailing edge thickness to produce an airfoil representative wake
of the blade being tested [29]. The bar tip reaches ∼73% of the cascade span when parallel
to the central blade leading edge (LE). The distance between the midspan and the center
of rotation is 480 mm. The wake reduced frequency ( f+) at the midspan is ∼0.95, which
results in a flow coefficient of 0.80. Detailed information on the wake generator assembly
can be found in a document presenting the hardware of the test case present in the open
access repository https://doi.org/10.5281/zenodo.7264761 (accessed on 27 June 2023).

2.2. The VKI S-1/C High-Speed Linear Cascade

The measurements were conducted in the transonic, low Reynolds linear cascade
S-1/C at the Von Karman Institute. An illustration of the wind tunnel is shown in Figure 1a.
The VKI S-1/C consists of a continuous closed-loop rig driven by a 615 kW 13-stage axial
compressor. A heat exchanger ensures that the temperature of the flow supplied to the test
section is near ambient. The mass flow is regulated by means of the compressor rotational
speed and a bypass valve. A minimum absolute pressure of ∼5000 Pa during tests is
achievable by means of a vacuum pump. The cascade test section sits in the upper-left
elbow of the loop in Figure 1a. The homogeneity of the inlet flow to the test section is
controlled via wire meshes and honeycombs. The outlet Mach and Reynolds numbers can
be set independently, hence enabling the testing of a wide extent of LPT-relevant conditions.
The test section was subjected to a major refurbishment to enable the test of quasi 3D flows
with the presence of periodic wakes and purge flows [28].

Figure 1. The VKI S-1/C wind tunnel (a) and test section layout and instrumentation at each
measurement location (b).

2.3. Experimental Methodology

Figure 1b shows the meridional view of the test section, the measurement planes,
and the cascade reference system. The pitchwise coordinate (y) increases towards passages
out of the figure plane. The operating point was defined in terms of the outlet isentropic
Reynolds and Mach number. The Reynolds number was based on the true chord and
outlet flow conditions. These were monitored with the total pressure and temperature
upstream and static pressure downstream of the cascade. The cascade total temperature was
measured by means of a type-K thermocouple at Plane Ref. This plane sat sufficiently far
upstream so that the reference instrumentation was not impacted by the cascade potential
flow field. The work produced by the WG bars was neglected and therefore it was assumed
that the total temperature across the cascade was conserved. The uncertainty associated
with the temperature was ±0.518 K (20:1). The total pressure at Plane 01 was computed
based on a correlation built to estimate the total pressure loss across the TG and WG at
different operating points. The inlet total pressure was estimated with a total uncertainty
of ±31 Pa (20:1). The static pressure at the outlet was measured by means of static pressure
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taps at Plane 06. The taps were connected to a Scanivalve MPS4264—1 PSI, resulting in a
total uncertainty of ±29 Pa (20:1) for the measured pressure.

The inlet flow fields of total pressure and incidence were mapped by means of a
pneumatic Cobra five-hole probe (C5HP) traversed at Plane 02, placed at 0.50 axial chords
(Cax) upstream of LE. The probe ports were connected to a Scanivalve MPS4264—1 PSI
and aerodynamic calibration coefficients were used to determine the local total and static
pressures, as well as the yaw and pitch angles in the probe head reference system. The total
uncertainty in the total and static pressures was ±37 Pa (20:1), ±29 Pa (20:1), respectively.
The flow angles in the probe reference system were transformed into flow angles in the
cascade reference system to compute the incidence (i) with an expanded uncertainty of
±0.24◦ (20:1).

The cascade losses and deviation were obtained with a pneumatic L-shaped five-hole
probe (L5HP) at Plane 06 (0.50Cax downstream of TE). The measurement chain and data
reduction methodology were the same as for the C5HP. The losses were characterized with
the kinetic energy loss coefficient (ξ) and the flow deviation was computed as the difference
between the primary flow direction (β) and the outlet metallic angle. The latter had an
expanded uncertainty of ±0.0019 (20:1) and ±0.24◦ (20:1), respectively.

The impact of the unsteady wakes on the phase-averaged blade pressure side (PS) and
suction side (SS) aerodynamics was investigated by means of static pressure taps. The blade
taps were displaced in the spanwise direction to obtain a map of the blade loading from the
endwall until midspan. The pressure taps were connected to a Scanivalve MPS4264—1 PSI.
The blade tap measurements and freestream total pressure were coupled to compute the
local isentropic Mach number with an expanded uncertainty of ±0.005 (20:1).

Lastly, Senflex® surface hot films (HF) were used to map the impact of the secondary
flows on the blade SS. The nickel sensor elements and the cooper leads were printed on
a Upilex S polyamide film®. The sensor geometry had a sensing element with a width,
thickness, and length of 0.1016 mm × 0.0002 mm × 1.4478 mm, respectively. A cold
resistance of ∼9.9 Ω was measured at 20 ◦C. The leads had a width, thickness, and length
of 0.60 mm × 0.0127 mm × 215 mm, respectively. The total number of sensors, equally
spaced by 2 mm, on the SS and PS was 31 and 21, respectively. The HF array, designed
in-house and produced by Tao Systems, was wrapped around the LE and cut to fit a recess
on the blade SS and PS to avoid steps on the blade profile.

The sensors were operated under constant temperature anemometry. A Dantec Stream-
line Pro chassis with six Wheatstone bridges was used to sample all the sensors. The ac-
quisition of the sensors was made in groups of five or six sensors for which the distance
between operating sensors was maximized to reduce heating effects from neighboring
sensors. The sensors were operated with an overheat ratio of 0.50, which resulted in an
over-temperature of∼60 K. Prior to testing, a square-wave test was performed to maximize
the bandwidth of the sensors. A minimum bandwidth of 50 KHz was found between
all the sensors. The signals were acquired with a sampling frequency of 1.2 MHz for 3 s.
An analogue anti-aliasing low-pass filter of 100 KHz was used during the test, and the
signals were further digitally filtered at 8 KHz and 30 KHz during the data reduction for
the steady and unsteady cases, respectively.

Hot films exploit the established relationship between convective heat flux and wall
shear stress (τw) as proposed by Bellhouse and Schultz [30]. The practical calibration of
HF is troublesome and time-consuming since the sensors must be calibrated for a known
boundary layer (BL) state. For this reason, the HF technique is often used to estimate
the quasi-wall shear stress (τq), which still provides information on the state of the BL
and does not require the calibration of the sensors [31–33]. According to Hodson [34] and
Hodson et al. [35], the quasi-wall shear stress is defined as

τw ∼ τq =

(
E2 − Ē2

0
Ē2

0

)3

(1)
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where E is the measured bridge voltage during the experiment and Ē2
0 is the average

value of the square of the bridge voltage without incoming flow, with the same sensor-
to-gas temperature difference. The latter is obtained after the rig shutdown, so the gas
temperatures during the test and flow-off are similar. The temperature decreases as soon as
the rig’s compressor is slowed down and the flow stops circulating. Thus, the sensor-to-gas
temperature difference during the test and the flow-off phases becomes different. For this
reason, the flow-off voltage is compensated for with the correction proposed by Hultmark
and Smits [36]:

Ecorr = E×

√
TS − T0

TS − Ta
(2)

where TS is the sensor temperature during operation, Ta is the gas temperature during the
measurement, and T0 is the reference temperature to which the over-temperature resultant
from the overheat ratio is applied during the setup.

3. Results
3.1. Inlet Flow Characterization

The inlet pressure profiles alongside the incidence measured at Plane 02 with the C5HP
for the steady and unsteady cases are displayed in Figure 2. The spanwise total pressure
is normalized by the freestream total pressure (P01, f s). The inlet total pressure profile in
Figure 2a is displayed at a single normalized pitch location (y/g = 0) since the pitch-to-
pitch variation is within ±0.0003 and ±0.0010 at midspan for the steady and unsteady
flow cases, respectively. The pitch-to-pitch variation increases in the boundary layer region
to ±0.0050 and ±0.0121 at the closest measured point to the endwall (z/H = 1.09%).
The steady inlet pressure profile differs significantly from the unsteady one. An overshoot
in the normalized total pressure above unity around z/H = 0.20 resulted in a negative
value of the momentum thickness. The pitchwise averaged displacement thickness of the
inlet profiles was computed to be 1.90 mm and 1.03 mm for the steady and unsteady cases,
respectively. The decreased boundary layer thickness for the unsteady case resulted from
the fact that the wake generator slot used to introduce the bars into the test section caused a
restart of the boundary layer. The inlet boundary layer kinetic energy deficit was accounted
for in the computation of the cascade losses.

Figure 2. Inlet total pressure profiles (a) and inlet incidence (b) measured for the steady and unsteady
cases at Plane 02 with the C5HP.

Figure 2b displays the spanwise distribution of the inlet incidence for three pitchwise
locations for the steady (solid line with solid markers) and unsteady flow (dashed line
with hollow markers) cases. The cascade sits on a rotatable endwall that can be adjusted
to vary the incidence angle. Both in the absence and presence of wakes, the cascade was
rotated to attempt the alignment of the flow angle with the inlet metal angle. The rotation
of the cascade with unsteady wakes considered the additional flow turning induced by the
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bars [37,38]. However, the alignment of the cascade with the incoming flow was not possible
since the measured incidence varied when the cascade angle was adjusted. This is attributed
to the blockage caused by a boundary layer lip mounted in the test section that is parallel to
the blade LE plane, and therefore angled to the incoming flow. In this work, a mean inlet
incidence of −0.89◦ and −2.00◦ was measured at midspan for the steady and unsteady cases,
respectively. In addition, a pitch-to-pitch variation of ±0.44◦ at midspan was measured for
the steady case, whereas no variation was observed for the unsteady flow case.

The topology of the spanwise distributions at different pitchwise locations is similar
for the steady flow case: the incidence decreases from midspan towards z/H = 4.27%.
The incidence increases from the latter span until the endwall, reaching positive values at
the point measured closest to the endwall. The pitch-to-pitch variation in the incidence
reaches ±1.44◦ near the endwall.

On the other hand, the spanwise profiles vary significantly for the unsteady case.
From midpsan towards the endwall, a decrease in the incidence is observable. However,
close to z/H = 5.00%, the behavior of the profiles varies with the pitchwise location.
At y/g = 0, the incidence remains practically unaltered. For pitchwise locations towards
negative passages, the incidence decreases between z/H = 5.00% and the endwall. The op-
posite happens for the positive passages. The near-endwall variation is within ±2.38◦.
The pitch-to-pitch variations are attributed to flow ingress/egress from the wake generator
slot since the rotating wake generator imposes a spanwise velocity component to the flow
when the bar leaves or re-enters the slot.

3.2. Blade Aerodynamics

The isentropic Mach number distributions along the blade PS and SS surface distance
(s) normalized by the surface length (SL) measured at spanwise locations ranging from
the vicinity of the endwall to midpsan are displayed in Figure 3. A zoomed-in region of
the rear portion of the SS (s/SL ∈ [0.50, 1.00]) is also displayed in the secondary plot axes
(red). All the way from the endwall to midspan, the impact of the different inlet incidences
between the steady and unsteady cases can be perceived as a local reduction in the blade
loading near the LE on the SS. The PS is not largely impacted by the presence of wakes in a
region sufficiently away from the endwall, as displayed in Figure 3c,d. However, closer to
the endwall (Figure 3a,b), a decrease in the isentropic Mach number ranging from the LE to
as far as s/SL ≈ 0.60 takes place. Even though the steady and unsteady cases were tested at
the same time-averaged operating point, the velocity peak suffers an increase in magnitude
and a shift towards the TE throughout the whole span. Outside of the secondary flow
region (Figure 3d), the wakes impact the transition process in the rear portion of the SS.
A thorough analysis of the 2D aerodynamics with and without unsteady wakes at on- and
off-design conditions can be found in Simonassi et al. [39].

Figure 4 displays the skin friction coefficient, C f , distributed on the blade SS obtained
with a 3D fully turbulent Reynolds-averaged Navier–Stokes (RANS) CFD computation
that is not commented on in this work. A description of the impact of the secondary
flow structures on the skin friction is necessary to comment on the results obtained with
the surface-mounted HF. In Figure 4a, the viscous stress streamlines are superimposed
to the contour of C f . In the vicinity of the endwall (z/H < 0.01), a suction side corner
vortex (CV) can be identified in a region of low C f . Above the latter, the passage vortex
(PV) is superimposed to a region of high C f , with a peak in the vicinity corner vortex at
s/SL ≈ 0.50. Above the passage vortex, a wall-induced vortex (WIV) with opposite rotation
to the PV is present. The latter results from the impingement of the pressure side leg of
the horseshoe vortex on the blade SS. Although not as high as for the region of the PV,
an increase in the skin friction takes place in the path of the WIV.
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Figure 3. Blade loading distributions at (a) z/H = 2.12%, (b) z/H = 5.15%, (c) z/H = 10.00%, and
(d) z/H = 50.00%. The red curve is a zoomed-in region capturing the rear portion of the SS.

Figure 4. Contour of skin friction coefficient superimposed with viscous stress lines (a) and identifi-
cation of separation lines due to the secondary flows (b).

Figure 4b displays again the contour of C f . In addition, the separation/reattachment
lines (pink lines) resultant from the interaction of the vortices are superimposed. The reat-
tachment line of the CV (RCV) is the closest to the endwall, with the separation line of the
passage (SPV) and reattachment line of the wall-induced vortex (RWIV) following. The sep-
aration lines sit in regions of decreased C f , most likely resulting from the deflection of the
vortices’ velocity streamlines away from the surface because of their interaction near the
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separation line. Between the separation lines, trajectories (black lines) of increased C f are
identified for the passage vortex (TPV) and wall-induced vortex (TWIV).

The aforementioned methodology was applied to the HF measurements. The corner
vortex separation line could not be captured due to the instrumentation resolution in the
vicinity of the endwall. The passage vortex trajectory cannot be clearly identified from the
quasi-wall shear stress contours displayed in Figure 5a,e. However, the trajectory of the
WIV is recognizable as the path of maximum local τq. The statistical moments (standard
deviation, skewness, and kurtosis) of the HF bridge voltage are displayed in Figure 5
as well. The trajectory of the WIV is coupled with the high standard deviation of the
bridge voltage and therefore heat flux fluctuations (E2 ∝ RS(Q̇F + Q̇S)). Additionally,
the trajectory is marked by a low skewness level. The separation line of the passage vortex
is identified by a path of low τq. The region between SPV and the endwall contains high
levels of τq due to the presence of the PV. The SPV limits a region above which there is a
rapid increase in the standard deviation level up to the maximum that is coincident with
the trajectory of the WIV. The separation line of the passage vortex is superimposed with a
path of increased skewness and kurtosis. The identification of the reattachment line of the
WIV is troublesome due to the fact that this structure interacts with an open separation at
the rear part of the blade SS that is not captured by the fully turbulent RANS computation.
In the scope of this work, the latter is identified as a path of increased skewness above the
TWIV and above which there is a sharp rise in the kurtosis level. This line reflects the upper
limit of the region of increased standard deviation induced by the WIV.

Figure 5. Contour of quasi-wall shear stress measured along the span for the steady (a) and unsteady
(e) cases, alongside the standard deviation (b,f), skewness (c,g), and kurtosis (d,h) of the hot film’s
bridge voltage.

Based on the current identification, the differences between the steady and unsteady
cases are mainly driven by the extent of the regions since very similar topologies exist for
both. The region impacted by the PV is broader for the steady case due to the thicker inlet
boundary layer, which is the main contributor to this vortex.
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3.3. Outlet Flow Field

The field of secondary kinetic energy and the kinetic energy loss coefficient measured
at Plane 06 with the L5HP for the steady and unsteady cases are presented in Figure 6.
The computation of the kinetic energy loss coefficient is reported in Lopes et al. [17],
with the particularity of assuming a constant inlet total pressure field instead of the inlet
pressure profile. The secondary kinetic energy (SKE) coefficient is computed as

CSKE =
ρ
(

v2
y,sec + v2

z,sec

)
γP6M2

6,is
(3)

where the secondary velocity vectors are projected in a plane perpendicular to the local
flow direction. The secondary velocity vectors are superimposed to the contour of CSKE.
The vectors are displayed for each of the three measurement points to enhance the CSKE
visibility. The dissipation of SKE is a major contributor to the secondary loss in turbine
cascades [40–42]. The CSKE (Figure 6a,b) displays significantly larger extent near the
endwall for the steady flow case. Up to z/H = 0.05, a region of increased CSKE that extends
across the full pitchwise domain is present for the steady case. In addition, a second
region of high CSKE exists between y/g = 0.00 and y/g = +0.50. These regions are both
likely resultant from the thicker inlet boundary layer in the steady case that results in a
stronger passage vortex system. A common region with high CSKE exists for both cases.
Constrained between y/g = −0.33 and −0.05, this region results from the interaction of the
counter-clockwise rotating PV and the trailing shed vortex (TSV) that has clockwise motion
in this frame of reference. The TSV results from a reduction in the blade loading towards
the endwall [43]. It is likely that this clockwise rotating structure also comprises the WIV.

Figure 6. Fields of secondary kinetic energy for the steady (a) and unsteady cases (b) alongside the
kinetic energy loss coefficient for the steady (c) and unsteady cases (d).

The increased CSKE is due to the increased shear between the secondary flow structures.
The magnitude of the secondary velocity vectors increases significantly because of this
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interaction. A shift in the secondary flow structures towards the endwall and blade
SS is present due to the thinner inlet boundary layer measured for the unsteady case.
The magnitude of the core of high CSKE increases by ∼36% with the introduction of
unsteady wakes. The shift in the secondary flow structures towards the endwall can also
be perceived from the kinetic energy loss coefficient (Figure 6c,d). The introduction of
unsteady wakes promotes an increase in the extent of the two-dimensional flow, as seen by
the “straight wake” compared to the angled wake present in the steady case. Two major
loss cores are identified for both the steady and unsteady cases. Core 1 sits in the vicinity
of the endwall and is mainly attributed to the SS corner vortex. The location of Core 2 is
related to the region of increased CSKE, highlighting that this core comprises losses due to
the PV and TSV. In addition to the migration of Core 2 towards the endwall, its magnitude
increases by ∼6% when unsteady wakes are introduced.

3.4. Pitchwise Averaged Quantities

The spanwise distribution of the pitchwise averaged deviation from the primary flow
direction is displayed in Figure 7a. The spanwise distribution of the mass-averaged sec-
ondary kinetic energy loss coefficient and CSKE are displayed in Figure 7b,c, respectively.
The deviation from the primary flow direction is obtained by removing the mass-averaged
primary flow direction at midspan to the spanwise distribution. Similarly, the secondary ki-
netic energy loss coefficient is computed by removing the profile loss to the spanwise distri-
bution of losses, assuming that the profile loss is constant along the span [44]. The midspan
values are reported in Table 1 for completeness.

Table 1. Pitchwise averaged primary flow direction and energy loss coefficient at midspan.

Quantity Steady Unsteady

β [◦] 52.91 51.72
ξ [−] 0.0313 0.0414

Near the endwall, the overturning caused by the PV has a larger spanwise extent
for the steady case. The same can be observed for the peak in underturning originating
from the shear interaction of the PV and TSV. In addition to being closer to the endwall,
an increase in the underturning by 16% is present for the unsteady case when compared to
the steady flow case.

The cores that are visible in the kinetic energy contours displayed in Figure 6 are also
present in the spanwise distribution of the kinetic energy loss coefficient (Figure 7b). The in-
creased loss in the vicinity of the endwall includes the contribution of the inlet boundary
layer—hence the higher value for the steady case. On the other hand, the magnitude of the
peak associated with Core 2 increases by ∼25% when unsteady wakes are introduced. This
highlights the increase in the endwall loss from the steady to the unsteady case since this
increase surpasses the impact of the thicker inlet BL for the steady case.

Lastly, the CSKE highlights the regions dominated by the interaction of BL fluid with
the corner vortex (red shaded area), and the interaction of PV with TSV (gray shaded
area). The increased inlet BL thickness for the steady case results in a larger amount of
BL migrating near the endwall due to the passage pressure gradient. The latter results in
higher CSKE in the vicinity of the endwall for the steady case (∼200%). The higher peak
migrates towards the endwall for the unsteady case. The magnitude of the CSKE does not
change significantly.
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Figure 7. Spanwise distributions of pitchwise averaged deviation from primary flow direction (a),
secondary kinetic energy loss coefficient (b), and secondary kinetic energy coefficient (c) for the
steady and unsteady cases.

3.5. Loss Breakdown

A loss breakdown was performed to decouple the impact of the inlet BL and profile
loss from the endwall loss. The endwall loss was computed by subtracting the planewise
mass-averaged kinetic energy loss coefficient from the inlet BL and the profile loss from
the gross planewise mass-averaged averaged kinetic energy loss coefficient at the outlet
as follows:

ξend = ξgross − ξBL − ξpro f (4)

The endwall loss includes the contribution from the endwall BL dissipation and
secondary flow mixing. Figure 8 presents the loss breakdown for the steady and unsteady
cases. As expected, the BL loss for the steady case is ∼200% higher than for the unsteady
one. The effect of the BL loss on the overall budget is compensated for by the increased
profile loss with wakes (+31%). The increase in the profile loss with the introduction of the
wakes has been reported in previous works [2,12]. The latter is attributed to the turbulence
transported by the bar wakes that promote an increase in the turbulent boundary layer
wetted area. The effect is aggravated by the high reduced frequency present in this test case.

Figure 8. Loss breakdown for steady and unsteady cases.

By accounting for the inlet BL and profile loss, the endwall loss increases by ∼10%
with the introduction of the unsteady wakes in the flow domain. This finding contradicts
the existing literature on the topic. The contribution of all loss components for the cases
investigated is displayed in Table 2 for completeness.
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Table 2. Summary of loss contributions for all cases.

Loss Steady Unsteady

ξBL [−] 0.0102 0.0034
ξPro f [−] 0.0314 0.0412
ξEnd [−] 0.0147 0.0161

4. Conclusions

A high-speed LPT profile was tested in a high-speed linear cascade under steady and
unsteady flow conditions. The measurements were performed at engine-representative
Mach (0.90) and Reynolds (70k) numbers. For the unsteady case, a bar reduced frequency
of 0.95 was achieved.

The inlet characterization illustrated the thinner inlet boundary layer resultant from
a possible restart of the BL due to the wake generator slot, which was not present in the
steady case. The thicker boundary layer impacted the development of the secondary flows
as captured by the blade and outlet flow field measurements.

HF sensors on the blade SS enabled the identification of regions impacted by the
secondary flow structures. The secondary flow structures presented a different type of
boundary layer development along the blade SS in the vicinity of the endwall, which
resulted in the modification of the quasi-wall shear stress and statistical moments of the
measured signals.

Measurements at the cascade outlet highlighted secondary flow structures nearer
the endwall for the unsteady flow case. The latter is mainly justified by the thinner inlet
BL measured for the unsteady flow case. The flow deviation downstream displayed an
increase in the underturning caused by the interaction of the PV and TSV by 16% when
unsteady wakes were introduced. In addition, the mass-averaged loss associated with the
latter structures increased by 25%. These results oppose the existing literature on the topic.

A loss breakdown enabled the decoupling of the profile loss and inlet BL loss from the
overall loss measured downstream of the cascade. As expected, a large contribution to the
losses was due to the thicker inlet BL for the steady case. This effect was counteracted by the
increased profile losses for the unsteady case (31%). Lastly, the endwall losses were found
to increase by 10% with the introduction of the unsteady wakes in the cascade operating at
engine-relevant Mach and Reynolds numbers and wake reduced frequency.
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Abbreviations
BL boundary layer
CV suction side corner vortex
FSTI freestream turbulence intensity
GTF geared turbofan
HF surface-mounted hot film
LE leading edge
LPT low-pressure turbine
PV passage vortex
PS pressure side
RANS Reynolds-averaged Navier–Stokes
SFC specific fuel consumption
SKE secondary kinetic energy coefficient
SS suction side
TE trailing edge
TSV trailing shed vortex
TG turbulence grid
WIV wall-induced vortex
WG wake generator
Roman
C true chord
C f skin friction coefficient

CSKE secondary kinetic energy coefficient,
ρ6(υ2

y,sec+υ2
z,sec)

γP6 M2
6,is

E bridge voltage
f frequency
f+ bar reduced frequency, fbar · C/V6,is
g cascade pitch
H cascade span
i incidence, β− βin
M Mach number
o throat
P pressure
Q̇ heat flux
R reattachment line, resistance
Re Reynolds number, ρCV/µ

S separation line, location along surface length
skew skewness
SL surface length
std standard deviation
T trajectory
U bar peripheral speed
V absolute velocity
x, y, z location along axial chord, pitchwise and spanwise direction
Greek letters
β primary flow direction, tan−1(Vax/Vtan)
γ ratio of specific heats
µ dynamic viscosity

ξ kinetic energy loss coefficient, 1−
1−( P6

P06
)

γ−1
γ

1−( P6
P01

)
γ−1

γ

ρ density
τq quasi-wall shear stress
Φ flow coefficient, Vax/U
Subscripts
a ambient
ax axial
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bar bar
F flow
fs freestream
End endwall
in inlet
is isentropic
met metallic
out outlet
Prof profile
q quasi
s sensor, substrate
sec secondary
w wall
0 flow-off, cold, total
2 at Plane 02
6 at Plane 06
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