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Abstract

In the present work, off-design operating condition is considered to be the ability of the
turbine to operate down to 50% to 20% of its nominal intake air flow rate. An important
consequence of these off-design points is the change in the inlet incidence angle, which
varied from nominal to —20°. Tests were performed on a seven-blade rotor cascade with
platform cooling through an upstream slot simulating the stator-to-rotor interface gap. To
model the impact of rotation on purge flow injection, a set of fins were installed inside
the slot to give the coolant flow a tangential direction. Different cascades’ off-design
operating conditions were tested, covering downstream velocity values up to May;; = 0.55,
with two inlet turbulence intensity levels of 0.6% a and 7%. A thermal measurement
campaign was conducted with the Thermochromic Liquid Crystal technique to measure
the adiabatic film cooling effectiveness at various coolant-to-main-flow mass flow ratios,
different incidence angles, mainstream Mach numbers, and turbulence levels. The results
describe the complexity of the turbine operating under off-design operating conditions,
relating the improvement in the platform thermal protection to the reduced secondary-
flows activity induced by negative incidence.

Keywords: gas turbine; energy transition; rotor cascade; film cooling effectiveness;
incidence angle

1. Introduction

Recent trends in power generation focus on minimizing the environmental impact
of human activities, driven by growing concerns about the irreversible effects of global
warming. Central to the energy transition is the imperative to reduce CO, emissions from
energy production to mitigate climate change [1]. The competitiveness of renewable energy
sources compared to fossil fuels has been rising, particularly in electricity generation. In
2021, renewable primary energy (excluding hydro) increased by approximately 5.1 EJ
globally, reflecting an annual growth rate of 15%, up from the previous year’s 9% [2]. The
share of renewable energy is expected to continue growing in the coming decade. In the
short term, gas turbine engines will complement renewables, playing a crucial role in the
transition from fossil fuel-based to zero-carbon energy sources. They can help balance
energy fluctuations from renewables in the grid and offer immediate emission reductions
by utilizing carbon-neutral fuels like ammonia, hydrogen, or bio-jet fuel.

To remain competitive in the market, the new generation of gas turbines must be
designed to rapidly ramp up and down, start and shut down quickly, and handle low
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output levels while adhering to emissions regulations. Fast start-up and shutdown, along
with frequent load adjustments to a reduced minimum load, cause engines to operate
under more critical thermo-mechanical conditions. This can lead to metal distortions that
significantly affect the fluid dynamics of the secondary air system (SAS) and, consequently,
the entire engine.

A deeper understanding of aero-thermo-mechanical interactions and more precise
predictions of aerodynamics, heat transfer, and cooling flows under variable load con-
ditions are crucial for modern engine designs. Although transient regimes may account
for a significant portion of the operational time of industrial gas turbines in future en-
ergy production scenarios, knowledge about the behavior of typical SAS components
under reduced-minimum-load conditions, and their interactions with the main flow path
considering stator/rotor deformations, is currently limited.

Air purged from the later stages of the compressor is directed into the turbine wheel-
space at a low radius and exits through the rim seal at the edge of the discs, just before
the blade endwall. Labyrinth seals are employed as a contactless solution to minimize
leakage between components in relative motion and to regulate the supply of cooling air to
the hot-gas path components. Numerous studies document the performance of labyrinth
seals, primarily reporting discharge coefficient data [3,4], allowing the derivation of simple
1D-design correlations. The flow through labyrinth seals is highly sensitive to geometric
variations caused by changes in rotational speed. Even a 2% change in seal clearance
can significantly affect the discharge coefficient [5,6]. To enhance the SAS and overall
engine performance, it is crucial to consider off-design flow conditions resulting from large
variations in clearance.

The aerodynamic and thermal performance in a gas turbine stage is strongly affected
by the interaction between the main and sealing flow, as it emerges from the cavity between
the stator and rotor disk. Hot gas ingestion occurs due to a superposition of different
mechanisms: (1) externally induced ingress is primarily driven by pressure differences
between the high-pressure mainstream flow and the lower pressure in the wheel-space [7];
(2) the rotating rotor blades create a pumping effect that entrains fluid near them, drawing
hot gas from the mainstream into the wheel-space [8]. Both mechanisms treat ingress as
a result of balancing the radial pressure gradient and the centrifugal forces. Moreover, at
reduced injection rates, large-scale, low-frequency pressure fluctuations have been detected
in the rim seal flow, whose characteristic wavelength is not connected with the pitch of the
blade [9]. These fluctuations can be controlled by conditioning the flow within the cavity
in proximity to the rim seal; they disappear increasing the sealing flow [10]. As a result
of such preconditioning, the ingress can be suppressed with the additional penalty of the
purge flow interacting with secondary flows in the main path [11].

A comprehensive review of the literature on the interaction between the sealing
and the main flow is available in [12]. The aerodynamic loss across the rotor increases
with the purge flow rate, as demonstrated by Regina et al. [13], due to the strengthening
of the horseshoe vortex’s pressure-side leg, which traps most of the purged air. As a
consequence, the heat load on the first rotor is also increased, which has led designers
to use this purge flow not only for sealing but also for cooling purposes. Typically, the
sealing of the disk cavity from hot gas ingestion requires a purge-to-mainstream mass
flow ratio of the order of 0.7-1.0%. Higher mass fractions may be needed for cooling, as
shown by Narzary et al. [14], reporting increased platform cooling effectiveness levels
when raising the coolant-to-mainstream mass flow rate (MFR). To fully understand the
flow and heat transfer phenomena related to the interaction between purge and main flow
across the rotor, studies have been conducted on rotating rigs (e.g., [15]) and stationary
blade cascades (e.g., Popovic et al. [16]). Few studies have examined the effects of variable
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rotational speed [17] and variations in slot dimensions and shapes (e.g., [18,19]). To the
best of the authors” knowledge, the impact of mainstream incidence variation has not been
previously investigated.

Gas turbine operability depends on load requirements and ambient conditions. Re-
gardless of the cause, in subsonic flow conditions, secondary flows are mitigated while
reducing the mass flow at a fixed rotational speed, due to negative incidence to the first
rotor blade cascade [20]. However, incidence along the blade span can vary significantly
due to the complex flow from the stator, which results from the interaction between swirling
combustion gases, coolant flow from the combustor—stator interface gap, and stator sec-
ondary flows [11,21,22]. These factors create a highly complex flow pattern that interacts
with the sealing flow from the stator-rotor interface gap, affecting its sealing and cooling
capabilities. Finally, reducing turbine operability to the minimum load can cause a mis-
match between what the compressor delivers to the SAS and what the turbine needs for
sealing, potentially compromising the engine’s safe operation.

This study is an extended version of a conference paper presented at the 16th European
Turbomachinery Conference (ETC16) [23], where the authors complement with film cooling
effectiveness data the aerodynamic results obtained by testing a rotor blade cascade with
platform cooling under variable incidence conditions [24]. An upstream slot simulates the
stator-to-rotor interface gap. Discrete incidence angles from nominal to —20°, representing
possible off-design flow conditions down to the minimum load, were tested, with the
coolant-to-mainstream mass flow rate, MFR, varied at a fixed density ratio DR = 1.0, inlet
turbulence intensity ratio Tu; = 7.5%, and May;; = 0.4. Selected operating conditions were
also tested, reducing the turbulence intensity level down to 0.6% and varying the exit Mach
number in the range between 0.2 and 0.55 to provide a wider overview of possible rotor
cascade operating conditions at reduced load.

2. Experimental Setup

Tests were conducted using a continuously running, suction-type wind tunnel de-
signed for rotor blade cascades, as illustrated in Figure 1. The wind tunnel’s test section
contains a 7-blade cascade representative of first-stage, about 0.5 reaction, high-pressure
turbines, featuring a pitch-to-chord ratio of 0.637 and an aspect ratio of 1.24 (see Table 1).
The cylindrical airfoil profile (Figure 2) mimics the hub section of an industrial first ro-
tor airfoil, and the blade-to-hub junction is crafted with a 3D fillet to replicate the actual
engine design.

A slot of 0.042 C width, located 0.158 C,y upstream of the leading edge plane, simulates
the stator-to-rotor interface gap (Figure 2). Its tangential extension covers three and a half
blade passages. In total, 8 fins are installed inside the slot to give the purge flow the proper
injection angle of about —10°. A plenum supplies the slightly heated compressed air (DR
about 1.0) to the slot (Figure 3). Please note that the slot assembly shown in Figure 3 is
installed upstream of the cascade in the housing shown in Figure 1. The fin’s inclination
angle is consistent with an engine operating with 1.0% MFR. As a general rule, keeping
a fixed rotational speed, doubling the MFR would roughly result in also doubling the
tangential injection angle. In the present investigation the fin’s angle was kept constant. Its
influence on the cascade’s aero-thermal performance was investigated in the past at low
speed and will be the object of future investigations. More pieces of information on the
facility, the cascade model, and the cooling scheme can be found in [24-26].
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Inlet channel
modification

for incidence

Test section

Figure 1. The wind tunnel (the highlighted triangular section and the inclination and length of the
side walls are modified to change the direction of the main flow).

Table 1. Cascade geometry and operating conditions.

Design Off-Design
s/C =0.637 May;, = 0.55 May;, = 0.2-0.4
H/C=1.24 Tuy =7.5% Tuy = 0.6%
By =30.87° Rey;s = 1.51 x 100 Rey;s = 0.55-1.1 x 10°
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Figure 3. Slot design.
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The nominal case prescribes Ma; = 0.24, roughly corresponding to a downstream
isentropic Mach number of May;; = 0.55, and a high inlet turbulence intensity of
Tuy =7.5% (see Table 1). Further tests were run at variable mainstream conditions, both
in terms of Mach number (May;; = 0.2 and 0.4) and turbulence intensity (Tu; = 0.6%). The
high-turbulence case was obtained by installing a grid formed by cylindrical rods in the
wind tunnel inlet section [26]. In all cases, the rotor cascade inlet flow angle was varied
from 0° incidence (nominal) down to —20° incidence, with a regular step of 10°. These
discrete incidence variations (—20°, —10°, 0°) were obtained by modifying the wind tunnel
inlet section design. As an example, Figure 1 shows the setup for the lowest tested incidence
case (i = —20°), where a triangular sector is added, and the side wall length and inclination
are modified to obtain the prescribed incidence. Finally, coolant injection was varied over
a range of MFR values up to 2.0%, injecting slightly heated air as coolant. This range is
large enough to cover any possible engine operating condition. Table 1 summarizes the test
matrix. Please note that changing the MFR resulted in small variations in the downstream
Mach number. For consistency, tests at variable MFR (and constant incidence) were run by
fixing the inlet Mach number rather than the outlet Mach number. In this way all share the
same mainstream mass flow rate.

3. Measurement Technique

A 3-hole aerodynamic probe located 1.0 C,¢ upstream of the leading edge plane, a
T-type thermocouple, and pressure taps at 0.5 Cyy from the trailing edge plane were used to
monitor the cascade operating conditions (0Ma = £0.01). An orifice device (dm. < £2.1%),
pressure taps (dp. = 10 Pa), and T-type thermocouples (6T, = & 0.5 °C) installed in the
supply plenum were used to control the coolant injection conditions. The latter were
characterized in terms of coolant-to-mainstream mass flow ratio MFR, whose uncertainty
was estimated, based on a 95% confidence interval, to always be below dMFR = £0.1%.

Film cooling effectiveness distributions over the platform surface were obtained using
the Wide-Banded Thermochromic Liquid Crystal (TLC) technique [27]:

— Tuw - Too

T. T. (1)

TLC is a well-known technique, and it has been widely applied by the authors [28,29].
So only a few details are here recalled. We used 10 °C bandwidth TLCs. To minimize the
influence of illumination and viewing angle, they were calibrated in situ by substituting
the vane central passage with an instrumented flat aluminum plate (10 calibrated T-type
thermocouples, 6T = £0.1 °C), providing the relationship between temperature and the hue
parameter shown in Figure 4 and an uncertainty of 6T, = £0.3 °C. The surface was illumi-
nated by means of two strips of white light LEDs, while a Nikon D7100 camera acquired
the color play of the TLCs. A steady test approach was adopted to obtain the adiabatic film
cooling effectiveness. RGB to hue conversion was applied to a single image recorded when
a stable temperature distribution was established on the surface. This typically happens
30 s to 40 s after injection, avoiding the appearance of significant conduction effects at
slot edges. Film cooling effectiveness uncertainty depends on TLC and thermocouple
measurements (0T = £0.1 °C) and conduction effects. Conduction effects are minimized
thanks to the relatively large thickness (35 mm) of the endwall (Plexiglas-made), to the
design of the plenum, and to the careful selection of the image to be processed. Based on a
95% confidence interval, the uncertainty in the 1 value ranges from +4.2% withn = 0.8, up
to about +15% whenn = 0.1.
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Figure 4. TLC calibration curve.

4. Aerodynamic Background

The cascade aerodynamic behavior of this cooled-rotor blade cascade was assessed by
the authors [24], measuring the kinetic energy coefficient { downstream of the cascade by
means of a miniaturized five-hole probe. The cascade was tested at a nominal operating
condition (May;s = 0.55 and Tuq = 7.5%), variable incidence (i = 0°, —10° and —20°), and
variable coolant injection conditions (from uncooled to MFR = 2.0%), with —10° fins inside
the slot. Laser Doppler Velocimetry was used to verify the approaching-flow incidence an-
gle and periodicity and injection angle of the coolant. Local loss and vorticity distributions,
secondary velocity vectors, pitch, and mass-averaged data supported the discussion of the
combined impact of incidence and coolant injection on cascade aerodynamic performance.
Figure 5 reports the local kinetic energy loss coefficient at two incidences (i = 0° and —20°)
and a fixed MFR = 2.0% on the left and the mass-averaged overall kinetic energy loss
coefficient on the right, the latter computed as follows:

=2 =2
= . —Uu
(=22 @
uZis,ms

According to the literature, a negative incidence was shown to reduce secondary-flows
generation and development across the cascade, with a consequent reduction in the endwall
cross-flow and in the overall losses. Conversely, losses were significantly increased by
raising the coolant flow rate, regardless of the incidence of the cascade. The combination
of negative incidence and coolant injection significantly reduced loss production at low
incidence (i = —20°) and high MFR. A moderate negative incidence (i = —10°) combined
with high MFR values gave rise to a huge loss generation and a significant deterioration
of the flow quality approaching the following stator, due to huge variations in the flow
angle spanwise distribution. These findings are consistent with the expected underlying
flow physics: purge flow injection at a low momentum and with a negative tangential
direction enforces the secondary flows, and particularly the horseshoe vortex pressure-side
leg. This negative effect can be somewhat counterbalanced by an incidence decrease, which
promotes a secondary flows reduction.
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Figure 5. (a) Local ¢ distributions for i = 0° and —20° (MFR = 2.0%) and (b) overall ¢ for variable
MFR and i [24].

5. Results

The experimental results provided information regarding the thermal behavior of
the considered rotor platform cooling scheme with variable MFR, in the range between
0.5% and 2.0%, and variable-inlet flow incidence from nominal down to —20°. Before
discussing the influence of incidence on film cooling effectiveness distribution, flow visual-
ization results are presented to qualify the impact of incidence variation on secondary-flows
evolution and to support the following thermal analysis.

5.1. Flow Visualization

Figure 6 shows the 0il and dye flow visualization results obtained by testing the
uncooled cascade (i.e., without the slot installed) at May;; = 0.4 and Tu; = 7.5%, varying the
incidence. The discontinuity just upstream of the blade leading edge is due to the modular
manufacturing of the platform. As expected, traces of separation lines are clearly identified
for all tested cases, both on the platform front side (Figure 6—left) and on the blade
suction side (Figure 6—right). In agreement with the results coming from the aerodynamic
investigation, when progressively reducing the incidence, the stagnation point moves more
and more toward the suction side of the blade, according to a blade load reduction. The
load decrease, reducing the secondary-flows intensity, results in a translation of the passage
vortex separation line toward the trailing edge and in the reduction in the passage vortex
extension in the spanwise direction. In this way, the passage vortex impacts the suction side
of the adjacent blade further downstream. This is expected to provide better conditions for
the thermal protection of the platform at negative incidence.
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Figure 6. Oil and dye flow visualization at variable i on the platform and on the blade SS: (a) 0°,
(b) —10°, and (c) —20° (arrows indicate the inlet flow direction).

5.2. Film Cooling Effectiveness
5.2.1. Influence of i and MFR at May;; = 0.4 and T =7.5%

Figure 7 shows the film cooling effectiveness distributions measured at the same
cascade operating conditions (May;s = 0.4, Tu; = 7.5%) for the three tested incidences of
0°, —10°, and —20° and variable coolant injection in the range of MFR from 0.5% to 2.0%.
Each contour plot shows the cascade central passage, located at the slot mid-tangential
extension. As the presented pictures clearly show, progressively increasing the MFR results
in an increased thermal protection, both approaching the blade leading edge and inside
of the passage, whatever the incidence. Reducing the incidence at a fixed MFR results
in a different coolant footprint at the wall, depending on the injection ratio. When the
MEFR = 0.5%, coolant is discharged over a wider slot tangential extension when i = —20°,
compared to in the other cases. This results in better coverage inside the passage, with
the coolant impacting the blade suction side further downstream, thanks to the reduced
passage vortex activity. By increasing the MFR, the coolant footprint inside the passage is
promoted, reducing i, but coolant is never allowed to cross the passage vortex separation
line, limiting the thermal protection to the passage front side.

At a moderate MFR and 0° incidence, the purge flow ejection is not uniform along
the slot tangential direction, but it is mostly concentrated on the suction side, leaving the
pressure side of the front passage uncooled. This agrees well with the results reported
by Green et al. [30], who tested a 0.72% purge mass flow ratio, and with those from
Suryanarayanan et al. [31], obtained by testing a full stage at a variable rotational speed.
When reducing the incidence, coolant ejection moves towards the pressure side, resulting in
increased thermal protection inside the passage. This is consistent with the reduced passage
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vortex activity, which reduces the endwall cross-flow, promoting the coolant persistency
further downstream inside the channel. At an MFR = 1.5%, coolant is discharged almost
uniformly along the slot tangential direction, resulting in good thermal protection, even
approaching the blade leading edge, especially at —20° incidence. A further increase
in the MFR up to 2.0% only marginally improves the coolant performance. It is worth
mentioning that a two-peak distribution appears when the MFR becomes larger than
1.0%. Indeed, a second high-effectiveness region develops approaching the blade pressure
side, especially at —20° incidence. This has to be connected to the interaction between
the purge flow and the pressure-side leg of the horseshoe vortex, which is attenuated by
negative incidence values.

MFR =0.5% 1.0% 1.5% 2.0%

Figure 7. Film cooling effectiveness for variable MFR at: (a) 0°, (b) —10°, and (c) —20° incidence.

Based on the flow visualizations of Figure 6, and specifically on the change in position
of the corner vortex-related separation line on the blade suction side, we can state that,
probably, the coolant will also be able to protect the blade rear-suction-side region below
this separation line (this is sometimes called phantom cooling). And since this separation
line reduces its radial penetration at negative incidence, we can expect a reduced thermal
protection in that region, especially at —20°.

To quantify changes in effectiveness induced by the combined effect of incidence
and MFR variation, local distributions were averaged along the pitch-wise direction.
Figure 8 shows the pitch-averaged effectiveness distributions for the design and the
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—20° incidence, with a variable MFR, while Figure 9 directly compares the three tested
incidence values at a fixed MFR = 1.5%. A smooth decrease in effectiveness characterizes all
tested conditions, with almost zero value reached between X/C,y; = 0.6 and 0.7, depending
on incidence and MFR values. As previously observed, increasing MFR always results in
increased 1y, levels, especially in the channel entrance region. A relevant increase takes
place when raising the MFR from 0.5% to 1.0%. Further increasing the MFR, the gain in
effectiveness progressively reduces: it is almost null when i = 0°, while at i = —20° it is
still detectable. Moreover, for this last case, effectiveness values of the order of 0.1 are still
observed up to X/Cyy = 0.6, while they are almost null when i = 0°. Finally, comparing the
different i cases at a constant MFR = 1.5% allows us to appreciate the increase in thermal
protection due to a strong negative incidence of —20°. Conversely, a limited incidence re-
duction of —10° does not give significant improvement in the platform thermal protection.

MFR (%) , MFR (%)
| —a— 05 I —a— 05
08| — 10 0.8 X% —— 10
- A —— 15 | —— 15

—o— 20 L ——— 2.0

Nav
Nav

0o o0z 04 o6 Tos
X/C,,
(a) (b)
Figure 8. Pitch-averaged 1 for variable MFR at: (a) 0° and (b) —20° incidence.
1 -
I i(°)
L —s— 0
0.8 —— =10
I —— =20
06}
8 |
ey |
04
02}
0 |

Figure 9. Pitch-averaged n at MFR = 1.5% and variable i.

Finally, area-averaged film cooling effectiveness values were also computed, averaging
in the axial direction from slot exit to 0.8C,y. Figure 10 shows that a significant change in
the incidence of —20° is responsible for an increase in the area-averaged effectiveness of
about 0.03 when MFR is larger than 0.5. This gain reduces to 0.008 when the incidence
reaches —10°.
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Figure 10. Area-averaged 1 for variable MFR and i (May;s = 0.4 and Tu; = 7.5%).

5.2.2. Influence of May;; and T

Similar data were also collected by reducing the downstream Mach number to 0.2 and
increasing its level up to 0.55, the cascade nominal operating condition. Moreover, a set of
tests was performed at May;; = 0.4 without the turbulence generator, resulting in a reduced
Tuq = 0.6%. For the sake of space, Figure 11 shows the results corresponding to an MFR
of 1.5% and variable Mach at 0° and —20° incidence, while Figure 12 shows similar data
obtained at the reduced Tu; level. These data should be compared with those reported
in Figure 7.

—"‘ _—

(@)

(b)

Mazis=0.2 0.55

Figure 11. nj distributions for variable Ma,;; and MFR = 1.5% at: (a) 0°, and (b) —20° incidence.

First, considering the impact of freestream velocity (Figure 11), only small differences
can be observed in the local film cooling effectiveness distributions measured at the two
incidence conditions. In particular, a different coolant footprint takes place on the platform
front side when increasing the exit Mach number to 0.55 at 0° incidence. This could be
related to the concentration of passage vortex activity at the wall, resulting in a stronger
cross-flow. Reducing i down to —20°, a very similar effectiveness distribution is observed
for the different tested May;; values, with only a slight reduction in the thermal protection
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nav

inside the passage when May;; reaches 0.2, as a consequence of the increased intensity of
secondary flows. Finally, reducing the freestream turbulence intensity level (Figure 12)
results in a reduction in thermal protection, especially in the leading edge region, where

turbulence promotes the coolant distribution at the wall.

Figure 12. n distributions (Tu; = 0.6%, May;s = 0.4 and MFR = 1.5%): (a) 0°, and (b) —20° incidence.

To quantify the impact of May;; and Tu; on thermal protection, pitch-averaged values
were again computed for all tested conditions, and the resulting distributions are reported
in Figure 13. These data highlight the different behavior of slot platform cooling when
changing the freestream conditions. In particular, at i = 0°, all tested May;; values show
almost the same decreasing trend, besides the local differences previously observed. Small
variations are instead observed ati = —20°, with a slight progressive increase in performance
raising May;;. These small variations are consistent with the limited change in the inlet
Mach number (from 0.11 to 0.24).

0.8

0.6}

0.4F

0.2f

Ma,, i(°) I Tu, (9
—— 0.2
—— 04 } 0
—— 0.55
—a— 0.2
—a— 04 }—20

——a—— 0.55

Nav

(a) (b)

Figure 13. Pitch averaged n (MFR = 1.5%) at variable: (a) May;; and i and (b) Tu; and i.

Turbulence intensity (Figure 13b) appears to play a more significant role in determining
the thermal performance of platform cooling through the slot. A high turbulence intensity
promotes the coolant presence at the wall, resulting in a general rise in the pitch-averaged
distribution, whatever the approaching flow direction.

Finally, to sum up the results from the previous discussion, area-averaged values
were also computed and reported in Figure 14. Again, only data related to the 0° and
—20° incidence cases are reported, since those obtained at —10° are very similar to the
0° case. The reported curves show that neither the Mach number’s nor the turbulence
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Figure 14. Area-averaged 1 at variable: (a) May;; and i and (b) Tu; and i (May;s = 0.4).

More specifically, a change in the freestream Mach number has a negligible impact
on the overall performance, while reducing the turbulence intensity slightly reduces the
thermal protection, whatever the coolant injection condition. As an example, ati =0° an
average reduction of 0.007 is observed in the area-averaged effectiveness, which becomes
—0.008 when the incidence is reduced to —20°.

6. Conclusions

Thermal measurements were carried out in a rotor cascade under realistic engine
conditions to evaluate the performance of a platform cooling scheme simulating the stator-
to-rotor interface gap at various MFR values between 0.5% and 2.0% with main flow
incidence angles of 0°, —10°, and —20°. A sensitivity analysis to changes in mainstream
flow condition, in terms of Mach number and turbulence intensity level, was also carried
out. The objective was to evaluate the thermal performance of this cooled-blade cascade
by simulating some effects of low-load operating conditions. These data complement
the aerodynamic results obtained by testing the same cascade model at similar operating
conditions [25]. The key highlights of the present study are the following:

e As expected, since negative incidence reduces secondary-flows generation and de-
velopment across the cascade, improved film cooling effectiveness distributions
are observed at negative incidence, especially at —20°. An incidence reduction of
—10° instead only marginally impacts the thermal protection. In all cases, coolant
only protects the passage front portion, as it is not allowed to cross the passage
vortex-related 3D separation line.

e In the investigated MFR range, increasing the coolant flow rate always results in a
better thermal protection of the front platform region, whatever the incidence. It is
worth noting that the gain in effectiveness decreases when increasing MFR.

e  When considering both thermal and aerodynamic aspects, a compromise has to be
found since aerodynamic losses increase with rising MFR. A good solution is found at
an MFR of 1.5%: at design condition (i = 0°), the overall loss increases by AC = +3.22%,
with the area-averaged film cooling effectiveness reaching ngs = 0.22. At reduced
incidence (i = —20°), the extra loss due to film cooling decreases to A = 2.23%, while
Na4 increases up to 0.25.
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e A change in mainstream flow condition (May;; and Tu;) marginally modifies the
platform thermal protection. In addition to some local differences in the film cool-
ing effectiveness distribution, both pitch-averaged and area-averaged data almost
coincide when changing the free-stream Mach number, while a decrease in the ap-
proaching turbulence intensity level results in a slight decrease in thermal protection.
At MFR =1.5% and design incidence, a Ang4 = —0.005 is observed, almost doubling
at —20° incidence.

Finally, the results of this experimental thermal investigation, together with those
related to the aerodynamic behavior, provide data to support the design process of a
stator-to-rotor interface gap for flexible gas turbine operation.
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List of Symbols

The following abbreviations are used in this manuscript:
C blade chord

DR = pc/peo density ratio

H blade height

i flow incidence angle
Ma=U/a Mach number

MFR =m. /e mass flow rate (%)

P Pressure

Rey s = Up;sC/v isentropic outlet Reynolds number
s blade pitch

T temperature

Tu=u/U turbulence Intensity (%)
u,o,w Velocity components

u mean velocity

XY, Z cascade coordinate system

W slot width

B flow angle

v kinematic viscosity

n film cooling effectiveness

C kinetic energy loss coefficient
Superscript

’

RMS
pitch-averaged
area- or mass-averaged
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Subscript

ax Axial

aw adiabatic wall

c Coolant

is isentropic condition
rotor inlet

2 rotor exit

00 Mainstream
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