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Abstract: Nowadays, a lot of efforts are being made to increase turbine inlet temperatures
(TIT), with the aim of increasing efficiency in aircraft and power generation turbines. Due to
the higher temperature level, advanced cooling solutions to preserve material durability are
necessary. It is essential to avoid contact between hot gases and the temperature-sensitive
components, such as the stator and rotor cavity disks. Modern gas turbine performance
optimization centers on reducing leakage and refining sealing systems. The interaction
between the main flow and cavity flow in stator/rotor systems has a significant role in loss
generation. This study employs Unsteady Reynolds-Averaged Navier–Stokes (URANS)
simulations to investigate the unsteady interactions within the stator/rotor cavity of a
low-pressure turbine. Numerical results are compared and validated against experimental
data obtained in the cavity rig of the University of Genova. The research focuses on the
effects of stator/rotor interactions, including wake ingestion from upstream rotor bars and
the blocking influence of downstream potential effects on cavity sealing effectiveness. In
this paper, a comparison between the zero cooling air flow rate and cavity sealing condition
is shown. Special attention is given to unsteady loss mechanisms occurring downstream of
the vane row and in areas where the cavity flow re-enters the main channel, showing how
cooling flow rates affect these losses. From this study, it can be seen that by increasing the
cooling flow rate injected into the cavity, there is an increase in the hub’s passage vortex
effect and there is a more intense interaction between the main flow and the cavity flow.
These results offer valuable insights into the mechanisms of interaction between the main
flow and cavity flow.

Keywords: axial flow turbine; cavity/mean-flow interaction; CFD; rim seal

1. Introduction
In recent decades, turbine inlet temperatures (TIT) in gas turbines have risen by ap-

proximately 3 degrees annually to enhance efficiency. This increase has been supported
by advancements in materials capable of enduring extreme stresses and temperatures,
as well as the development of secondary air systems. These systems play a vital role in
cooling components like blades and cavity disks that are not designed for high-temperature
exposure. Without effective secondary air systems, hot gas ingestion into cavities would
significantly elevate component temperatures, drastically reducing their lifespan. Conse-
quently, sealing cavities through secondary air systems is essential, though minimizing
the required sealing flow presents significant challenges for turbine designers. Notably,
Moore [1] estimated that a 1% reduction in sealing purge flow could improve specific fuel
consumption by 0.4%, thereby increasing efficiency.
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Due to reaching of the performance limits of turbines, materials are subjected to
greater mechanical and thermal stresses. Secondary air systems are indispensable for
cooling, maintaining pressure balance on bearings, isolating the oil system, and preventing
hot gas ingestion. Theoretical studies of hot gas ingestion, beginning with Johnson [2]
and further expanded by Chew et al. [3], have identified mechanisms governing this phe-
nomenon, including disk pumping, pressure-driven ingestion, combined effects, rim seal
geometry, turbulent transport, flow entrainment, density ratios, eccentricity, and unsteady
flow interactions.

Since the 1970s, researchers have aimed to supplement experimental test rigs with
numerical simulations and mathematical models to predict gas flow into rotor-disk cavities.
However, the complex, interrelated factors of ingestion phenomena challenge simplified
models, particularly given the variations in cavity and main channel geometries.

Additionally, secondary air injection, used for cavity cooling and sealing, influences
leakage flow behavior. Schrewe et al. [4] demonstrated that seal air outflow significantly
interacts with vane and blade row flows, altering downstream blade incidence angles. Sim-
ilar trends in high-pressure turbines have been observed by Ong et al. [5], Zerobin et al. [6],
Sterzinger et al. [7], and Schuepbach et al. [8]. Chilla et al. [9] highlighted how rim seal
flow influences the turbine hub boundary layer. This unsteady interaction depends on
the potential pressure field of the downstream rotor and Kelvin–Helmholtz instabilities
within the cavity. Jackson et al. [10,11] studied with experimental and numerical data
the influence of swirl on losses in a low-pressure turbine stator-well cavity. They found
that the pre-swirled superposed flows reduce the ingestion of negatively swirling fluid,
increasing the cavity swirl ratio and reducing losses. Under the design conditions, sealing
effectiveness improved with higher superposed flow rates. More recently, a new test rig
has been designed [12] at the University of Florence to analyze the issue of high-pressure
turbine main annulus flow ingestion into wheel spaces. The rig is equipped with advanced
optical measurement techniques, which have been validated [13] and utilized to assess
the impact of the density ratio on rim sealing effectiveness [14]. The unsteadiness of in-
gestion phenomena has limited the applicability of stationary CFD methods, leading to
the adoption of unsteady approaches, such as URANS and LES. While the RANS methods
offer limited accuracy, LES (high-fidelity simulations) provide detailed results at significant
computational expense; for this reason, they are not readily practicable for real cases. The in-
tent is to trace useful global indications with a low fidelity simulation. URANS methods
strike a practical balance between computational cost and result reliability, though with
the limitation of reduced resolution of vortex structures. Several studies, such as those by
Cao et al. [15], Roy et al. [16], Beard et al. [17], Savov and Atkins [18], Schadler et al. [19],
Town et al. [20], Revert et al. [21], and Hu et al. [22], have highlighted the role of cavity
geometry and disk pumping effects in driving unsteady cavity flow behavior.

At the Aerodynamics and Turbomachinery Laboratory of the University of Genoa,
a low-pressure turbine (LPT) experimental test rig has been developed to replicate real
cavity geometries and simulate cavity-main flow interactions under realistic conditions [23].
The rig uses a stator-induced pressure gradient to drive cavity flow and incorporates
rotating bars to reproduce wake effects from upstream rotors and potential flow effects
from downstream rotors. These experimental studies have focused on characterizing the
main flow interactions in the cavity and provided valuable data for validating numer-
ical simulations [24,25]. Further numerical studies have primarily aimed at estimating
loss mechanisms and evaluating the effects of cooling flow injection on cavity sealing
performance [26,27].

The present work extends these previous analyses to the unsteady characteristics of
cavity flow under two extreme cooling flow rates condition: zero cooling injected into
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the cavity and complete sealing of the cavity. The aim is to determine how cooling flow
variations influence the cavity-main flow interactions and overall system performance,
with particular attention to conditions downstream of the vane and their impact on the
rotor row inlet flow. The novelty of the present paper lies in the detailed analysis of the
radial and tangential displacement of loss cores, as well as the influence of wake ingestion
and downstream potential effects on cavity sealing effectiveness. Furthermore, the study
highlights how increasing cooling flow rates intensifies hub passage vortex interactions,
modifying the secondary flow pattern in ways not previously quantified. These findings
contribute to a deeper understanding of turbine performance optimization, particularly in
leakage minimization and sealing strategies.

2. Methods
2.1. Experimental Test Rig

The annular low-pressure axial flow turbine utilized in this study is housed in the
Aerodynamics and Turbomachinery Laboratory at the University of Genova. This experi-
mental setup includes a main flow channel and an axisymmetric cavity located below the
vane. The test rig is designed to closely replicate the geometry of a low-pressure turbine
stage used in aircraft engines, employing a scaled ratio of 1.5:1. This scaling facilitates
detailed experimental measurements and improves spatial resolution. The main channel
comprises four rows, with the first being a pre-distributor vane used to set a desired swirl.

Following the pre-distributor vane, a rotating row of small-diameter bars replicates the
wakes generated by rotor blades upstream of the main vane. The main vane row accurately
reproduces the geometry of a low-pressure turbine (LPT) vane used in aircraft applications.
Downstream of the vane, a rotating row of large-diameter bars is included to emulate the
potential flow effects induced by rotor blades downstream of the vane. The design of these
rotating bars follows the methodology proposed by Opoka and Hodson [28].

The vane has a chord length of 59 mm, with an aspect ratio of 1 and a hub pitch-to-
chord ratio of 0.66. The rig’s configuration uses a specific number of stator and rotor blades
to simplify the geometry for numerical simulations. The stationary rows consist of 84 vanes,
while the rotor rows include 63 blades, giving a rotor-to-stator blade count ratio of 4:3.
Figure 1 depicts the computational domain used for numerical simulations.

Figure 1. 3D representation of the simulated geometry. Green sections correspond to inlets, while the
red section correspond to test rig outlet.

The cavity incorporates two distinct sets of tangentially staggered periodic slots for
cooling flow injection. These slots are aligned with the periodicity of the rotor rows. Figure 2
provides a simplified meridional view of the test section and a cross-section showing the
cooling slots.
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Figure 2. Simplified meridional view of the test section and cross-section showing the cooling slots.

In the main flow path, measurement planes known as “Kiel probe planes” are posi-
tioned 0.4 axial chords (Cx) upstream of the vane’s leading edge and 0.4 Cx downstream of
the trailing edge. These planes indicate the locations where total pressure measurements
were carried out using Kiel probes during the experiments. The probes align axially with
the cavity inlet and outlet slot centerlines.

The experimental data collected from this setup include pressure distributions within
the cavity, total pressure measurements upstream and downstream of the vane, and esti-
mates of cavity leakage flow under various operational conditions. These datasets serve
as essential benchmarks for validating Computational Fluid Dynamics (CFD) results. In
particular, the experimental total pressure loss coefficient, which has a relative uncertainty
of 3%, is considered here. For all simulated cases, the main channel inlet flow rate is fixed
at 3.02 kg/s, corresponding to a Reynolds number of approximately 100,000 based on the
axial velocity at the vane exit and the axial length of the cavity. The rotational speed is set
at 300 rpm, yielding a Rossby number of 0.7. Additional details about the experimental
test rig, the instrumentation and measurement uncertainty are available in the work of
Guida et al. [23].

2.2. Numerical Simulations

The experimental rig features a rotor-to-stator blade count ratio of 4:3, enabling the use
of a reduced computational domain without requiring approximations typical of domain
scaling techniques. For Unsteady Reynolds-Averaged Navier–Stokes (URANS) simulations,
meshes were generated using Cadence’s HexpressOPEN module [29]. The blade passage
and cavity system meshes were created separately, with the main channel mesh initially con-
structed in Autogrid, Cadence’s structured mesh generator designed for turbomachinery
rows. This employed an O-4-H mesh topology to resolve the four rows of the main channel.
Conversely, the cavity and auxiliary domains, essential for imposing cooling slot inlet
boundary conditions, were meshed using HexpressOPEN, an unstructured mesh generator.

A y+ value of 1 was imposed on all surfaces to define the height of the first cell in
the main channel and cavity domains. The complete mesh, comprising the main chan-
nel, cavity, and cooling slot domains, was assembled within HexpressOPEN. Interface
surfaces between the main channel and the cavity were modeled as full non-matching
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boundaries and modified into rotor/stator interfaces to apply rotation within the cavity’s
computational domain.

A grid sensitivity analysis was performed using three different grids with an increasing
number of elements. To assess the solution’s grid dependency, the percentage ratio of the
leakage mass flow rate through the cavity (ṁleak) to that through the main channel (ṁFP)
was used as the test variable. The results obtained are reported in Table 1. The intermediate
mesh was selected as seen in a previous study by Barsi et al. [25]. The selected mesh
included approximately 35 million nodes for URANS simulations, distributed as 15 million
cells for the main channel and 20 million cells for the cavity domain. A multiblock approach
was used, incorporating coarser meshes to accelerate the convergence process. Figure 3
illustrates the mesh representation for the entire domain. Figure 4 shows a blade-to-blade
view of the the main channel mesh and Figure 5 shows the mesh of the cavity domain only.

Table 1. Grid sensitivity analysis.

Grid 1 Grid 2 Grid 3 Target

Nodes (millions) 26.5 35 44 Exp

ṁleak/ṁFP (%) 2.120 2.133 2.135 2.297

Figure 3. Mesh representation for the entire domain.

Figure 4. Blade-to-blade representation for the main channel mesh.
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Figure 5. Mesh representation for the cavity domain.

Spatial discretization employed a second-order cell-centered finite volume method,
incorporating second- and fourth-order artificial dissipation terms as described by Jame-
son et al. [30] and Mavriplis et al. [31]. Time discretization utilized a four-stage Runge–
Kutta scheme with local time-stepping, enhanced by implicit residual smoothing, dual
time-stepping, and a full multigrid approach for convergence acceleration.

Boundary conditions were imposed as follows:

• Inlet Section: Located 6 axial chords (Cx) upstream of the vane:

– the mass flow rate;
– static temperature;
– flow direction (normal to the boundary).

• Outlet Section: Positioned 12 Cx downstream of the vane trailing edge:

– a static pressure value was imposed.

• Solid Walls: A no-slip condition was applied to all solid surfaces.
• Rotating Components: Rotational boundary conditions corresponding to the nominal

rotational speed were applied to surfaces such as:

– the hub;
– the rotating bars;
– the cavity exterior.

• Cooling Domains: Cooling mass flow rate and turbulence parameters were prescribed
at the inlet sections, shown in green in Figure 1.

Details of the boundary conditions and operating parameters are summarized in
Table 2.

The computational domain included three blade passages and four vane passages.
Cadence FineOpen solver was used for the simulations to solve the Navier–Stokes equa-
tions. The workstation used for the simulations is equipped with 96 Intel Xeon(R) Platinum
8160 CPUs, each operating at a core frequency of 2.10 GHz. The simulations were per-
formed using 62 CPUs in parallel. The simulations covered 80 angular positions (which
corresponds to a computational time-step of 1.2 × 10−4 s) with 30 sub-iterations for each
time step in the dual time-stepping approach. Six bar-passing periods, equivalent to
480 time steps, were computed to achieve a periodic solution. This phase required ap-
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proximately five days of computation, followed by one day for data sampling and storage.
Residual flow rates at the end of the simulation stabilized at approximately 0.3%.

Table 2. Boundary conditions and operating parameters.

B.C. Quantity Value

FP inlet

Mass flow rate [kg/s] 3.02
Static temperature [K] 293

Flow direction Normal
k [m2/s2] 13
ϵ [m2/s3] 2000

FP outlet Static pressure [Pa] 90,000

CS inlet

Mass flow rate [kg/s] 0–2.7% ṁFP
Static temperature [K] 293

Flow direction Normal
k [m2/s2] 13
ϵ [m2/s3] 2000

Rotation Rotational speed [rpm] 300

Turbulence modeling was previously evaluated by the authors [26], using leakage
mass flow rates and rim mass flow rates as test variables:

ṁrim = ṁleak − ṁcool (1)

From this analysis, conducted at four cooling mass flow rate values, the k-ω SST model
was selected for its better consistency with the experimental results.

3. Results and Discussion
A comparison between experimental and numerical data is conducted first to validate

the CFD procedure. To assess the impact of varying cooling flow rates on vane performance,
time-averaged total pressure distributions were evaluated both within and outside the
cavity. Figure 6 presents the total pressure loss coefficient (Cpt) distributions for different
cooling flow rates, as predicted by the URANS simulations. Experimental results are
included for comparison. The diagrams on the right-hand side depict the case of complete
sealing (MC = 2.7%). Data were extracted along the green plane (downstream of the vane,
Sp. 2) identified in Figure 2, which corresponds to the experimental sampling plane.

Overall, the URANS simulations display:

• Slightly higher peak loss values (red loss cores in the figures);
• Higher Cpt values in the potential flow regions (blue areas) when compared to experi-

mental data;
• Despite these quantitative differences, both URANS predictions and experimental

results exhibit similar trends as the cooling flow rate increases.

Specific observations include:

• Thinning of High Cpt Region Near the Hub: In the URANS case, as cooling flow
increases, the high Cpt region near the hub progressively diminishes, indicating
reduced total pressure losses in this area. In the experimental case, the high Cpt
region is visible only in the zero cooling condition (MC = 0%). Under higher cooling
flow conditions, this region becomes thinner and is not captured by the experimental
sampling grid.

• Migration and Intensification of Loss Core: The loss core at lower radii, primarily
caused by secondary flow effects near the hub, shifts to higher radii and intensifies in
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magnitude. In the URANS case, its radial extent ranges from span = 24% to span = 37%
for MC = 0%, whereas for MC = 2.7%, it extends from span = 28% to span = 41%.
This is indicative of enhanced interaction between the cooling flow and the main flow,
affecting secondary flow structures.

• Enlargement of Lower Channel Loss Core: An enlargement of the loss core on the
right side in the bottom half of the channel is observed, suggesting the cooling flow’s
influence on secondary flow behavior in this region. In particular, in the URANS
case, the tangential extent ranges from θ = 0.4 to θ = 0.64 for MC = 0%, whereas for
MC = 2.7%, it extends from θ = 0.4 to θ = 0.7.

Figure 7a shows the normalized velocity distribution in the meridional plane for the
two extreme cooling conditions: zero cooling and complete sealing. Data were extracted
along the green plane (upstream of the vane) identified in Figure 2. In the hub region
(span = 0–20%), the boundary layer thickness is higher in the case of complete sealing
compared to the zero cooling condition. Figure 7b shows the radial velocity distribution in
the meridional plane along the normalized axial direction (for cavity inlet section, shown
in red) for the two extreme cooling conditions: zero cooling and complete sealing. In the
sealing case (MC = 2.7%), the Vr value remains positive (indicating flow toward larger
radii) across almost the entire axial direction, except for a small region near znorm = 1,
where Vr becomes slightly negative. Conversely, in the zero-cooling case, the Vr val-
ues are significantly lower throughout the axial direction, with notably negative values
near znorm = 1, indicating flow toward smaller radii. This is due to the fact that, in the
zero cooling case, the boundary layer that developed in the portion of the main channel
upstream of the cavity inlet is ingested into the cavity, whereas in the sealing case, this does
not occur (Figure 7b), resulting in a thicker boundary layer at the leading edge of the blade
(Figure 7a). This leads to increased losses in the sealing case, due to the development of
more intense secondary flows at the hub, as will be demonstrated later.

Figure 6. Normalized total pressure coefficient Cpt distributions (from hub to midspan) for different
cooling mass flow rates: experimental vs. URANS results. The diagrams on the right-hand side
(MC = 2.7%) correspond to the case of complete sealing.

To identify the unsteady effects associated with the cavity flow and assess their inter-
action with both the main flow and the unsteady phenomena induced by the upstream
and downstream rotor bars, comparisons of instantaneous quantities are presented in
Figure 8. The analysis is carried out at two distinct time instants, corresponding to
two equally spaced positions of the rotor bars at 0% and 50% of the vane pitch. Since
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the influence of the cavity flow is primarily noticeable at the cavity outlet [25–27], the
results are shown for section (N. 1), as indicated in Figure 2. In Figure 8, it is also possible
to see the position of the downstream rotor bars.

Figure 7. (a) Spanwise normalized velocity distribution and (b) axial Vr distribution under the
two extreme cooling conditions: zero cooling (red) and complete sealing (blue).

We start by analyzing the flow angle, shown in Figure 8a. Notably, the circumferential
periodicity of the flow exiting the cavity remains synchronized with the positions of the
downstream rotor bars (red high flow angle region at midspan), emphasizing that the
local behavior of this flow is strongly influenced by the potential field generated by the
downstream bars. Additionally, the cavity flow itself is affected by the rotor bar positions,
as indicated by the reduced radial extent of the negative flow deviation (overturning) in
alignment with the rotor bars (dark blue low flow angle region, close to span = 0%). As the
cooling flow rate increases, a distinct region of flow underturning emerges in the lower
part of the channel (red high flow angle region close to the hub), positioned above the
negative-angle flow strip associated with the cavity flow. This region extends across the
entire tangential domain. The formation of this area is linked to the upstream hub boundary
layer, which, under the complete sealing condition (MC = 2.7%), remains confined within
the main channel. This alters the local flow angle and intensifies the secondary flow effects
in this region.

Regarding the velocity magnitude shown in Figure 8b, the primary difference lies
in the thickness of the low-velocity region (blue area) near the hub. The cavity flow is
influenced by the rotor bar positions, as evidenced by the reduced radial extent of the
velocity aligned with the rotor bars, resulting from their blocking effect. As the cooling
flow rate increases, the low-velocity region becomes thicker. This is attributed to the hub
boundary layer, which, under the complete sealing condition (MC = 2.7%), is not ingested
into the cavity inlet and instead remains in the main channel. Consequently, the hub
boundary layer thickens, as observed in Figure 7a, intensifying secondary flow effects in
this region.
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Figure 8. Contour plots of the flow angle (a) and velocity magnitude (b) downstream of the cavity
outlet for the two cooling conditions, showing their variation over time.

Figure 9 shows the Q-criterion visualization in the vane passage for the two extreme
cooling conditions: zero cooling and complete sealing. The cavity outlet surface is repre-
sented by the Vr contour plot (see Figure 9a,b). By comparing the two cooling flow rate
conditions, we can see that in the shroud region, there are no differences and there is a
similar development of the secondary flows. This is due to the fact that the loss core in
the upper part of the channel appears unaffected by variations in cooling flow rates, high-
lighting a localized impact of the cooling flow near the hub and mid-span regions. Instead,
in the hub region, it is possible to see much more intense secondary flows in the sealing
condition (on the right). In fact, the sealing condition reveals a more intense passage vortex
(in red), which interacts more strongly with the wake generated at the stator hub. This
interaction produces a secondary trailing edge shed vortex (in blue) that is more intense
compared to the zero cooling case, in agreement with the work of Schadler et al. [19]. This
can be attributed to two factors. The first is the presence of a thicker boundary layer in the
hub region under the sealing condition, as shown in Figure 7. A thicker boundary layer
enhances secondary flows, leading to increased losses. The second factor is the higher radial
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velocity values observed upstream of the stator leading edge, which will be examined in
greater detail below.

Figure 9. Q-criterion visualization in the vane passage under the two extreme cooling conditions:
zero cooling (on the left) and complete sealing (on the right). (a,b) 3D view, (c,d) r-θ plane view.

Figure 10 shows the time-varying radial velocity distributions in the cavity inlet and
cavity outlet sections for the two extreme cooling conditions: zero cooling and complete
sealing. The visualization of the Q-criterion inside the vane passage is also shown. By com-
paring the two cooling flow rate conditions, we can see that in the cavity inlet section, there
is a larger area with negative values of Vr (flow goes to lower radii) in the zero cooling
condition. Instead, in the complete sealing condition, there is a larger area with positive
values of Vr (flow goes to higher radii). This is due to the cooling flow rate injected into
the cavity that prevents the ingress of the main flow inside the cavity. In the cavity outlet
section, the Vr distribution is similar under both conditions, with positive Vr core regions
located upstream of the rotor bar. These core regions align circumferentially with the rotor
passage, separated by lower Vr regions corresponding to the rotating bars. This pattern
arises from the potential effects induced by the rotor’s leading edge. The main distinction
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between the two cooling conditions lies in the magnitude of the positive Vr core regions,
which exhibit higher values in the sealing case (right-hand side). This difference arises
from the stronger interaction between the cavity flow and the main flow. In both cooling
conditions, the cavity flow maintains the same ṁleak value. However, in the zero cooling
case, a portion of the main flow enters the cavity, reducing the mass flow rate passing
through the vane compared to the rig inlet mass flow rate. Conversely, in the sealing case,
ṁleak is entirely supplied by the cooling mass flow rate injected into the cavity, ensuring
that the entire rig inlet mass flow rate traverses the vane without any ingress into the
cavity inlet.

In Figure 11, the circumferential trend of radial velocity in sections A, B, and C are
shown. The locations of the three sections are indicated by the green lines in Figure 10 (see
zero cooling case at 0% of the vane pitch). For each section in Figure 11, a comparison is
made between the zero cooling case and the complete sealing case at two time instants.

In section A (upstream of the stator leading edge), it can be observed that the peak
values of Vr increase with higher cooling flow rates, with the peak occurring at the vane
passage, as shown in Figure 10. The effect of higher values of Vr is the generation of more
intense passage vortices that develop at higher radii within the passage. They also exhibit a
stronger interaction with the vane wake, leading to the generation of more intense trailing
edge shed vortices, as seen in Figure 9. Comparing the curves at different time instants
shows that they overlap, because the section A is located upstream of the stator and is not
affected by rotating effects.

Figure 10. Contours of radial velocity for cavity inlet and cavity outlet sections under the two extreme
cooling conditions: zero cooling (on the left) and complete sealing (on the right)—two time instances.
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In section B (downstream of the stator trailing edge), it can be observed that the peaks
of Vr occur at the same tangential positions for both the cooling condition and at both
considered time instants, due to the proximity of the vanes and the absence of rotor-induced
potential effects. The fluctuation in the peak values is attributed to the unsteadiness at the
vane trailing edge.

In section C (upstream of the rotor leading edge), it can be observed that the peak
values of Vr increase with higher cooling flow rates, with the peak occurring at the rotor bar
passage, as shown in Figure 10. The effect of higher Vr values is a more intense interaction
between the main flow and the flow exiting from the cavity outlet section. Comparing the
curves at different time instants reveals a tangential shift, as section C is located upstream
of the rotor and is influenced by the rotor’s potential effects.

Figure 11. Circumferential trend of the radial velocity in sections (A) (upstream of the stator leading
edge), (B) (downstream of the stator trailing edge), and (C) (upstream of the rotor leading edge).
For each section, a comparison is made between the zero cooling case (dotted lines) and the complete
sealing case (continuous lines) at two time instants.

Figure 12 presents the radial velocity distributions at the cavity inlet and outlet sections
for two radial positions, h1 and h2, under the two extreme cooling conditions: zero cooling
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and complete sealing. The visualization of the Q-criterion inside the vane passage is also
shown. In the cavity inlet section, a similar behavior is observed for the two radial positions,
h1 and h2. Under the zero cooling condition, a larger area exhibits negative Vr values,
whereas under the complete sealing condition, a larger area displays positive Vr values,
as seen in Figure 10. In the cavity outlet section, a significant difference is observed between
the two radial positions. At section h1, the behavior aligns with the trend described in
Figure 10, characterized by positive Vr core regions upstream of the rotor bars. Conversely,
at section h2, there is a diffusion of Vr, with predominantly positive values across the
section except within the stator wake regions downstream of the stator vane, where Vr

becomes negative. Comparing the two cooling flow rate conditions at section h2, it can
be observed that in the stator wake region, the negative Vr values are more intense (i.e.,
they have a higher incoming value) in the case of complete sealing. This is the hub passage
vortex effect, which becomes more intense as the cooling flow rate injected into the cavity
increases. This further demonstrates that the interaction between the cavity flow and the
main flow has predominantly localized effects near the hub.

Figure 12. Contours of radial velocity for cavity inlet and cavity outlet sections for two ra-
dial positions, h1 (span = 0%) and h2 (span = 8.3%), under the two extreme cooling conditions:
zero cooling (on the left) and complete sealing (on the right).

4. Conclusions
This study investigated the impact of varying cooling flow rates on vane performance,

focusing on the interaction between the cavity flow and the main flow. A combined analysis
of experimental and numerical data validated the CFD procedure, revealing consistent
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trends across varying cooling conditions. URANS predictions and experimental data
showed that increasing the cooling flow reduces the high total pressure loss region near
the hub. However, this also intensifies the loss core at higher radii due to enhanced
interaction between the cooling and main flows. The complete sealing condition leads
to a thicker boundary layer at the hub and higher radial velocity values upstream of the
vane leading edge, resulting in stronger secondary flows and increased losses compared to
the zero cooling case. The cavity inlet and outlet sections demonstrated distinct velocity
distributions. The zero cooling condition exhibited more negative radial velocity Vr regions
at the inlet, whereas the sealing condition had larger positive Vr regions, driven by the
cooling flow rate injected into the cavity. The interaction between cavity flow and main
flow primarily affects regions close to the hub, with minimal differences observed far from
the hub region.

The present numerical approach, based on URANS simulations, provides valuable in-
sights into the unsteady interactions between cavity and main flow. However, it inherently
relies on turbulence modeling assumptions, which may limit its ability to fully capture
small-scale vortex structures and transitional effects. High-fidelity approaches, such as LES
methods, could offer a more detailed resolution of the flow physics at the cost of signifi-
cantly increased computational expense. Future research should focus on extending the
numerical analysis to include such advanced modeling techniques, allowing for a deeper
understanding of secondary flow interactions and loss mechanisms. The impact of different
operating conditions, such as varying rotational speeds and inlet turbulence levels, should
be explored to enhance the applicability of the findings to real gas turbine configurations.

In conclusion, the findings highlight the significant influence of cooling flow dy-
namics on vane performance, emphasizing the need for precise control of cooling flows
to optimize turbine efficiency. Understanding these interactions is critical for designing
low-pressure turbines that achieve the desired balance between cooling effectiveness and
aerodynamic performance.
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Nomenclature
The following symbols and abbreviations are used in this manuscript:

Roman letters
Cx Axial chord [m]

Cpt Total pressure coefficient = pt1(r,y)−pt2(r,y)
0.5ρv2

2,id

ṁcool Cooling mass flow rate [kg s−1]
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ṁFP Flow path mass flow rate [kg s−1]
k Turbulent kinetic energy [m2 s−2]
ṁleak Leakage mass flow rate [kg s−1]
ṁrim Rim mass flow rate [kg s−1]
y+ Dimensionless wall distance [-]
p Pressure [Pa]
R Radial coordinate [m]
V Velocity [m s−1]
vp Vane pitch [-]
z Axial coordinate [m]
MC Percentage ratio of cooling flow rate to main channel flow rate [-]
Greek letters
ϵ Turbulent dissipation rate [m2 s−3]
ρ Density [kg m−3]
Acronyms and abbreviations
CFD Computational Fluid Dynamics
CS Cooling slot
FP Flow path
LES Large Eddy Simulation
LPT Low-Pressure Turbine
URANS Unsteady Reynolds-Averaged Navier–Stokes
Superscripts and subscripts
1 Inlet vane section value
2 Outlet vane section value
id Ideal
max Maximum
mid Midspan
norm Normalized
r Radial
t Total/stagnation value
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