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Abstract

Secondary flow phenomena have a significant influence on the generation of losses and the
propagation of coolant on the turbine end walls. The majority of film cooling studies are
carried out on linear rather than annular cascades due to the structural simplicity and ease
of measurement integration of the former. This approach neglects the effects of the radial
pressure gradient that is naturally imposed on the vortex flow in annular cascades. The first
part of this paper numerically investigates the effect of the radial pressure gradient on the
secondary flow under periodic flow conditions by comparing a linear and an annular case.
It is shown that the radial pressure gradient has a significant influence on the propagation
of the secondary flow induced vortices in the wake of the nozzle guide vanes (NGV). In
the second part of the paper, a novel approach of a five-passage annular sector cascade is
presented, which avoids the hub boundary layer separation, as is typical for this type of test
rig. To increase the periodicity, a benchmark approach is introduced that includes multiple
pointwise and integral flow quantities at different axial positions. Based on the optimized
best-case design, general design guidelines are derived that allow a straightforward design
process for annular sector cascades.

Keywords: annular sector cascade; secondary flow phenomena; radial pressure gradient;
nozzle guide vane; numerical optimization

1. Introduction

Even though linear cascade testing offers a cost-effective and flexible approach for
fundamental research (e.g., profile loss, wake mixing, trailing edge flows, etc.), it does not
account for the effects of radial pressure gradients. These effects are evident in the formation
and propagation of secondary flows, which not only cause losses but also significantly
influence the heat load on the vane and endwall, as presented in early studies by Graziani
et al. [1] and Blair [2].

To understand the emergence and development of secondary flow, Langston et al. [3]
and Goldstein and Spores [4] provided crucial experimental findings. Wang et al. [5]
subsequently devised a model of the observed vortex formations using smoke wire and laser
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light visualization, demonstrating the emergence of the horseshoe and passage vortices.
Figure 1 depicts a simplified model of the secondary flow within a turbine passage. As
shown, the incoming boundary layer decelerates because it encounters an adverse static
pressure gradient in front of the vane’s leading edge. This induces a spanwise total pressure
gradient within the boundary layer, driving the flow toward the end wall where it rolls
up and splits into a pressure-side leg and a counter-rotating suction-side leg known as the
horseshoe vortex. The weaker suction-side leg impinges on the suction side of the vane,
while the pressure-side leg is drawn toward the suction side of the adjacent vane by the
crosspassage pressure gradient. There is a consensus in the literature that the pressure-side
leg forms a major part of the passage vortex, which is further intensified by the inlet
boundary layer and the passage crossflow [3,5,6]. Once the passage vortex interacts with
the counter-rotating suction-side leg, different models have been proposed. The model in
Figure 1 aligns with Goldstein and Spores [4], suggesting that the suction-side leg separates
from the endwall and continues as the so-called counter vortex. However, other authors,
such as Sharma and Butler [7] and Sieverding and Van den Bosche [6], propose that it orbits
around the passage vortex.
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Figure 1. Simplified secondary flow vortex model (based on [8]).

The secondary flow field in an annular turbine guide vane is significantly affected
by the radial pressure gradient that is inherent to swirling flows [9]. Studies with linear
cascades therefore neglect the impact of this gradient on several key parameters, including
the outlet flow angle, the spanwise distribution of losses, and the secondary flow phe-
nomena [10]. Figure 2 illustrates the pressure field and the evolution of secondary flows
in annular turbine cascades, which are influenced by two significant pressure gradients.
The first is induced by the pressure difference between the suction and pressure side of
neighboring vanes (turning flow). The second is induced by the curvature resulting from
centrifugal acceleration (swirling flow). The radial pressure gradient arises from radial
equilibrium and is given for axisymmetric and inviscid flows by Equation (1) [11].

2
Bt <1>
Although numerical studies facilitate the investigation of curved cascade designs, the
resulting insights are limited by the absence of experimental validation.
The construction of an annular sector cascade faces two challenges: First, as with
linear cascades, non-periodic flow conditions at the outer passages due to the finite number
of vanes must be adressed. Second, outlet conditions need to be established to prevent
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any (early) separation of the hub boundary layer due to the missing rotor [12]. The rotor
typically eliminates the swirl generated by the guide vanes redirecting the flow back to the
machine axis. A variety of solution approaches have been put forth in the existing literature,
as discussed below. Nevertheless, there is currently no consensus on the optimal solution.
To enhance periodicity, the most common approach is to utilize tailboards or boundary
layer bleeds to regulate the mass flow through the border passages, thereby harmonizing
the flow conditions [12]. To prevent hub boundary layer separation, Squire [13] employed
a perforated plate to rebalance the radial pressure gradient. Povey et al. [14] utilized
deswirling vanes to redirect the swirled flow back toward the machine axis. For a more
comprehensive overview, Landfester [15] provides a detailed account. These approaches
may potentially yield improvements in certain cases, but they were not deemed applicable
to the study conducted here, as space limitations in the test room made it impossible to
use deswirling vanes, and although the tailboard approach enhanced periodicity, hub
boundary layer separation still occurred. The same issue was observed when attempting to
energize the boundary layer through a high-momentum mass flux. Most cascades described
in the literature share a common approach: The flow is guided within a cavity situated
downstream of the passage and subsequently emitted toward the tank with a constant
pressure. This study introduces a novel approach and provides clear design guidelines
for annular cascades, eliminating the cavity and directing the flow toward the tank at its
turning angle.

In the initial section of this paper, the impact of curvature on the secondary flow will
be explored. Following this, the rationale behind the heightened complexity of experiments
utilizing annular cascades in comparison to linear ones will be presented, along with an
overview of the methodologies employed to overcome these challenges. Lastly, the novel
approach will be presented. This manuscript corresponds to the paper published in the
proceedings of the 16th European Turbomachinery Conference [16].

Secondary
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Figure 2. Pressure gradients in an annular cascade (adapted from Povey et al. [14]).

2. Numerical Setup and Mesh Independence Study
2.1. Periodic Case

Three-dimensional Computational Fluid Dynamics (CFD) simulations were conducted
using the commercial software ANSYS, version 23.1. The steady-state simulations em-
ployed a compressible approach, and CEX was used as the solver. A linear (the linear
geometry is referenced to the annular geometry at midspan) and an annular periodic-
passage model were investigated, which are illustrated in Figure 3. As the secondary
flows are more pronounced with a cylindrical profile (designed as a free vortex profile),
rather than the aerodynamically optimized one the NACA used and defined as E?, clear
visual effects could be expected [17]. The profiles” geometric parameters can be found in
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Table 1. For generating the block structured meshes, TurboGrid was used for both cases. In
order to guarantee the presence of at least two cells in the viscous sublayer, the near-wall
region of the vanes and endwalls was discretized with a y™ ~ 1. A mass flow rate was
defined as the inlet boundary condition. The outlet boundary condition was set to an
average static pressure. A comprehensive overview of the boundary conditions can be
found in Table 2. For turbulence modeling, the k-w SST model by Menter [18] was used.
The simulations were terminated once the RMS residuals dropped below 1 x 10~* and
the target values (velocity c, static pressure pstat, and vane load F;) exhibited convergence
within a reasonable range (fluctuation around the mean value less than 1%, which was
chosen as a practical threshold).

Linear Annular

Outlet MP

Inlet MP

Figure 3. Linear and annular meshed fluid volume.

To guarantee mesh independence, the Grid Convergence Method based on the Richard-
son extrapolation [19] was employed. The mesh independence was investigated for four
variables at different locations. Two monitor points were established within the fluid
domain: one on each measurement plane (MP) and the load was calculated at the vane.
To observe the inflow, the inlet MP was located at a distance of 2 - ¢,y upstream of the
leading edge (LE), while the outlet MP was placed at a distance of 0.3 - ¢;x downstream
of the trailing edge (TE) to monitor the outflow. The variables under consideration were
the velocity, total pressure, Mach number, and vane load. To maintain concision, Table 3
and Figure 4 illustrate only the convergence example for the outflow velocity, because it
is represenative for all other variables. Three meshes which were designated as coarse,
medium, and fine were used. The mesh indenpendence study shows that the medium mesh
met the requirements for the secondary flow analysis, as the error between the medium
and the fine mesh was less than 0.1%. The grid convergence index amounted to 0.044%,
and therefore, further grid refinement was not necessary.
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Figure 4. Grid convergence study showing u,,; for different grid resolutions, with the estimated
value ‘ext” obtained from Richardson extrapolation.
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Table 1. Vane and cascade parameters.

Parameter Unit Value
Chord length c mm 98.6
Axial chord Cax mm 419
Inlet angle Bin ° 90
Outlet angle Bout ° 11.6
Blade span h mm 65.8
Blade pitch S mm 88.6
Blade pitch Sdeg ° 12
Aspect ratio h/c — 0.667
Radius hub Thub mm 389
Radius mid "'mid mm 421.9
Radius shroud Tshroud mm 454.8
Number of vanes Nyane — 4
Number of passages Npas — 5

Table 2. Boundary conditions: periodic case and cascade.

Region Type Value

Inlet Periodic Mass Flow 0.4 k?g

Inlet Cascade Mass Flow 2.0 ksﬁ

Inlet Temperature 298.15K

Inlet Turb. Intensity 5%

Outlet Periodic Stat. Pressure 0.100165 MPa
Outlet Cascade Stat. Pressure 0.100324 MPa
Hub, Shroud, Vane Wall no slip and adiabatic

Table 3. Mesh independence study for outlet velocity uy,;.

Mesh Elements Deviation ugyt GCI Time

Fine 14,477,034 0.094% 0.044% 7:52 h

Medium 6,092,801 0.382% 0.161% 2:55h

Coarse 2,441,376 — — 1:10 h
2.2. Cascade

To establish a robust optimization, the entire simulation process was set up in the
Ansys Workbench, version 23.1. The mesh requirements for the cascades optimization
are distinct from the periodic cases due to the necessity for a high number of geometry
variations, and therefore, meshes with lower densities are required to reduce computational
costs. For meshing the cascade, an unstructured mesh with tetraeders was used. Previous
conducted investigations have demonstrated that an y™ value exceeding 30 is sufficient
for evaluating periodicity, since the focus is on the free flow field and not on near-wall
interaction. Given the necessity of calculating numerous cases, the objective is to minimize
calculation time, and therefore, the boundary layer resolution has been omitted. However,
to prevent mesh-induced effects on the vortices, inflation layers were applied to ensure
consistent cell sizes across all test cases. For turbulence modeling, the k-« SST model
was used. To ensure comparability, the pressure ratio was held constant at a value of
1.3 for all three cases, because the same operation point was used for both the single
passage and the simulation of the experimental setup. The boundary conditions can
be taken from Table 2, and the absolute values and geometric parameters from Table
1. Figure 5 illustrates the meshed simulation model of the annular sector cascade. The
geometric parameters of the initial cascade are further explained in Section 4, where the
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optimization process is introduced. The convergence criteria were identical to those in
the periodic cases. The investigation of mesh independency was conducted in a manner
analogous to that employed in the periodic case. The final mesh was the medium one that
comprised 6,992,990 elements in total, which is approximately half the number of cells in
the finest mesh.
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Figure 5. Meshed cascade fluid volume.

3. Secondary Flow Analysis

In order to investigate the secondary flow, an annular one-passage model (AP) with a
curvature ratio of 0.25, similar to ratios used in modern gas turbines, was compared to a
linear one-passage model (LP). As shown in Equation (2), the curvature ratio establishes a
relationship between the chord length c and the hub radius 7y,

¢/hup = 0.25 ()

To visualize the aforementioned secondary flow structures, the Q-Criterion was em-
ployed in Figure 6a. It can be observed that the horseshoe vortex developed upstream of
the vane’s leading edge. In accordance with the explained topology in Section 1, pressure
on the suction-side leg developed. The suction-side leg impinged on the front portion of
the vane, whereas the pressure-side leg detached. The latter flowed across the passage
and subsequently met the suction-side leg of the adjacent vane, which is shown in the
detail. Figure 6a also illustrates the separation of the suction-side leg from the endwall
caused by the interaction with the passage vortex, which, in contrast, stayed attached to
the endwall. Given that the origin of the development of these structures was identical
for the LP and AP, no differences were observed in the vicinity of the leading edge where
the radial pressure gradient was not yet fully developed. However, the wake was signifi-
cantly influenced by the radial pressure gradient, as illustrated in Figure 6b. At the outlet,
the secondary-flow-induced vortices (SFIVs) of three vanes are visible labeled with the
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numbers 1-3. It is evident that the SFIVs at the shroud reached further into the center of
the stream than at the hub. Nevertheless, with increasing distance from the vane, hub
boundary layer separation occurred (indicated by the red arrow), resulting in a shift of
the SFIVs away from the hub toward the center of the passage. In order to facilitate the
visualization of the differences between the AP and LP on the shroud side, the extension
of the secondary-flow-induced vortices were marked in both cases with d,, and éy;,. This
enabled the quantification of the vortices spreading from the shroud toward the midspan.
The projection of a4y, in the LP made the difference clearly visible: By comparison, 6an was
two times larger than Jj;,. This resulted in a spreading of 20% toward the midspan in the
AP case, which is solely attributable to the vortices situated at the shroud. Contrary to
this, the spreading on the hub is of a lesser magnitude. As the streaming conditions were
symmetric in the linear case, there was no discernible difference in the characteristics for
the hub and shroud. Consequently, the spreading in the LP case was identical for the hub
and shroud, accounting for 10% each.

Hub
separation

Detail: side leg
passage vortex meets
with suction side HV ~ Pressure
side leg
Qins™! Qins™!
 — | —
500 10,250 20,000 500 10,250 20,000

(a) (b)

Figure 6. Visualization of secondary flow vorticity using the Q-criterion with (a) focus on the
secondary flow development and (b) the secondary-flow-induced vortices in the wake.

To further evaluate the impact of curvature, the pressure coefficient (c,), based on
the outlet dynamic head, at three distinct spans (0.1- &, 0.5- h, and 0.9- ) was compared
for both cases in Figure 7. No significant visual differences were evident upon comparing
cp along the spans of the linear case, which contributed to the symmetric flow. Near the
leading edge, the pressure coefficient distribution remained nearly identical between both
cases. However, further downstream—at approximately 0.4 - cax—the influence of the
radial pressure gradient became evident. This resulted in a pressure decrease near the hub
in the AP compared to the LP. With increasing span, the static pressure increased and was
accompanied by the expected velocity reduction toward the shroud. Since the midspan
curvature was identical in both cases, the pressure coefficient distributions exhibited no
significant differences at that location.

Given the pronounced impact of the radial pressure gradient in the wake, the subse-
quent discussion is limited to the outlet measurement plane, situated at a distance of 0.3 - ¢4
downstream of the trailing edge. Figure 8 compares the Mach number, the entropy loss
coefficient ({s), and the secondary kinetic energy (SKE) distribution for the aforementioned
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cases. In both cases, a notable decrease in Mach number was evident in the wake flow
of the vanes, reaching a reduction of approximately 15%. As anticipated, the LP Mach
number distribution was symmetrical due to the homogeneous circumferential pressure
field. However, the influence of the radial pressure gradient was evident in the asymmetry
of the distribution for the AP. Due to the higher curvature, the maximum Mach Number
(Ma =~ 0.49) was located near the hub and decreased throughout the passage toward the
shroud to Ma ~ 0.43, which represents a reduction of 12.2%. To visualize the influence of
the above-mentioned propagation of the SFIVs at the shroud on the Mach number for both
cases, a characteristic boundary of the influenced area has been marked. It can be observed
that in the annular case, a gradual transition from secondary-flow-induced vortices to the
actual wake region occurred throughout the entire passage. In contrast, in the linear case,
the transition was confined to the region near the walls, with a constant wake flow present
in the middle of the passage.

Near Hub Midspan Near Shroud
h/r=0.1 h/r =05 h/r =09
I - - - - I T T T T T I - - - - I
me= LP = AP | 04 |=== LP === AP N 04 |m== LP == A -
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Figure 7. Pressure coefficient distribution based on the outlet dynamic head for the LP and AP along
different spans downstream of the TE.

As secondary flow structures contribute to the overall loss of turbines, Figure 8 illus-
trates the entropy loss coefficient, following the definition by Denton [20], within the wake
at the outlet MP. The distribution shows the characteristic patterns of turbine cascades,
where the wake losses are dominant at the midspan, while near the endwalls, the secondary
losses are the dominant feature. Considering the annular case, the results indicate that the
losses at the hub were confined to the vortex region near the endwall, exhibiting a higher
magnitude ({s = 0.47). In comparison, at the shroud, the losses extended further toward
the passage center but with a lower magnitude peak ({s = 0.33). In the linear case, the
loss distribution was symmetric, with identical maximum loss amplitudes at the hub and
shroud (s = 0.41). These values fall between those observed at the hub and the shroud in
the AP case. When mass-flow-averaged losses at the outlet MP were considered, the total
losses were the same for both cases, but with significant local differences. This leads to the
preliminary conclusion that linear cascades are sufficient for evaluating a wider range of
vanes, as the overall loss development is the same. However, for optimizing the vane itself,
the annular cascade provides the benefit of more realistic loss patterns, making it more
relevant for engine applications.

An adequate method to quantify the extent of secondary flow is to consider the
secondary kinetic energy (SKE). Following the definition by Moore and Adhye [21], a
main flow direction tangential to the trailing edge is defined. The velocity components
orthogonal to this direction represent the secondary flow. For the linear case, the inertial
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coordinate system is rotated (rotation angle Boyt) to align with the main flow direction,
whereas for the annular case, a rotated cylindrical coordinate system is more appropriate.
The secondary kinetic energy (SKE) is defined as follows for both the LP and AP cases, as
given in Equation (3), where the secondary velocity components are normalized by the
reference velocity (main flow).

024 @? Oy +%

SKE="_"2 = 3)

Ulef Ucire ref

Ma 0.3 0.51
s 0 0.37
SKE 0.08 0.23

Figure 8. Comparison of the Mach number, entropy loss coefficient, and secondary kinetic energy
distribution at the outlet MP, located 0.3 - c,x downstream of the TE, for the AP and LP.

The distribution of secondary kinetic energy, shown in Figure 8, supports the afore-
mentioned conclusions. In the linear case, the SKE distribution was nearly symmetrical,
with the highest energy levels appearing equally in the SFIVs at both the hub and shroud
(SKE = 0.21). Based on the amount of secondary kinetic energy near the midspan, it can be
seen that the wake flow deviated from the trailing edge angle of the vane. This indicates
that the flow was overturned relative to the metal angle of the vane. In the annular case
(AP), the maximum SKE was found within the SFIV near the hub (SKE = 0.24). Toward
the midspan, the energy decreased and reached levels comparable to those in the linear
case. On the shroud side, the SKE was lower, amounting to SKE = 0.21. Notably, the
vortex core near the endwall was followed by a small region of lower energy, which was
succeeded by a secondary increase. This indicates that vortices near the shroud appear
to have been separated, and the passage vortex remained attached to the endwall, while
the separated suction-side leg of the horseshoe vortex was displaced further toward the
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midspan. In contrast, on the hub side, no such distinction was observed, as the pressure
gradient forced all vortices toward the endwall.

The influence of the radial pressure gradient is evident in all three contour plots. The
SFIV on the shroud side expanded significantly further toward the midspan, while its
counterpart was spatially limited to the hub. It can be concluded that the secondary flow
structures were reinforced on the shroud by the radial pressure gradient, whereas they
were weakened on the hub.

4. Cascade Optimization

The analysis of the periodic case demonstrated a notable impact of the radial pressure
gradient on the propagation of the secondary flow, indicating the necessity for a more
detailed examination of the influence of the curvature ratio. In future parametric studies,
different curvature ratios should be performed. Therefore, it is essential to validate the
CFD setup, and experimental studies are necessary. To address the above-mentioned
challenges of boundary layer separation and flow periodicity, the methods sugessted
in [12-14] have been unable to produce satisfactory results, as already discussed in Section 1.
Most previously described designs of annular cascades have as a common feature that,
downstream of the vane, the air enters a cavity (compare Figure 9a), or deswirling vanes
are used.

It has been established in previous studies [15] that a numerical optimization of the
cascade—focusing solely on flow periodicity—is crucial due to the limited number of
passages in a sector cascade. First, an approach was adopted that had previously been
developed for an axisymmetrically contoured profile on the high-speed turbine test rig
of the institute [22]. Figure 9a illustrates the parameterized fluid volume of the cascade.
To enhance periodicity, a tailboard was used to regulate the mass flow through the lower
passage and a backward-facing step to control it in the upper passage. The limiting wall
represents the pressure on the suction side of the missing neighboring vanes. The initial
simulation configuration comprises five discrete parameters: the tailboard angle, tailboard
length, facing step length, outlet extension, and outlet angle. Although it was feasible
to increase the periodicity of the flow by modifying the tailboard parameters, the hub
boundary layer separation commenced in all configurations at a distance less than 0.3 - ¢4y
downstream of the TE, which is the location of the outlet measurement plane. Consequently,
the flow was strongly influenced, and it would not have been feasible to make any reliable
assessments of the influence on secondary flow structures. In addition to the approach
presented here, attempts have been made to prevent separation using deswirling vanes, as
suggested by Povey et al. [14] and by boundary layer control [13]. Neither of these options
prevented the boundary layer separation and therefore will not be discussed further.

To understand the idea of the approach introduced in the following section, it is
essential to explain the origin of the boundary layer separation. Figure 10a therefore
provides a visual representation of the wall shear stress, with streamlines on the hub, while
Figure 10b illustrates the complete fluid flow through the cascade. It can be observed that a
recirculation area (RA), indicated by the black arrow, was formed within the cavity situated
directly behind the vanes. The subsequent evolution of this phenomenon can be explained
as follows: The higher curvature of the hub results in a higher velocity than that near
the shroud, leading to an increase in static pressure from the hub to the shroud (compare
Section 1). The presence of the cavity behind the vanes allows the flow to deviate from the
intended flow path in the axial direction. This results in the compensation of the radial
pressure gradient by mass transfer from the shroud to the hub, leading to the formation of
the observed RA. It is evident that the flow detached due to the adverse pressure gradient
at the point of convergence between the RA and the passage outflow. The simulations
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demonstrated that the size of the RA was proportional to the outlet extension. As the cavity
lengthened, the RA increased in size. It was observed that the separation line exhibited
a slight downstream shift with larger RAs, as the momentum decreased due to friction.
However, the separation influence remained significant. In alignment with the findings of
Landfester [15], a reduction in outlet extension resulted in an earlier detachment of the hub

boundary layer.

Facingstep

Evaluation planes In 1
Evaluation planes In 2
Evaluation planes LE

Evaluation planes Pas
Evaluation planes Out

Outlet extension

(@) (b)

Figure 9. Visualization of the cascades fluid volume: (a) initial parametrized approach and (b) final
approach with planes for BM evaluation and defintion of @out.

The new approach is based on the idea of completely eliminating the recirculation.
Consequently, the cavity was eliminated. The limiting walls extend from the approximated
pressure on the suction side of the lower and upper passage wall. This results in a more
curved outflow than in the former presented approach with a cavity, because the outflow
angle remains constant. With the cavity situated downstream of the vanes, the flow widens,
and therefore, its discharge angle is significantly lowered. Figure 9b presents the new
approach. By employing this design, it was possible to prevent the hub boundary layer
separation, as shown below.

The subsequent optimization results are mainly discussed using the Mach number, as
this is a good indicator of periodicity. Figure 11 compares the aforementioned approaches
using the Mach number distribution and streamlines at the outlet MP. When using the
cavity, the value of the Mach number in the vicinity of the hub was markedly lower than that
observed in the remainder of the passage, which is indicative of the phenomenon of hub
boundary layer separation. The separation become evident when the flow path is visualized
with streamlines. The separation set in downstream of passage P_, and propagated over
the remaining passages toward the outlet. The wake was therefore significantly influenced,
and it would not be possible to reproduce the wake flow of the aforementioned annular
periodic case. In contrast, the boundary layer separation did not appear with the new
approach. This can be seen from the homogeneous Mach number distribution over the
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entire span of all five passages. Additionally, each streamline followed its defined circular
path, indicating a stationary and equilibrium state.

0.6 0.8 1.0 0 100 200
Ps/ Ptin uin i

Figure 10. Development of the recirculation area: (a) surface streamlines on the hub and (b) recircula-

tion area inside the cavity.

New approach: best design

0.51

Figure 11. Comparison of the different approaches and visualization of the hub boundary
layer separation.

Having solved the problem of the boundary layer separation, the optimization process
focused consequently on establishing periodicity. Therefore, the outlet angle (compare
Figure 9b) remained the only parameter, which was varied in a range from 73° to 83°. In or-
der to quantify the quality of the flow periodicity, which is a necessary step in optimization
processes, a benchmark formulation has to be established, which is referred to as BM. The
benchmark was defined with accordance to the approach introduced by Landfester [15]
as follows:

BM = ; Y (BMta; + BMy, + BMg,) + BMioaq (?{i‘ft )4 @)
]

It consists of four independent sub-BMs, each pertaining to a specific variable: Mach
number (Ma), flow angle (8), mass flow (#1), and the resulting force (F) on the vanes.
The benchmark ensures that all parameters are evaluated concurrently so that the final
configuration accounts for all criteria simultaneously. In instances where unfavorable
parameter setups resulted in Mach numbers exceeding the speed of sound, the outlet
pressure was increased in an iterative manner to bring the Mach number below 1, as

compression shocks worsen the convergence of the simulation. To account for the fact that
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the target pressure ratio would not be achieved in these cases, a correction was made using
the penalty term % As illustrated in Figure 9b, the cascade can be divided into five
independent passages. For each passage, different measurement planes are defined where
the average of the flow variables is determined. Table 4 enumerates the planes utilized for
the sub-benchmark (BMg,;,) calculation. The BMg,, values signify the relative deviation of
the passages in relation to the mid passage (P1o) and are defined as stated in Equation (5).
The index j depends on the number of evaluation planes used for each variable. As only
four vanes were present for the vane load, the mean value of the second and third vane

was calculated and used for calculating the deviation for all vanes.

2 |X; — Xp,,| 2. |Foad,; — Foad2,3!
BMsub,]- = Z ZX = ; BMigad = Z SRRl
j=—2 Py i=1 Fload2,3

(5)

Given that the optimization was initially configured to examine five parameters, a
multitude of potential combinations could have been explored. Accordingly, a design of
experiment (DoE) was devised at the outset. In light of the findings of a preliminary study,
it was possible to limit the scope to a single parameter. This allowed for the implementation
of a full factorial and eliminating the potential for confounding variables.

Table 4. Benchmark evaluation type and location.

Sub-BM Type Location

Ma mass-flow and area average * In 1, LE, Pas, Out
1 mass flow average LE

F absolute Vanes

B average In2

* mass-flow average for py, area average for ps [23].

Figure 12 illustrates that the introduced benchmark definition allowed for the iden-
tification of a clear minimum. Two stages of optimization were carried out. The first
examined a wide range of angles to estimate the region of best periodicity. The second
stage examined the region around the minimum to find the best angle. The data were fitted
using a third-degree polynomial, resulting in the following expressions:

Stage 1:
BM(¢) =2.99¢ 2 - ¢° — 6.832¢" - ¢* 4 5.197¢? - ¢ — 1.316¢* (6)

Stage 2:
BM(¢) = —4.492e 1. 9% +1.221e! - ! —1.089¢% - ¢ +3.195¢° 7)

The sensitivity analysis was conducted in two stages. In the initial phase of the
investigation, the angles in question were examined within a range of 73° to 83°, with
a step size of 1°. In the second stage of the sensitivity study, angles between 78.5° and
79.5° were investigated with a step width of 0.1°. In both stages, the minimum value of
the BM was observed at an angle of 79°. To validate that at this angle the requirements
of periodicity were met, an additional comparison was made between the Mach Number
distribution of two angles—one smaller and one larger than the optimal design (78° & 80°).
(The initial stage was selected, as the deviations were more pronounced. The characteristics
of the second stage were analogous to those of the initial stage, though to a lesser extent.)
The contour plots of the Mach number can be located at the previously introduced outlet
measurement plane and are presented in Figure 13. To facilitate a more detailed comparison,
the diagrams in Figure 14 illustrate the impact of angle deviation. The Mach number is
plotted along the midspan at the outlet MP. It is evident that the periodicity was markedly
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higher at the BM minima. At the outer passages, P_, and P, a velocity increase and
decrease, respectively, can be identified for the different angles of 78° and 80°. Furthermore,
it can be observed that with smaller angles, greater acceleration of the flow in the lower
passage took place due to the reduction in outlet cross-section. The opposite occurred at
the upper passage, resulting in a lower velocity. With higher angles, the change in the
cross-section reversed, leading to the opposite velocity effects. Despite the significant
increase in periodicity, the diagrams still demonstrate differences in the wake behavior
of the border passages, indicating that the influence of the missing vanes cannot be fully
eliminated. However, the periodicity of the three middle passages was sufficient to assume
periodic conditions when an angle of 79° was used. A comparison of the Ma distributions
of five periodic passages with those of the optimized cascade visualized in Figure 13 reveals
a high degree of agreement in both the observed structures and the absolute values. As the
mesh of the periodic case was structured and significantly finer than that of the cascade,
the wake region was more detailed, and the borders of the vortices were more accurate.
However, the simplifications made to reduce computing time were sufficient and produced
satisfactory results of the optimization.

Stage 1 Stage 2

8.0
1.2 A

6.0 7
1.0 4

= 10 =

0.8 1

2.0 1
0.6 1

00 T T T T T T T T T T

T4° 76° 78  80° 82° 78.6° 78.8° 79.0° 79.2° 79.4°
Pout Pout

Figure 12. Benchmark results for varying outlet angles.
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Figure 13. Visualization of the Ma distribution at different outlet angles of the cascade and the AP
results as reference.

As a concluding comparison, Figure 15 presents the mass-averaged Mach number
and pitch angle for five distinct outlet angles (75°, 77°, 79°, 81°, and 83°). The previously
discussed trends, as well as the optimal outlet angle of 79°, are confirmed in this figure. It
can be observed that a decrease in the outlet angle led to a 25% increase in Mach number
in passage P_; and a 9.5% decrease in passage P., compared to the middle passage.
This behavior is associated with a cross-sectional narrowing in the first passage and a
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corresponding widening in the last passage. As the outlet angle approached the optimal
value of 79°, these deviations diminished, resulting in an almost periodic distribution.
Conversely, for angles greater than 79°, the narrowing and widening effects reversed,
leading to a decrease in Mach number in the first passage and an increase in the last
passage. Notably, deviations for excessively large outlet angles were more pronounced
than for excessively small ones. The Mach number deviation for P_; at an outlet angle
of 83° was 48% compared to the optimal middle passage P+ at 79°. This effect was also
reflected in the steeper performance degradation of Stage 1 for outlet angles exceeding 79°.

== Pout = 78° =— Pout = T79° wee Pout = 80°

PisA

Py

Py T

Figure 14. Visualization of the periodicity differences between the outlet angles of 78°, 79°, and 80°.

A similar trend was observed for the pitch angle. At smaller outlet angles, the flow
was underturned, while at larger angles, it became overturned. This effect diminished with
increasing passage number, leading to smaller deviations in the last passages compared to
the first. When comparing the periodicity of Mach number and pitch angle, it is evident
that the Mach number distribution remained highly periodic across all passages, except
for P_,, which was slightly elevated compared to the others. While the pitch angle also
exhibited satisfactory periodicity in the optimal case, its deviations between passages were
slightly larger than those of the Mach number. Overall, the results demonstrate that the
pitch angle is more significantly influenced than the Mach number. The periodicity was
satisfactory and acceptable for the middle passages, though downstream of vanes 1 and
4, the pitch angle distribution lacked periodicity. Nevertheless, the angles downstream of
vanes 2 and 3 remained nearly identical. To derive a good starting point for an optimization,
it is suitable to compare the best outlet angle of the cascade to the turning angle (78.4°) of
the profile. The results indicate that, for the initial simulation, a slight variation around the
profile’s metal angle serves as a good starting point for further optimization.
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Figure 15. Mass-averaged Mach number and pitch angle for different outlet flow angles at each
passage at outlet MP.

5. Conclusions

This study provides a comprehensive overview of the influence of the radial pressure
gradient on secondary flow structures, with a comparison of a linear and annular periodic
one-passage turbine model. Since the influence of the radial pressure gradient can probably
be better analyzed, a cylindrical NACA E® profile with a pronounced secondary flow
(instead of an aerodynamically optimized profile) was used [17]. The aim was to quantify
the necessity of conducting studies with annular cascades in addition to linear ones, as
the latter fail to account for the impact of the radial pressure gradient. While numerical
studies provide valuable insights, experimental validation remains important; therefore, a
novel approach for designing annular sector cascades for test rigs was provided. This new
approach avoids the two main difficulties encountered in designing annular cascades and
allows experiments to be carried out with machine-like Mach and Reynolds numbers. The
main conclusions of the present study are as follows:

¢  The influence of the radial pressure gradient is significant for the present blade solidity
and loading conditions and should be considered in the design of axial turbines.
Whereas in the linear case the secondary flow structures develop symmetrically, in the
annular case, the wake flow of the NGV in particular is influenced by the curvature.
This leads to a reinforcement of the secondary flow at the shroud and a weakening at
the hub.

¢ In order to investigate the influence of curvature with test rigs, annular cascades have
to be designed. Due to the lack of rotor blades, hub boundary layer separation is a
problem, which must be addressed. Consequently, an optimization process involving
CFD is an essential component of the design process.

* It has been demonstrated that the conventional methodologies described in the lit-
erature result in the formation of a recirculation zone, which leads to the undesired
separation. By eliminating the cavity and aligning the outlet with the natural fluid
flow, the separation was completely eliminated.

*  The presented design and optimization process is well suited for testing a specific
vane geometry, as the outlet angle ¢,,; depends on the vane itself. In addition to
aerodynamic advantages, this cascade design reduces the axial length of the test
section compared to the geometries in the literature, making it beneficial in space-
constrained environments. However, the cavity approach offers greater flexibility for
testing different vane geometries and is more cost-effective in manufacturing, as it
does not require freeform components.
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¢ In order to ensure periodicity, a benchmark approach was employed, which made it
possible to quantify the periodicity mathematically and thus to optimize it. By varying
the cascades outlet angle, a distinct minimum and, therefore, an optimal design could
be found. The following analysis demonstrated that the prediction of the optimum
was correct and provided the highest periodicity.

While the preceding study presented only numerical results, the cascade design
should be validated with experimental data in the next study. Furthermore, heat transfer
measurements will be carried out to investigate the influence of curvature on film cooling
performance when ejecting out of an upstream situated slot like the purge slot.
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Nomenclature

Latin

p pressure

c chord length

h blade span

S blade pitch

r radius

N count

A area

u velocity

F load

BM benchmark

1 mass flow

Ma Mach number

s entropy

SKE secondary kinetic energy
Cp Pr;dj? dimensionless loss coefficient
T temiaerature

H enthalpy
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Abbreviations

NGV nozzle guide vane

HV horseshoe vortex

SS suction side

PS pressure side

CFD computational fluid dynamics
RMS root mean square

GCI grid convergence index

AP annular one-passage model
LP linear one-passage model
SFIV secondary-flow-induced vortex
TE trailing edge

RA recirculation area

MP meassurement plane

DoE design of experiment

Greek

B pitch angle

@ outlet angle cascade

Q vorticity

s {ﬁ“ﬁj entropy loss coefficient
IT pressure ratio

o extension of SFIV
Superscripts

- dimensionless quantity

pas passage

v vane

ax axial

in inlet

out outlet

deg degree

an annular

lin linear

s static

t total

cyl cylindrical

rad radial

circ circumferential

ref reference
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