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Abstract: Off-design condition of a rotor blade cascade with and without platform cooling was
experimentally investigated. The ability of the gas turbine to operate down to 50% to 20% of its
nominal intake air flow rate has an important consequence in the change in the inlet incidence angle,
which varied from nominal to −20◦. Platform cooling through an upstream slot simulating the
stator-to-rotor interface gap was considered. The impact of rotation on purge flow injection was
simulated by installing fins inside the slot to give the coolant flow a tangential direction. Aero-
dynamic measurements to quantify the cascade aerodynamic loss and secondary flow structures
were performed at Ma2is = 0.55, varying the coolant to main flow mass flow ratio (MFR%) and the
incidence angle. The results show that losses strongly increase with MFR. A negative incidence allows
a reduction in the overall loss even when coolant is injected with a high MFR. The more negative the
incidence, the greater the loss reduction.

Keywords: gas turbine; platform; secondary flows; incidence angle

1. Introduction

Recent trends in power generation aim to reduce the environmental impact of an-
thropic activities since concerns about the irreversible consequences of global warming
have grown over the past few years. The reduction in energy-related CO2 emissions to limit
climate change is at the heart of the energy transition scenario [1]. The competitiveness of
renewable energies vs. fossil fuels has been increasing, especially concerning electricity
generation. Renewable primary energy (excluding hydro) increased by around 5.1 EJ in
2021 over the world, corresponding to an annual growth rate of 15%, stronger than the
previous year’s 9% [2]. The contribution of renewable energies is expected to increase
further in the upcoming decade. In the short term, gas turbine engines will be the partner
of renewable energies and will play a key role in the global energy sector’s transformation
from fossil-fuel-based to carbon-neutral energy sources. Gas turbines can be used to balance
the energy fluctuations of renewables in the grid, as well as provide immediate emission
reductions using carbon-neutral fuels like ammonia, hydrogen, or bio-jet fuel.

In order to remain competitive in the market, new-generation turbines must be de-
signed to increase and decrease power rapidly, start up and shut down promptly, and
tolerate output reductions while complying with emission regulations. Fast start-up and
shutdown, with frequent load adjustments down to reduced minimum load, lead engines
to operate under more critical thermo-mechanical conditions with metal distortions, which
may heavily impact the fluid dynamics of the secondary air system (SAS) and, consequently,
the whole engine.

A better understanding of aero-thermo-mechanical interactions and more accurate
predictions of aerodynamics, heat transfer, and cooling flows in variable load operating
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conditions are decisive to modern engine designs. Although transient regimes might
represent a significant portion of the working time of industrial gas turbines in the next
coming energy production scenario, the knowledge of the behavior in reduced minimum
load conditions of typical SAS components is currently limited. This is all the more true
for their interactions with the main flow path in view of the deformations of stator/rotor
parts. Purge air, bled from the latter stages of the compressor, is introduced into the turbine
wheel space at a low radius before exiting through the rim seal at the periphery of the
discs, immediately upstream of the blade endwall. Labyrinth seals are used as contactless
solutions to limit as much as possible the leakage between the stationary and rotating
components and to control the cooling air supply to the elements lying in the hot gas
path [3]. Many studies document the performance of labyrinth seals, mostly reporting
the discharge coefficient as a function of pressure ratio data [4,5], from which simple 1D
design correlations can be argued. The flow through labyrinth seals has been shown
to be highly sensitive to geometric variations due to changes in rotational speed, and
the discharge coefficient varies significantly when the seal clearance is changed by only
2% [6,7]. Off-design flow conditions due to large variations in the clearance must be
considered for further improvement of the SAS system and, consequently, of the whole
engine performance.

The sealing flow emerging from the stator to the rotor interface gap interacts with
the main flow, influencing both the aerodynamic and thermal performance of the rotor
cascade. An exhaustive review of the available literature on this topic can be found in [8].
Loss for the blade row increases with the purge flow rate (see, for example, [9]) due to the
strengthening of the horseshoe vortex-pressure side leg, which entraps most of the purge air.
The increased thermal load on the first rotor has prompted designers to utilize this purge
flow not only for sealing purposes but also for cooling. Typically, a ratio of purge mass
flow to main flow in the range of 0.7–1.0% is sufficient to effectively seal the disk cavity
from the ingress of hot gases, but larger mass fractions may be required for cooling. Indeed,
raising the coolant-to-mainstream mass flow rate (MFR) has a positive effect on platform
cooling (see, for example, [10]). To fully capture all flow and heat transfer phenomena
related to purge to main flow interaction across the rotor, investigations on rotating rigs
([11] among others) and stationary blade cascades (e.g., [12]) have been performed over
the years. Only a few researchers investigated the impact of variable rotational speed [13]
and of slot dimension and shape variation (e.g., [14–19]). To the author’s knowledge, the
impact of mainstream incidence variation has never been investigated before.

Turbine operating conditions can change due to a different load requirements but also
due to different ambient conditions. Whatever the motivation, a reduced mass flow at
fixed rotational speed translates into a negative incidence to the first rotor blade cascade
for a subsonic flow condition, resulting in a reduction in secondary flows and related
losses [20]. But, incidence along the blade span can significantly vary, due to the complex
flow coming from the stator, resulting from the interaction between swirling combustion
gases, coolant flow emerging from the combustor to stator interface gap, and stator sec-
ondary flows [21–23]. All these make the flow pattern interacting with the sealing flow
emerging from the stator to rotor interface gap highly complicated, impacting its sealing
and cooling capabilities. Lastly, reducing the operability of the turbine to the minimum
load could result in a mismatch between what the compressor can deliver to the SAS and
what the turbine requires for sealing, potentially compromising the safe operation of the
whole engine.

This study experimentally investigates the aerodynamic behavior of a rotor blade cas-
cade with platform cooling through an upstream slot under different incidence angles from
nominal to −20◦, representing possible off-design flow conditions down to the minimum
load. For discrete values of this parameter, the coolant to mainstream mass flow rate MFR
was varied at fixed density ratio DR = 1.0, inlet turbulence intensity level Tu1 = 7.5%, and
downstream Mach number Ma2is = 0.55. The decision to keep the main flow rate at a fixed
level was motivated by the desire to isolate the effect of incidence. Indeed, varying the
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main flow rate would have resulted in a combined change in Reynolds number Re2is and
Mach number, making it difficult to identify the different contributions. On the other hand,
the presented results constitute a starting point of a wider investigation whose aim is to
assess the impact of off-design conditions on both aerodynamic and heat transfer behavior
of a rotor blade cascade, also considering gap geometrical modifications. This manuscript
is an extended version of the ETC2023-131 meeting paper, published in the Proceedings of
the 15th European Turbomachinery Conference, Budapest, Hungary, 24–28 April 2023 [24].

2. Experimental Setup

The experimental campaign was carried out at the continuous running, suction-type
wind tunnel for rotor blade cascades shown in Figure 1. This facility and the cascade model
(Figure 2) were described in-depth in [25], even if some upgrades were implemented,
mostly on the fan section, allowing for a much higher exit Mach number to be reached. The
wind tunnel test section hosts a 7-blade cascade typical of first-stage high-pressure turbines:
the cascade is characterized by a pitch-to-chord ratio s/C of 0.637 and an aspect ratio H/C
of 1.24 (Table 1). The profile of the cylindrical airfoil (Figure 2) replicates the hub section of
an industrial first rotor airfoil. Similarly, the blade-to-hub junction is made through a 3D
fillet, replicating the real engine design.
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Table 1. Cascade geometry and nominal operating conditions.

Cascade Geometry Operating Conditions

s/C = 0.637 Ma2is = 0.55
H/C = 1.24 Tu1 = 7.5%

β1 = −30.87◦ Re2is = 1.51 × 106
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Tests were carried out at a fixed inlet Mach number Ma1 = 0.24, roughly corresponding
to a downstream isentropic Mach number Ma2is = 0.55, varying the inlet flow angle from
0◦ incidence down to −20◦ incidence, with a regular step of 10◦. In order to obtain these
discrete incidence variations (−20◦, −10◦, 0◦), the wind tunnel inlet section was re-designed.
Figure 3 shows the picture of the lowest tested incidence setup (i = −20◦).
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Figure 3. Setup for i = −20◦.

The wind tunnel was operated in steady state conditions, artificially increasing the
free stream turbulence intensity. This was achieved by installing a grid made of cylindrical
rods in the entrance section. The turbulence decay was similar to those shown in [25],
providing a Tu1 = 7.5% at the leading edge plane, as verified by a two-component Laser
Doppler Velocimeter.

Inlet flow condition was monitored 1.0 Cax upstream of the leading edge plane using a
3-hole aerodynamic probe, while exit conditions were monitored by a set of 31 pressure taps
distributed over four passages in the tangential direction at a distance of 0.5 Cax from the
trailing edge plane. The inlet flow velocity profile and turbulence content were measured
by means of a flattened pitot probe (δMa = ±0.01) and a single wire hot wire probe. Figure 4
shows the resulting inlet boundary layer profile, from which integral parameters were
computed, like the boundary layer thickness δ, the displacement thickness δ*, and the
shape factor H12, defined as the ratio between δ* and the momentum thickness θ. The
turbulence intensity and the integral length scale Λx are also reported, the latter computed
numerically integrating the autocorrelation function of the acquired hot wire signal.
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Rotor platform cooling is accomplished by a slot simulating the stator-to-rotor interface
gap (Figure 5). The slot width is 0.042 C, and it is located 0.158 Cax upstream of the leading
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edge plane (see Figure 2), covering three and a half blade passages. In order to give the
purge flow the proper injection angle, 8 fins were installed inside the slot. The same cooling
scheme was previously tested by the authors in a different rotor blade cascade at a lower
Ma2is of 0.3 and Tu1 of 0.6% [26]. The fin’s inclination angle has to be selected to simulate
as close as possible the combined influence of rotation and injection condition. Generally,
doubling the MFR would roughly result in also doubling the tangential injection angle at
a fixed rotational speed. The nominal value of −10◦ here considered (see Figure 5-right)
roughly represents the design engine operating condition with a 1.0% MFR.
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Figure 5. Platform cooling scheme.

Testing conditions included variations in MFR up to 2.0% and injecting air at room
temperature as coolant. The investigated MFR range is large enough to cover any possible
engine operating conditions. Coolant mass flow (orifice device −δmc < ±2.1%), coolant
total pressure (δpc = ±10 Pa), and temperature (δTc = ±0.5 ◦C) inside the plenum were
monitored to control the injection conditions. A confidence interval of 95% was always
considered for all uncertainty evaluations.

3. Measurement Techniques

Each wind tunnel setup was first tested to assess the actual inlet flow angle and, thus,
the incidence of the cascade. Moreover, the purge flow emerging from the slot was also
characterized in the design cascade condition when MFR = 1%. This is to verify its injection
angle and even distribution between adjacent passages. The inlet flow to the mid-span
blade-to-blade plane and the flow exiting the slot were characterized by a two-component
Laser Doppler Velocimeter (LDV). The LDV system is based on a 300 mW Ar + laser, with
sawdust smoke used as seeding particles. Twenty-thousand burst signals were acquired at
each location, assuring statistically accurate averages: uncertainties of ±0.14% and ±1.0%
for mean and RMS values, respectively, were obtained for a turbulence intensity level of
10% and a 95% confidence level.

The combined impact of mainstream incidence and platform cooling on the aerody-
namics of the cascade flow was assessed by traversing a miniaturized 5-hole aerodynamic
pressure probe at 30% of the axial chord downstream of the trailing edge plane. The probe
was internally designed. The probe head was made by sintering: it has a 2 mm diameter
conical nose, advanced 50 mm from the stem. It was in-house calibrated for variable yaw
and pitch angles in the range ±25◦, varying the Mach number in the 0.05–0.7 interval.
Traverses extend over two pitches, covering half of the blade span. Distributions of kinetic
energy loss coefficient (δζ = ±0.3%), deviation angle β − βms (δβ = ±1◦), and streamwise
vorticity Ωs were derived from local data. The latter was normalized using the inlet flow
velocity and the true chord.

4. Results

The experimental results highlighted the aerodynamic behavior of the considered
rotor platform cooling scheme at variable MFR, in the range between 0.5% and 2.0%, and
variable inlet flow incidence from nominal down to −20◦. For guidance, the inlet flow and
the slot exit flow characterizations are first described to estimate the actual incidence of the
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cascade. The influence of incidence on secondary flow losses is then discussed, taking the
uncooled case as a reference.

4.1. Cascade Inlet Flow Characterization

Figure 6 shows the Mach number and flow angle distributions measured at
X/Cax = −0.5 along the tangential direction for the three tested incidence values. This
upstream location was selected since it is far enough from the blade leading edge to be
not influenced by the stagnation effect. Inlet flow angle β is defined with respect to the
axial direction: according to [27] incidence definition, a negative incidence corresponds
to an inlet flow angle larger or less negative than in the design case. The pitch-wise flow
distributions show good stability. Moreover, the averaged inlet Mach number Ma1 was
always close to 0.24, with a maximum variation in the order of ±1.5% over two pitches,
showing a good consistency between the three tested incidence cases. Pitch-wise distri-
butions were averaged to obtain the actual incidence angles reported in Table 2. The flow
angle measured at the theoretical 0◦ incidence case is considered as a reference. The slightly
negative incidence measured at the theoretical 0◦ case is probably due to the turbulence
generator, which induces a flow deviation upstream of the cascade, similar to [21,28].
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Table 2. Inlet incidence angle for variable testing conditions.

i Theoretical (◦) β (◦) i Actual (◦)

0 −29.8 −1.1
−10 −20.8 −10.1
−20 −10.6 −20.3

4.2. Purge Flow Characterization

In order to check the quality of purge flow ejection from the slot, coolant flow velocity
was measured by the LDV system at the slot exit mid-section. Tests were carried out for
a coolant to mainstream mass flow rate ratio MFR = 1.0% at design incidence. Figure 7
shows that the purge flow discharged by the slot is sufficiently periodic in a pitch-wise
direction. Pitch-to-pitch variation in the three velocity components was always below
±5.5%. The stagnation effect in front of the blades is evident at Y/s = 0 and 1. The mean
purge flow angle in the (Y,Z) plane was 12◦, computed by averaging the measured velocity
components along the pitch-wise direction.
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4.3. Local Flow Behavior—Uncooled Cascade

Figures 8 and 9 show the kinetic energy loss coefficient (ζ) distributions and the
normalized vorticity (Ω) with superimposed the secondary velocity vectors measured
downstream of the trailing edge plane for the design (i = 0◦) and the minimum tested
incidence angle of −20◦ with a continuous platform (i.e., without slot). The −10◦ incidence
case is not reported since it is close to the design case. These data are considered as a
reference for the following cooled platform investigation.
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Two passages are reported to appreciate the flow periodicity at both incidence values
tested. Maximum pitch-to-pitch variation in the order of ∆ζ/ζ = ±4% does exist. At
design incidence, the flow downstream of the cascade is characterized by a well-defined
passage vortex structure that can be easily identified both from the loss concentration on
the suction side of the wakes between Z = 0.1 H and 0.2 H (Figure 8a) and the negative
vorticity region in Figure 9a. The counter-clockwise rotating vortical structure with the
corresponding positive vorticity related to the trailing shed vortex can also be identified
in Figures 8a and 9a. An indication of the presence of a corner vortex can also be seen,
corresponding to a second region of high loss close to the wall. A significant passage
vortex-related cross flow can also be identified at the wall proximity.

As expected, according to the literature (see, for example, [19]), a decrease in the
incidence of negative values gives rise to a reduction in secondary flows. The passage
vortex-related loss peaks keep the same intensity but move towards the wall, while the
corner vortex intensity reduces (Figure 8b). Vorticity also attenuates together with the
endwall cross flow (Figure 9b).

4.4. Local Flow Behavior—Cooled Cascade

Figure 10 shows the impact of incidence variation (from 0◦ down to −20◦) at fixed
cascade operating conditions (Ma1 = 0.24 and Tu1 = 7.5%) for the tested coolant to main-
stream mass flow ratio MFR values (from 0.5% to 2.0%). Only one pitch is shown, thanks to
the good flow periodicity. Figure 11 reports the corresponding vorticity distributions with
superimposed secondary velocity vectors. For safe space, only vorticity data belonging to
the design (0◦) and −20◦ incidence are reported, as they allow for discussing the general
trend even for the −10◦ case.
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As expected [12,18,26], at design incidence (Figure 10a), coolant injection always
increases the kinetic energy losses; the greater the injected mass flow, the more it increases.
Coolant injection with a negative tangential velocity component (i.e., in the same direction
of the passage vortex-related endwall cross flow) enforces the passage vortex that lifts from
the wall, resulting in a highly three-dimensional flow structure leaving the cascade. This
behavior is consistent with the vorticity distributions shown in Figure 11a for the same
testing conditions. The measurement plane is dominated by the passage vortex motion
providing the subsequent stator a highly skewed approaching flow. The negative vorticity
core corresponding to the trailing shed vortex slightly widens, increasing injection, and
moves towards midspan, following the passage vortex displacement.

Reducing the incidence angle to −10◦ and −20◦ results in similar behavior when
injecting the purge flow at rising MFR (Figures 10b,c and 11b). But, even if the trend is
similar for the two tested negative incidence values, the impact on the loss behavior is
different. Thanks to the beneficial effect of negative incidence, the passage vortex-related
loss core moves back to the wall and reduces in intensity and size, reducing i, as also shown
by the vorticity contour maps of Figure 11b. For example, at an MFR of 2.0%, the loss peak
decreases from about 25% at 0◦ to 23% at −10◦ down to about 15% at −20◦. Moreover, at
the same MFR of 2.0% and i of −20◦, a 2D wake is established at the mid-span section, even
if with a limited radial extension. Moreover, the corner vortex trace tangentially moves
when incidence reduces from 0◦ to −10◦ as a consequence of the reduced endwall cross
flow. A further incidence reduction seems to have a marginal impact on the corner vortex.

4.5. Span-Averaged Loss and Deviation Angle

To calculate the span averaged distributions of kinetic energy loss coefficient and
deviation angle, local data coming from Figures 10 and 11 (Figures 8 and 9 for the solid
case) were mass averaged over the pitch. The results are shown in Figures 12 and 13.
Reference data related to the uncooled case (no gap–solid endwall) are also reported
(dashed lines). At 0◦ incidence, a rise in the MFR resulted in the increase in the passage
vortex loss peak from 6% at MFR = 0.5% to 8.5% at MFR = 2.0%, and in the migration of
the same towards mid span. Both underturning and overturning values increase up to
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−/+6◦, with angle variations all over the investigated half span. At −10◦ incidence, similar
behavior is observed, even if with some differences: at low injection rates, the increase in
deviation angle is reduced when compared to the design case. The loss increase is similar to
the 0◦ case, but the passage vortex-related loss peak is closer to the wall. At high injection
rates, a similar overturning and underturning is observed, but its spanwise extension is
reduced. Something similar also happens at the −20◦ incidence case, with a further loss
reduction (the loss peak at MFR = 2.0% is now about 7.5% against 8.5% of the 0◦ case) and
shifts towards the endwall, which also characterizes overturning and underturning.

Finally, Figures 12d and 13d compare the pitch averaged deviation angle and loss
coefficient variations along the span at a fixed MFR = 1.0% and variable incidence. These
pictures clearly show that injecting the purge flow at 0◦ incidence results in a significant
increase in aerodynamic loss and a huge change in the mean flow angle distribution in the
spanwise direction at the exit of the cascade, which could be detrimental to the following
stator. Reducing the incidence seems to be advantageous as it reduces losses and helps to
confine the change in deviation angle to the endwall region.
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4.6. Overall Loss

In order to allow more quantitative comparison between the tested operating condi-
tions, overall mass-averaged energy loss coefficients were computed from flow field data.
The so-called primary loss coefficient was computed as follows:
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This definition was adopted because the calculated values almost coincide with the
thermodynamic loss formulation, which also includes coolant internal losses. A maximum
difference of 0.44% was observed at MFR = 2.0%. Figure 14 shows the overall mass-
averaged kinetic energy loss coefficient for variable MFR at constant incidence. The overall
loss coefficient continuously increases, raising the MFR, similar to [12]. Changing the
incidence toward negative values does not modify this general behavior but lowers the loss
level, especially at −20◦. The impact of a −10◦ incidence is limited, reducing the overall
loss coefficient of about −0.5%, whatever the MFR. The loss reduction at −20◦ is much
higher and not constant, reaching −1.6% at MFR = 2.0%.
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5. Conclusions

Aerodynamic measurements were carried out in a rotor cascade under realistic engine
conditions (Tu1 = 7.5%, Ma2is = 0.55) 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◦. The objective was to
evaluate the aerodynamic performance of this cooled blade cascade by simulating some
effects of low-load operating conditions. The key highlights of the present study are
the following:

• As expected, negative incidence reduces secondary flows generation and development
across the cascade, reduces the endwall cross flow and overall losses;

• In the investigated MFR range, increasing the coolant flow rate is detrimental to the
cascade performance; the larger the injected mass flow, the higher the loss. This is
whatever the incidence of the cascade. In the worst case, i.e., at design incidence,
doubling the MFR from 1% to 2% resulted in a loss increase of ∆ζ = +1.1%;

• The combination of negative incidence and coolant injection only marginally reduces
the loss production at a moderate incidence of −10◦ (∆ζ = −0.5% as an average);

• A stronger decrease in i down to −20◦ results in a significant reduction in overall
losses, particularly significant at high MFR. When MFR = 2.0%, the loss reduction
becomes ∆ζ = −1.6%;

• In the presence of a moderate negative incidence, high MFR values could not only be
responsible for a huge loss generation but also for the deterioration of flow quality
approaching the following stator due to huge variations in the spanwise distribution
of β − βms.
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